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Abstract—Underwater vehicles have 
many advantages for sampling fish; 
however, estimates can be biased by 
behavioral responses to sampling gear. 
To evaluate avoidance and attraction 
bias we assessed changes in fish abun-
dance relative to a variety of sampling 
vehicles during transit through a test 
bed. Fish species were classified into 
five attraction and avoidance categories 
according to the behavioral responses 
exhibited. We observed that the rigor 
of behavioral responses varied by vehi-
cle, vehicle range and altitude, transect 
number, and habitat complexity. The 
effect of each variable is dependent 
on behavioral guild, but vehicle range 
was the most consistent predictor of 
changes in abundance regardless of 
vehicle. Vehicles that surveyed the envi-
ronment at higher relative altitudes off 
the seafloor and at slower speeds elic-
ited weaker behavioral responses 
regardless of whether those reactions 
were attraction or avoidance. The test- 
bed approach allowed assessment of 
responses that cannot be observed from 
the perspective of a sampling vehicle 
but was restricted by the number of 
species- specific interactions observed. 
Despite success in estimating behav-
ioral responses, calibrating the effect 
against known densities of fish was not 
possible. However, the method used is a 
robust way for future investigations to 
quantify species- specific responses for 
gear calibration and to provide infor-
mation that aids in the calculation of 
fish abundance.
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High- relief, complex seafloor habitats 
(e.g., rock and coral reef) present a 
number of challenges for the deploy-
ment of traditional fishing gears, such 
as seines, gill nets, bottom trawls, and 
longlines. These habitats are rugged, 
are prone to snag and destroy sampling 
gear, and are often damaged by sam-
pling gear (Hall- Spencer et al., 2002; 
Mangi and Roberts, 2006;  Roberts et al., 
2006). Further, gears such as traps and 

handlines have been used to sample 
populations of reef fish species, but 
their size selectivity limits their utility 
to a few species and to a narrow range 
of size and age composition (Parker 
et al., 2016). Because of these difficul-
ties, the use of optical gears mounted on 
underwater stationary platforms and 
on vehicles are becoming increasingly 
common in efforts to sample complex 
reef environments ( Yoklavich et al., 
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2007; Patterson et al., 2009; Armstrong and Singh, 2012; 
Grasty, 2014; Bacheler and Shertzer, 2015). Attractive 
aspects of optical sampling gears include that they 1) do 
not require extraction of fish, 2) have negligible impact on 
the habitat, 3) collect habitat data, and 4) often allow cal-
culation of sampling volume or area and therefore can be 
used to produce habitat- specific density estimates that can 
be scaled to calculate abundance (Royle et al., 2009; Tren-
kel and Lorance, 2011; Whitmarsh et al., 2017).

An artifact of many fisheries survey methods is that 
the unit of measurement is an observation rate or catch 
rate and therefore cannot be used to estimate fish densi-
ties (e.g., fish per unit area). Collection of rate data con-
strains analysts to development of relative abundance 
indices  (Williams et al., 2018) that are rarely calibrated 
against known fish densities and therefore cannot pro-
vide data to calculate absolute abundance. In addition, 
gear bias can affect counts; for example, observations and 
counts of fish are negatively affected during scuba- diver 
surveys because of air bubbles from exhalation (Gray 
et al., 2016; Emslie et al., 2018). Using vehicles to conduct 
optical surveys is a popular sampling method because 
they can cover long distances while transiting, allowing 
estimation of area sampled and fish densities, but they 
too will have inherent sampling biases (Clarke et al., 
2009; Stierhoff et al., 2013; Thanopoulou et al., 2018).

Estimates of fish densities are useful because they 
can be scaled over the area of known habitat to calcu-
late absolute abundances for use in stock assessments 
(O’Connell and Carlile, 1993; Yoklavich et al., 2007). 
Although calculation of fish density might seem like a 
straightforward process, estimates can be affected by 
environmental conditions and fish behavior (Fig. 1). 

Therefore, it is critical to estimate sighting functions 
and attraction and avoidance functions when con-
ducting distance sampling and strip- transect surveys 
(Sale and Sharp, 1983; Ensign et al., 1995; Cheal and 
 Thompson, 1997). Importantly, the need for estimating 
such functions has been shown to be true even for spe-
cies with minimal or no avoidance behaviors (Kulbicki 
and  Sarramégna, 1999).

As with any sampling gear, fish are likely to respond 
to the presence of stationary platforms and vehicles, 
and those responses have been recognized as a potential 
source of bias (Uzmann et al., 1977; Jagielo et al., 2003; 
Stoner et al., 2008). Each of these vehicles has its own 
characteristics related to movement speed, deployment 
altitude, acoustic signature, size, and visibility, all of 
which can introduce bias into the data collected (Koslow 
et al., 1995; Lorance and Trenkel, 2006; Stoner et al., 
2008). In addition, fish are apt to respond to novelties 
in the environment in different ways in accordance with 
survival and foraging needs (Olla et al., 1998) and per-
haps out of curiosity. Regardless of the underlying moti-
vation, species- specific responses to sampling gears need 
to be quantified in order to deal with underlying biases 
and to generate reliable count, density, and abundance 
estimates.

Classes of vehicles commonly used in marine research 
include remotely operated vehicles (ROVs), autonomous 
underwater vehicles (AUVs), towed vehicles (TVs), and 
human occupied vehicles. Vehicles are used in sampling 
efforts predominately as part of line- transect methods, 
but the engineering specifications of vehicles and the exe-
cution of the line- transect surveys differ. These vehicle- 
specific differences can result in measurement biases of 
unknown direction and magnitude, the result of which is 
a need for gear calibration (Clarke et al., 2009). Further, it 
is recognized that, within a vehicle class, there will likely 
be many variations and exceptions (Yoklavich et al., 2015). 
Potential stimuli that could elicit attraction to, or avoid-
ance of, vehicles include transit speed and altitude, visual 
profiles, and acoustic signatures. Ideally the specific stim-
uli causing a reaction can be identified, but more impor-
tantly fish responses in general need to be evaluated and 
quantified as a first step in understanding how to develop 
gear- calibration methods.

Because of the elevated interest in the use of vehicles to 
conduct surveys of high- relief, complex bottom types, the 
National Marine Fisheries Service (NMFS) initiated the 
Untrawlable Habitat Strategic Initiative (UHSI) in 2014. 
Participants in the UHSI were tasked with designing a 
multitiered field experiment to evaluate the sampling 
efficiency of camera systems mounted on stationary plat-
forms, ROVs, AUVs, and TVs used to count fish and 
invertebrates in a sampling area or volume. The analysis 
in this study was focused on the change in abundance of 
reef fish species in a sampling volume due to the passage 
of a mobile survey vehicle. Our intent was to develop a 
functional relationship between vehicle range from the 
sampling volume and relative change in fish abundance 
(Fig. 1).

Figure 1
Diagram showing the theoretical effects of attraction and 
avoidance (dashed line above the sighting function) and 
sighting (solid line) functions on density estimation. The 
dashed line under the sighting function represents how 
fish density is theoretically modified by water quality, 
species, and size of the individuals observed.
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Materials and methods

Study area

The experiment was conducted in August 2014 and in 
July and August 2015 at the Florida Middle Grounds, on 
the West Florida Shelf in the northeastern Gulf of Mexico 
(GOM) between Cape San Blas and Tampa Bay, Florida 
(Fig. 2). The Florida Middle Grounds consist of high- relief 
outcrops of carbonate rock (relief ~2–5 m) that host diverse 
assemblages of alcyonarian corals, sponges, and macroal-
gae (Austin and Jones, 1974; Darcy and Gutherz, 1984; 
Rezak et al., 1985; Koenig et al., 2000). The Florida Middle 
Grounds are the center of a productive snapper- grouper 
fishery of the eastern GOM and also host a diverse assem-
blage of pelagic and demersal fishes (Pierce and 
 Mahmoudi, 2001). Water clarity in summer months ranges 
between 10 and 30 m, and the depth range on the bank is 
20–40 m (Koenig et al., 2000). Sampling depths ranged 
from 20 to 35 m, and sites were selected to maximize nat-
ural light and clear water to ensure quality photography 
and accurate fish identifications and measurements. At 
the beginning of the experiment, low- relief (1–3 m) reef 

sites were selected to ensure safe deployment of the sam-
pling gear. As our ability to accurately position sampling 
gear improved with time and safe vehicle transits could be 
ensured, we deployed them on increasingly complex high- 
relief habitat (>3 m).

Platforms and deployment

To evaluate the response to vehicles, we deployed an array 
of 3 stationary, autonomous camera platforms (Fig. 3) that 
remained on the seafloor between 7 and 10 h at multiple 
sites. The stationary platforms consisted of the Modular 
Optical Underwater Sampling System (MOUSS) (Amin 
et al., 2017) outfitted with the following components: ste-
reo cameras, long- baseline (LBL) sonar beacons, and bat-
teries (hereafter referred to as MOUSS platforms). The 
MOUSS platforms were fabricated with stainless steel 
and ballasted by the weight of batteries, pressure hous-
ings, and lead weights. Optical data were collected with 
the stereo cameras, which were capable of measuring and 
positioning objects in 3 dimensions (Amin et al., 2017). 
Cameras were mounted on a base- bar with an 80- cm 
separation between cameras, at a 10° “toe- in” angle, and 

Figure 2
Bathymetric map of the study area in the Florida Middle Grounds, on the West Florida Shelf in the Gulf of  Mexico, 
where mobile survey vehicles and stationary camera systems were deployed to assess changes in abundance 
of reef fish taxa in response to the passage of vehicles in August 2014 and in July and August 2015. Sampling 
stations (gray circles) of the Untrawlable Habitat Strategic Initiative (UHSI) were focused on ridge habitats.
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were 18 cm above the seafloor. Cameras have a 70° field 
of view (FOV) and use ambient light, and camera settings 
were optimized for expected light conditions in clear, 
shallow water (20–40 m). Still images were acquired at a 
rate of 5 frames per second and were later processed to 
make video files in MPEG format. Geographic position of 
each platform was determined by using repeated acoustic 
surveys that triangulated the LBL acoustic beacons, and 
those positions were used to aid navigation of each vehi-
cle in front of the MOUSS platforms.

To ensure that the orientation of each of the 3 MOUSS 
platforms was consistent, they were deployed in a fashion 
similar to that of demersal longline traps, such as those 
used in the sablefish (Anoplopoma fimbria) fishery in 
U.S. waters (Afanasyev et al., 2014) (Fig. 3). Platforms 
were attached to a 9.5- mm bottom line that was continu-
ously spooling off a winch while the ship maintained a 
constant heading during setting. The entire set was 
anchored on each end by steel weights (22 kg) located 
61 m from the 2 outermost platforms. Two quick links 
were spliced into the longline at predetermined points 
61 m apart, onto which the platforms were attached with 
high- strength snap shackles that were connected to plat-
form harnesses. Anchor to anchor, the transect distance 
was 244 m, and the distance between end point cameras 
was 122 m (Fig. 3). This method of deployment allowed 
the main line to act as a yoke to keep the MOUSS plat-
forms, and therefore camera orientation, roughly perpen-
dicular to the ship’s bearing. Cameras were normally 

deployed in ~30 min, and then the LBL beacons were sur-
veyed to triangulate MOUSS platform position over a 
period that was typically 2–3 h. The deployment and tri-
angulation process provided time for fish to become accli-
mated to the presence of the MOUSS platforms prior to 
the deployment of the survey vehicles.

Vehicles and transects

Survey vehicles evaluated in the experiment included a 
Phantom HD2+21 ROV (Deep Ocean Engineering, San 
Jose, CA), the Camera- based Assessment Survey System 
TV (Lembke et al., 2017), and the SeaBED AUV (Singh 
et al., 2004). For simplification we refer to the vehicles we 
used as ROV, TV, and AUV. Each vehicle has different 
deployment and operation properties that limited our abil-
ity to stage all vehicles simultaneously on the survey ship 
and to deploy all vehicles in a single day. Therefore, the 
survey was divided into 2 segments that were conducted 
back to back. As a result, general deployment areas could 
be surveyed with each vehicle, but exact locations were 
not replicated across survey legs, resulting in each vehicle 
operating in somewhat different habitats (i.e., depth, sub-
strate type, and fish community and abundance varied by 
site). Thus, models used to evaluate fish responses were 
somewhat vehicle specific.

The ROV (140 × 69 × 66 cm, in length, width, and height, 
respectively) was constantly tethered to the ship to pro-
vide power for vehicle operations and was remotely piloted 
from the ship by using a combination of 2 live- feed cam-
eras (front and rear), sector scanning sonar, and a com-
pass. During ROV deployments, the ship was anchored 
and, as a result, no tether management system was 
required and the tether was sufficiently long (338 m) to 
navigate from anchor to anchor at all operational depths 
during the experiment. Following ROV launch, the vehi-
cle was driven on the surface to the closest down- current 
buoy, and then the ROV descended to the anchor. Upon 
reaching the seafloor, the pilot oriented the ROV on the 
desired transect heading and parked the ROV on the 
seafloor for 15 min prior to beginning to survey the first 
transect. Transects were run parallel to the orientation of 
the 3 MOUSS platforms and camera FOV, from anchor to 
anchor in both directions, and with 15- min resting periods 
between each transect. Depending on sea state and time 
of day, 2–6 transects were surveyed at each site prior to 
recovery of the vehicle.

The TV (179 × 127 × 87 cm, in length, width, height, 
respectively) was towed behind the ship by using a winch 
and conducting wire that also powered the vehicle and 
provided real- time seafloor imagery to assist the pilot in 
navigation. Vehicle operations were conducted by a pilot 
who communicated with the ship’s officers on the bridge 
about preferred heading and speed, and with deck per-
sonnel regarding winch payout and vehicle altitude. 

1 Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the 
National Marine Fisheries Service, NOAA.

Figure 3
General schematic of 3 ground-tended Modular Optical 
Underwater Sampling System platforms (rectangles) set 
61 m apart along a groundline. Anchors (triangles) and 
surface buoys (circles) were attached 61 m from the plat-
forms at each end of the line. Total length between anchors 
was 244 m, and the total distance between end cameras 
was 122 m.
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Real- time vehicle altitude data and seafloor depths from 
the shipboard echo sounders are necessary to appropri-
ately control the vehicle and avoid obstacles. Live views 
from the vehicle are provided by forward-  and side- 
facing cameras (AVT Prosilica GT1920, Allied Vision 
 Technologies GmbH, Stadtroda, Germany) mounted at 35° 
angles and constantly lit with LED flood lights. Cameras 
collected images at a resolution of 1936 × 1456 pixels and 
at 12 frames per second. The vehicle collected real- time 
hydrological (e.g., salinity, temperature, and depth), vehi-
cle altitude, and compass data that were stored in onboard 
computers. Transects were surveyed in parallel to the set 
direction of the MOUSS platforms and perpendicular to 
the camera FOV. Between transect runs, the vehicle alti-
tude was increased to a safe height, and the vehicle then 
was towed in a large oval. Therefore, during surveying of 
transects, the TV always traveled in the same direction 
down the transect line with ~30 min elapsed time between 
each transect.

The AUV (1.90 × 0.34 ×1.50 m, in length, width, and 
height, respectively) operated free from the ship at all 
times during a dive, following a preprogrammed route. 
The AUV was equipped with onboard power, computing, 
acoustic beacons, and an acoustic Doppler profiler for 
bottom- tracking, conducting its operations, and navigat-
ing through the environment. The vehicle’s stereo cameras 
were oriented to photograph the seafloor (i.e., downward 
facing) and coupled with a xenon camera strobe to capture 
imagery during transit. Environmental data (e.g., salin-
ity, temperature, depth) and vehicle altitude and position 
data were collected and stored onboard the AUV. At the 
start of the mission, the AUV descended to the seafloor, 
navigated to the programmed transect start position, 
and transited the desired course. Transects were surveyed 
parallel to the set direction of the MOUSS platforms and 
at a preprogrammed constant altitude above the seafloor 
(either 2 or 4 m), in both directions, and at increasing dis-
tances from the camera with each successive transect. In 
2014, to ensure the vehicle was observed with the MOUSS 
platforms, vehicle altitude was lowered to 2 m; therefore; 
vehicle altitude varied between sites although altitude 
during a dive was held constant. Each successive transect 
was separated by an interval of approximately 30 min 
from the previous transect, similar to the intervals used 
for surveys conducted with the TV.

Vehicle range from the MOUSS platform was calcu-
lated by using stereo- camera imagery data when the 
vehicle was observed and then by fitting a linear model 
to estimate values when the vehicle was outside of the 
MOUSS sampling volume. During vehicle passage, 
5 vehicle position coordinates per second were measured 
in centimeters from the stereo- camera origin. We then 
used the point cloud positional data and a linear model to 
estimate vehicle position for periods when the vehicle was 
outside of the stereo- camera FOV. Positional data were 
then used to estimate vehicle range relative to when the 
vehicle passed across the y intercept of the cameras (i.e., 
where x=0) for each second from 1.03 min before and after 
that moment (i.e., up and down range from the camera 

origin). This linear model assumes that the vehicles tran-
sited in a relatively straight line and that error in posi-
tion estimates was reduced by obtaining estimates for 
positions of 5 data points per second. Therefore, the total 
time for video annotation was 2.06 min. This time frame 
was selected because the fastest vehicle (the TV) tran-
sited across the stereo- camera FOV in 8 s and because 
abundance estimates from the MOUSS platforms were 
collected in 4- s bins.

In this way, several bins of count data can be captured 
during the time when the vehicle was just entering, within, 
or just departing the MOUSS platform sampling volume 
(i.e., the coincident sampling volume). Sometimes MOUSS 
platforms landed on uneven seafloor and were tilted in 
various orientations; as a result, measuring exact alti-
tude of the vehicle during transit was not always possible. 
Therefore, we collected qualitative data as a measurement 
of vehicle transit altitude in lieu of measuring exact tran-
sit altitude. Qualitative vehicle altitude above the seafloor 
(RVA) was qualitatively ranked as low (~1–2 m; code: 1), 
middle (~2–5 m; code: 2), and high (>5 m; code: 3).

Video annotation and relative abundance

Fish were identified to the lowest taxon possible, and 
attraction and avoidance patterns relative to the vehicle 
were noted. When there were fewer than 50 individuals 
of a species in a given video frame all individuals were 
counted. When there were >50 fish, the total number was 
estimated by subsampling a portion of the school and 
extrapolating the subsample by the total area the school 
occupied on the video screen.

Videos were annotated in 2 different ways to test the 
following: 1) fish acclimation to stationary cameras after 
first deployment and 2) change in relative fish counts in 
relation to vehicle passage. To evaluate fish acclimation 
during the first hour of deployment, 2- min intervals were 
randomly selected from the first hour of MOUSS platform 
deployment and prior to vehicle deployment. Species- 
specific fish counts during this time were estimated in 4- s 
bins. To analyze fish response to mobile vehicles, species- 
specific fish counts were collected at 4- s intervals during a 
2.06- min video segment for which the midpoint is defined 
as the video frame when the vehicle crossed the stereo- 
camera origin. Depending on vehicle speed, this method 
resulted in fish counts for 1 min prior to and following 
vehicle transit, with a 4- s interval when the vehicle 
passed directly in front of a MOUSS platform. The video 
frames in which the vehicle was captured with the stereo 
cameras were considered the coincident sampling volume, 
and the exposure time in the sampled volume was depen-
dent on vehicle speed. Because speed varied by vehicle 
and condition, we excluded time as a factor in the models 
in favor of estimating vehicle range to the coincident sam-
pling volume.

With a few exceptions, such as greater amberjack (Seri-
ola dumerili), scamp (Mycteroperca phenax), and gray 
snapper (Lutjanus griseus), specific species were infre-
quently captured in images coincident to vehicle transit. 
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Thus, developing species- specific models was not possible 
for most species observed; however, general attraction and 
avoidance response behaviors were easily characterized. 
As a result, species were grouped into 5 behavioral guilds, 
and abundance data from the species belonging to those 
groups were pooled for analysis (Table 1). Behavioral 
guilds identified and analyzed included pelagic pursuers, 
benthic pursuers, down movers, lateral movers, and local 
reactive. Group composition is shown in Table 1 but in 
brief was as follows: the pelagic pursuers were composed of 
jacks  (Carangidae) and mackerels (Scombridae); the ben-
thic pursuers were composed of groupers  (Serranidae) and 
wrasses  (Labridae); lateral movers were composed of snap-
pers (Lutjanidae) and porgies  (Sparidae); down movers 
were composed of species of damselfish  (Pomacentridae) 
and jawfish (Opistognathidae); and the local reactive guild 
was composed of species of filefish (Monacanthidae), but-
terflyfish  (Chaetodontidae), and sand perch (Diplectrum 
spp.).  Fifteen models were produced for each unique com-
bination of the 3 vehicles and 5 behavioral guilds.

Changes in fish counts during the MOUSS platform 
acclimation time were evaluated by using generalized 
additive models (GAMs) with the GAM predict func-
tion of the package mgcv (vers. 3.6.1; Wood, 2011) in R 
(vers. 4.0.3; R Core Team, 2020). Fish acclimation mod-
els included the following variables: time (seconds) and 

habitat complexity (qualitatively rated 1–5 from low 
to high). Changes in relative abundance due to vehicle 
passage were also analyzed by using GAMs. Because all 
vehicles did not necessarily transit through equivalent 
transects (the TV and AUV had no shared transects), and 
therefore did not pass through equivalent underlying fish 
densities, changes were analyzed in separate models for 
each vehicle type (i.e., we did not create a single model 
with a vehicle variable). Additionally, the habitat complex-
ity variable allowed us to model site- specific differences 
in abundance that could potentially mask responses to 
a vehicle. For example, without a variable that explains 
site- specific differences, high- abundance sites could 
potentially have disproportionate effects on outcomes. 
Models used to examine fish responses to vehicle pas-
sage included the following variables: RVA (low, middle, 
and high), transect number (integer), range (meters), and 
ranked habitat complexity (qualitatively rated 1–5 from 
low to high). Deployment of the entire transect course 
took significant effort. Thus, multiple transects were sur-
veyed over the course of a day, and that daily number of 
transects was tracked as a sequential value called tran-
sect number. Transect number therefore is used to compile 
the total number of vehicle exposures that occurred on the 
transect course over a single deployment of the 3 MOUSS 
platforms on the transect course.

Table 1

Behavioral guild assignments based on movements of fish taxa in response to 
presence of mobile survey vehicles deployed in the Florida Middle Grounds during 
August 2014 and July and August 2015.

Pelagic pursuers Benthic pursuers Down movers

Seriola dumerili Mycteroperca venenosa Pomacentridae
Sphyraena barracuda Mycteroperca phenax Pomacentrus sp.
Seriola rivoliana Mycteroperca sp. Chromis insolata
Carangidae Epinephelus morio Chromis enchrysura
Seriola sp. Serranidae Chromis sp.
Caranx lugubris Halichoeres bathyphilus Opistognathus aurifrons
Scombridae Halichoeres bivittatus Opistognathus sp.

Halichoeres sp.

Lateral movers Local reactive

Rhomboplites aurorubens Monacanthus ciliatus
Lutjanus griseus Stephanolepis hispidus
Lutjanus campechanus Monacanthus sp.
Calamus calamus Monacanthus tuckeri
Calamus nodosus Stegastes leucostictus
Calamus penna Stegastes partitus
Calamus proridens Stegastes sp.
Calamus sp. Stegastes variabilis
Haemulon plumierii Chaetodon ocellatus
Haemulon sp. Chaetodon sedentarius
Pagrus pagrus Chaetodon sp.
Clepticus parrae Diplectrum formosum

Decodon puellaris
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Results

General observations

The array of 3 MOUSS platforms was deployed during 
daylight hours at 13 distinct areas over 9 d in August 
2014 and at 7 distinct areas over 5 d in July and August 
2015. Deployments of MOUSS platforms varied in time 
from 7 to 10 h. Over the 9 d of dedicated sampling in 
2014, 73 transects were surveyed with vehicles, resulting 
in 218 individual passes or observations in front of the 
MOUSS platforms. Over the 7 d of dedicated sampling in 
2015, 57 transects were surveyed with vehicles, resulting 
in 171 individual passes or observations in front of the 
MOUSS platforms.

The target speed of the AUV was 1.0 kt (0.51 m/s), and 
target altitude was either 2 or 4 m. In 2014, to improve 
the likelihood of observing the AUV in images from the 
stereo camera, the transect altitude was lowered from 
4 to 2 m. The AUV transited in straight lines but was 
vulnerable to heavy currents, which caused the vehicle to 
“crab,” make frequent course corrections, and to transit 
at a more variable rate of speed. The target speed of the 
TV was approximately 3.5 kt at an altitude of 2 m, but 
sometimes the speed was as high as 5 kt when travelling 
down current and the altitude was as high as ~5 m in high- 
relief areas where the potential of hitting the reef was a 
concern. Because the TV is towed and control of the vessel 
is fairly precise at the surface (e.g., GPS navigation), the 
TV transited the straightest transects of all the vehicles. 
However, transect deployments had to be well planned and 
executed in order to avoid hitting obstacles (e.g., tending 
buoys or reef). The target speed and altitude of the ROV 
was  0.5–1.0 kt and 0.5–1.0 m above the seafloor, but some-
times speed was as high as 2 kt and altitude was as high 
as 2.5 m because of currents, tether orientation, and oper-
ator error. Currents, tether orientation, and pilot error 
sometimes caused the transect path to meander from the 
intended straight line. In general, the ROV was the vehicle 
most consistently observed on MOUSS cameras, and tran-
sects improved over time likely as a result of a combination 
of slow speeds and rapid feedback to the pilot.

Generalized additive models

Results from the fish acclimation GAMs indicate signifi-
cant effects for both time and habitat complexity. The 
model explained 17.8% of deviance with a coefficient of 
determination (r2) of 0.11. Although the information on 
model fit indicates that there is considerable unexplained 
variability, the trend indicates that fish counts declined 
during the acclimation period and reached an asymptote 
at around 45 min (Fig. 4). General observations indicate 
that jacks (Seriola spp.) and great barracuda (Sphyraena 
barracuda), when present, closely examined the station-
ary camera but lost interest quickly. In addition, the reef 
fish community observed immediately around the stereo 
cameras became more active at initial deployment but 
appeared to slowly become disinterested and begin to 

forage and interact with the habitat and each other at 
around 30 min after deployment.

Results from vehicle interaction GAMs indicate that 
significant terms and overall fit of the models differed 
between behavioral guilds and between vehicles within 
each guild (Table 2). From a qualitative perspective, the 
pelagic pursuers group had strong attraction to all of the 
vehicles tested and was the most obvious group to charac-
terize (Fig. 5). The model for the AUV had significant effects 
for RVA, vehicle range, and transect number, but habitat 
complexity was not significant. The AUV model explained 
48.9% of the deviance with an r2 of 0.43. The TV model 
had significant effects for vehicle range, transect number, 
and habitat complexity, but RVA was not significant. The 
TV model explained 59.3% of the deviance with an r2 of 
0.29. The ROV model showed significant effects for vehicle 
range, but vehicle altitude, transect number, and habitat 
complexity were not significant. The ROV model explained 
81% of the deviance with an r2 of 0.46. Pelagic pursuers 
had spikes in abundance when vehicles were close in prox-
imity to the MOUSS platforms (~50 m) (Fig. 5). Passage 
of the slower- moving AUV and ROV resulted in a spike in 
relative fish abundance at closer ranges (~10 m) than pas-
sage of the fast- moving TV (~50 m). Relative abundance of 
pelagic pursuers increased with increasing AUV altitude 
but had no relationship to TV altitude. The effect of rela-
tive altitude could not be tested on the ROV because all 
passes were within the low category. Increasing the num-
ber of transects generally resulted in peak increases in 
relative abundance between the third and fourth transect 
for the AUV and TV, but this pattern was not evident for 
the ROV.

Figure 4
Changes in fish abundance during the acclimation period 
(first 60 min) following deployment of Modular Optical 
Underwater Sampling System platforms at selected reef 
sites in the Florida Middle Grounds. The gray shaded area 
represents the 95% confidence interval. Trends indicate a 
decrease in abundance with an asymptotic response occur-
ring at around 45 min. The experiment was conducted 
during August 2014 and July and August 2015.
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From a qualitative perspective, the benthic pursuers 
group exhibited strong attraction to all of the vehicles 
tested but in general were not fast enough to keep up with 
a transiting vehicle. Therefore, members of this guild 
tended to only briefly chase vehicles following passage 
(Fig. 6). For the benthic pursuers guild, results from the 
AUV model indicate significant effects for RVA and habi-
tat complexity, but vehicle range was marginally signifi-
cant and transect number was not significant. The AUV 
model explained 46.7% of the deviance with an r2 of 0.52 
(Table 2). The TV model had significant effects for RVA, 
vehicle range, transect number, and habitat complexity. 
The TV model explained 34.0% of the deviance with an r2 
of 0.22. The ROV model had significant effects for RVA, 
vehicle range, transect number, and habitat complexity. 
The ROV model explained 13.9% of the deviance with an r2 
of 0.10. For the benthic pursuers guild, relative abundance 
increased with decreasing vehicle range to the MOUSS 
sampling volume, peaking at a distance of around 0 m and 
remaining at elevated levels following vehicle passage 
(Fig. 6). In general, relative abundance of this group also 
increased as a function of transect number with varying 
results relative to vehicle type. For both slow- transiting 
vehicles (AUV and ROV), increasing RVA resulted in 
increased relative abundance; whereas, with the TV rela-
tive abundance decreased with increasing RVA.

From a qualitative perspective, the lateral movers group 
tended to flee laterally as the vehicle neared the MOUSS 
platform sampling volume (Fig. 7). For the lateral movers 
guild, results from the TV model indicate significant 

Figure 5
Change in standardized fish counts observed at selected reef 
sites in the Florida Middle Grounds for the pelagic pursuers 
guild as a function of vehicle range (meters) and by vehicle 
type. Survey vehicles used in this experiment included an 
autonomous underwater vehicle (AUV), a remotely oper-
ated vehicle (ROV), and a towed vehicle (TV). Predictions 
were made by using the GAM predict function in the R 
package mgcv, and parameters were set in the models as 
follows: first transect transited, the relative vehicle altitude 
from the seafloor was set at the middle level (2 m), and hab-
itat complexity was set at the average qualitative rating 
(2.5). The gray shaded areas represent the 95% confidence 
intervals. Surveys were conducted during August 2014 and 
July and August 2015.

Table 2

Generalized additive model run results by behavioral guild and survey vehicle, used to assess changes in the relative abun-
dance of fish due to vehicle passage at sites in the Florida Middle Grounds during August 2014 and July and August 2015. 
Vehicles evaluated included an autonomous underwater vehicle (AUV), a towed vehicle (TV), and a remotely operated vehicle 
(ROV). P- values are provided for each variable included in the models: relative vehicle altitude above the seafloor (RVA), tran-
sect number, habitat complexity, and vehicle range. Also given are the sample size (n), percentage of deviance explained, and 
coefficient of determination (r2). Asterisks (*) indicate significant variables (P<0.05). NA indicates a variable that was not used 
in a particular model run.

Guild Vehicle n Intercept RVA
Transect  
number

Habitat 
complexity

Vehicle  
range (m)

Deviance 
explained r2

Pelagic 
pursuers

AUV 217 0.10 8.8 × 10−7 * 1.4 × 10−5 * 0.56 1.2 × 10−4 * 48.9% 0.43
TV 527 <2.0 × 10−16 * 0.82 2.2 ×10−6 * 1.3 × 10−9 * <2.0 × 10−16 * 59.3% 0.29

ROV 62 NA NA NA 0.46 6.7 × 10−5 * 81.1% 0.46
Benthic 

pursuers
AUV 279 0.55 2.0 × 10−3 * 0.55 5.0 × 10−4 * 6.2 × 10−2 46.7% 0.53
TV 1798 2.0 × 10−4 * 3.4 × 10−7 * <2.0 × 10−16 * <2.0 × 10−16 * 2.2 × 10−11 * 34.0% 0.22

ROV 1919 1.7 × 10−8 * 3.9 × 10−8 * 1.1 × 10−13 * <2.0 × 10−16 * 1.7 × 10−3 * 13.9% 0.10
Down 

movers
AUV 186 3.7 × 10−12 * 2.0 × 10−4 * 4.8 × 10−11 * <2.0 × 10−16 * 0.76 98.0% 0.99
TV 744 <2.0 × 10−16 * 6.8 × 10−14 * <2.0 ×10−16 * <2.0 × 10−16 * <2.0 × 10−16 * 60.8% 0.39

ROV 1921 1.9 × 10−15 * <2.0 × 10−16 1.9 × 10−7 * <2.0 × 10−16 * 0.03 * 18.6% 0.14
Lateral 

movers
TV 217 NA 6.4 × 10−5 5.0 × 10−4 * 1.9 × 10−5 * 0.42 26.8% 0.73

ROV 1085 1.3 × 10−13 * 1.2 × 10−8 <2 × 10−16 * <2.0 × 10−16 * <2.0 × 10−16 * 38.3% 0.14
Local 

reactive
TV 1767 0.20 * 3.4 × 10−2 2.0 × 10−3 * <2.0 × 10−16 * 1.4 × 10−8 * 11.6% 0.17

ROV 1112 NA <2.0 × 10−16 <2.0 × 10−16 * <2.0 × 10−16 * 1.8 × 10−7 * 29.7% 0.42
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effects on relative abundance for RVA, transect number, 
and habitat complexity, but vehicle range was not signifi-
cant. The TV model explained 26.8% of the deviance with 
an r2 of 0.73 (Table 2). Results from the ROV model indi-
cate significant effects on relative abundance for RVA, 
transect number, habitat complexity, and vehicle range. 
The ROV model explained 38.3% of the deviance with an 
r2 of 0.14. There were not enough interactions with the 
AUV to analyze effects for the lateral movers guild. Lat-
eral movers guild fish abundance decreased significantly 
with decreasing vehicle range to the MOUSS platform 
sampling volume (Fig. 7). Following passage of the TV, fish 
tended to return to the MOUSS platform sampling vol-
ume; whereas, they did not return following ROV passage. 
Relative abundance of the lateral movers guild decreased 
with increasing number of transects surveyed with the 
ROV. Relative vehicle altitude above the seafloor had 
opposite effects by vehicle, with low transect numbers for 
the TV resulting in increased relative abundance and with 
increased transect number for the ROV resulting in 
increased relative abundance. This result might be due to 
the differences in habitat preferences between vermilion 
snapper (semi- pelagic) and porgies (benthic) having been 
mixed into the same model.

From a qualitative perspective, the down movers guild 
exhibited negative reactions to the vehicles, and fish in this 

group fled down into available interstitial spaces in the 
local habitat but did not leave the MOUSS platform sam-
pling volume (Fig. 8). Relative abundance of the down mov-
ers guild decreased with decreasing vehicle range, and the 
steepness of the decline and subsequent increase appears to 
be dependent on vehicle type. For the down movers guild, 
results from the AUV model indicate significant effects on 
relative abundance for RVA, transect number, and habitat 
complexity, but range was not significant. The AUV model 
explained 98.0% of the deviance with an r2 of 0.98 (Table 2). 
Results from the TV model indicate significant effects on 
down movers guild relative abundance for RVA, transect 
number, habitat complexity, and vehicle range. The TV 
model explained 60.8% of the deviance with an r2 of 0.38. 
Results from the ROV model indicate significant effects on 
relative abundance for RVA, transect number, habitat com-
plexity, and vehicle range. The ROV model explained 18.6% 
of the deviance with an r2 of 0.14. Strongest responses were 
observed for the TV and ROV (fastest vehicles), and the 
weakest responses were observed for the AUV (slowest 
vehicle). For both the AUV and ROV, down movers guild 
relative abundance decreased with increasing transect 
number. In contrast, results from the TV model indicate 
that relative abundance increased through the first 5 tran-
sects followed by decreasing relative abundance thereafter. 
Increasing RVA indicates increasing down movers guild 

Figure 7
Change in standardized fish counts observed at selected 
reef sites in the Florida Middle Grounds of the lateral 
movers guild as a function of vehicle range (meters) and 
by vehicle type. Survey vehicles used in this experiment 
were a remotely operated vehicle (ROV) and a towed 
vehicle (TV). Predictions were made by using the GAM 
predict function in the R package mgcv, and parameters 
were set in the models as follows: first transect tran-
sited, the relative vehicle altitude from the seafloor was 
set at the middle level (2 m), and habitat complexity 
was set at the average qualitative rating (2.5). The gray 
shaded areas represent the 95% confidence intervals. 
Surveys were conducted during August 2014 and July 
and August 2015.

Figure 6
Change in standardized fish counts observed at selected 
reef sites in the Florida Middle Grounds of the benthic pur-
suers guild as a function of vehicle range (meters) and by 
vehicle type. Survey vehicles used in this experiment were 
an autonomous underwater vehicle (AUV), a remotely 
operated vehicle (ROV), and a towed vehicle (TV). Predic-
tions were made by using the GAM predict function in the 
R package mgcv, and parameters were set in the models as 
follows: first transect transited, the relative vehicle alti-
tude from the seafloor was set at the middle level (2 m), 
and habitat complexity was set at the average qualitative 
rating (2.5). The gray shaded areas represent the 95% con-
fidence intervals. Surveys were conducted during August 
2014 and July and August 2015.
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relative abundance for the AUV and ROV but indicates a 
decreasing trend in relative abundance for the TV.

From a qualitative perspective, relative abundance of 
the local reactive guild tended to change little in rela-
tion to vehicle passage (Fig. 9). However, observations on 
camera indicate that individuals of this group tended to 
increase activity with a vehicle present but did not flee 
the sampling volume in front of the MOUSS platforms 
(i.e., locally reactive). For the local reactive guild, results 
from the TV model indicate significant effects on relative 
abundance for RVA, transect number, habitat complexity, 
and vehicle range. The TV model explained 11.6% of the 
deviance with an r2 of 0.17 (Table 2). Results from the 
ROV model indicate significant effects on relative abun-
dance for RVA, transect number, habitat complexity, and 
vehicle range. The ROV model explained 29.7% of the 
deviance with an r2 of 0.42. The AUV had too small of a 
sample size to evaluate this group. Vehicle altitude could 
only be evaluated for the TV and was negatively related 
to relative abundance.

Discussion

Species- specific gear interactions were difficult to capture; 
however, various patterns of fish response to the vehicles 
allowed classification of species into behavioral guilds. 

The use of GAMs proved to be an effective method to 
examine changes in relative abundance of fish as a func-
tion of vehicle range and relative altitude, transect num-
ber, and habitat complexity. The effect of each variable is 
dependent on the behavioral guild of interest, but vehi-
cle range was a consistent predictor of relative changes 
in abundance regardless of vehicle and behavioral guild. 
In general, the best fitting models were associated with 
the strongest behavioral responses, such as the attraction 
behavior observed for the pelagic pursuers guild and the 
avoidance behavior observed for the down movers guild. 
Finally, although logistically difficult to conduct, the test- 
bed method we used to evaluate fish responses to sam-
pling gear was effective and potentially will provide a path 
forward to conducting gear calibrations in the future.

The consistency of vehicle range in the GAMs allowed 
the development of functional relationships between 
vehicle range and the change in relative abundance in the 
MOUSS platform sampling volume (Figs. 4–9). Although 
many studies have recognized or coarsely evaluated fish 
responses to sampling vehicles (Ralston et al., 1986; 
 Richards, 1986; Koslow et al., 1995; Trenkel et al., 2004a, 
2004b; Lorance and Trenkel, 2006; Ryer et al., 2009), no 
studies have included estimation of a functional rela-
tionship that predicts relative change in abundance to 
an approaching vehicle (i.e., far- field response). The test- 
bed approach proved to be a robust method of deriving 

Figure 8
Change in standardized fish counts observed at selected 
reef sites in the Florida Middle Grounds of the down mov-
ers guild as a function of vehicle range (meters) and by 
vehicle type. Survey vehicles used in this experiment were 
an autonomous underwater vehicle (AUV), a remotely 
operated vehicle (ROV), and a towed vehicle (TV). Predic-
tions were made by using the GAM predict function in the 
R package mgcv, and parameters were set in the models as 
follows: first transect transited, the relative vehicle alti-
tude from the seafloor was set at the middle level (2 m), 
and habitat complexity was set at the average qualitative 
rating (2.5). The gray shaded areas represent the 95% con-
fidence intervals. Surveys were conducted during August 
2014 and July and August 2015.

Figure 9
Change in standardized fish counts observed at selected 
reef sites in the Florida Middle Grounds of the local reac-
tive guild as a function of vehicle range (meters) and by 
vehicle type. Survey vehicles used in this experiment were 
an autonomous underwater vehicle (AUV), a remotely 
operated vehicle (ROV), and a towed vehicle (TV). Predic-
tions were made by using the GAM predict function in the 
R package mgcv, and parameters were set in the models as 
follows: first transect transited, the relative vehicle alti-
tude from the seafloor was set at the middle level (2 m), 
and habitat complexity was set at the average qualitative 
rating (2.5). The gray shaded areas represent the 95% con-
fidence intervals. Surveys were conducted during August 
2014 and July and August 2015.
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attraction and avoidance functions that in future itera-
tions of this research will be useful for conducting vehicle 
calibration studies and for modifying fish abundance and 
density estimates.

The benthic and pelagic pursuers guilds had strong 
attraction to the survey vehicles. Both guilds included sev-
eral managed species that are important components of 
fisheries that operate in the GOM, including scamp, red 
grouper (Epinephelus morio), and greater amberjack. In 
addition to the obvious distinction of habitat preference, 
these guilds had distinct differences in ability to match 
vehicle speed while in pursuit. Pelagic pursuers concen-
trated behind vehicles and could easily maintain pace 
with them; however, their response was not persistent over 
repeated transects (Fig. 5). The strong attraction signal, 
coupled with the pelagic pursuers ability to match vehicle 
speed, indicates that the same fish could be observed with 
vehicles along the transect line, resulting in overestima-
tion of fish abundance or density. Unfortunately, given the 
relatively short transect length in our surveys, we could 
not determine the distance over which pelagic pursuers 
continued to follow a vehicle.

Conversely, benthic pursuers gave short chase following 
vehicle passage and could not keep up with vehicles; how-
ever, they repeated the behavior in subsequent vehicle tran-
sects (Fig. 6). This finding indicates that new individuals 
from the benthic pursuers group are likely being observed 
with the vehicles down the transect line. Thus, density esti-
mates for species of this guild likely will not require adjust-
ment because the observed fish did not aggregate around 
the vehicles and, as a result, were not drawn down a tran-
sect line. Of higher concern for observing benthic pursuers 
guild fish like groupers is their coloration and mottling pat-
terns (Burge et al., 2012; Watson et al., 2014) and their ten-
dency to hide underneath structure, both of which makes 
them difficult to observe (Camp et al., 2013). Therefore, 
understanding detection probability and sighting functions 
may be more critical for estimating abundance or density 
for species in the benthic pursuers guild. In our experi-
ment, the following behavior seems to be most strongly 
associated with piscivorous fish, perhaps as a stalking or 
investigatory type of behavior. Strong attraction to ROVs 
has also been observed for yellowtail rockfish (Sebastes fla-
vidus) (Stoner et al., 2008) and Pacific hake (Merluccius 
productus) (Adams et al., 1995); however, neither study 
quantified the response. In general, attraction responses 
need to be well understood because they concentrate fish, 
could result in overestimation of density, and are thus not 
conservative.

Gear avoidance is one of the more common behaviors 
noted in studies (Adams et al., 1995; Koslow et al., 1995; 
Uiblein et al., 2003; Lorance and Trenkel, 2006) and was 
most clearly observed for the lateral and down movers 
guilds. Lateral movers guild fish, which include snapper 
and grunts, exhibited significant decreases in abundance 
with decreasing vehicle range, indicating a flight response 
to approaching vehicles. Avoidance behaviors have been 
linked to the looming effect in which fast, direct approaches 
increase the likelihood and strength of the flight response 

(Frid and Dill, 2002). An analysis of fine- scale data col-
lected from frame- by- frame analysis of a subset of the 
UHSI videos revealed that vermilion snapper scaled 
their response from slow- swimming behavior and loosely 
aggregated schools when the vehicle was distant to tightly 
aggregated schools and fast- swimming behavior when the 
TV came into the sampling volume (Somerton et al., 2017). 
Both the ROV and TV displaced lateral movers guild fish 
from the MOUSS platform sampling volume prior to the 
vehicle’s arrival; however, there was not enough AUV data 
to analyze. The persistence of the flight response was vehi-
cle dependent; for instance, abundance quickly returned 
to pre- disturbance levels following TV transit; whereas, 
abundance remained depressed following ROV transit. The 
difference in the persistence of the effect could be related 
to the extended length of time the ROV tether remained 
in the vicinity of the MOUSS platform. Calibration experi-
ments will be necessary for vehicle- based surveys that tar-
get fish species in this guild and that exhibit strong flight 
response as there is high likelihood that abundance and 
density will be underestimated.

Another clear case of vehicle avoidance was associated 
with the down movers guild. The flight response to the 
approaching vehicle was consistent and strongly oriented 
downward into protective habitat, but fish did not depart 
the sampling volume (i.e., present but no longer detected). 
Most of the species in the down movers guild in this anal-
ysis are in the family Pomacentridae (e.g., Chromis spp.), 
are generally small in body size, and are found in close 
proximity to reef habitat. The distinct downward response 
to the vehicle was also observed when predators, such as 
great barracuda swam through the sampling volume, and 
thus we presume this behavior to be related to predator 
avoidance and response to novel threats. It could be that 
the body size of the species in this group precludes them 
from outswimming a predator in open water and that a 
strategy to stay near protective habitat into which they 
can flee is advantageous. In addition, the response appears 
to be weakest in relation to the AUV and strongest for the 
TV and ROV. As with the response of the lateral movers, 
the looming effect is strongly associated with the speed 
of the vehicle (Frid and Dill, 2002) and might explain 
the observed differences in fish responses between vehi-
cles. The AUV travels slower and at higher altitudes than 
the other vehicles and therefore has a decreased looming 
effect, which perhaps tempers the flight response into pro-
tective habitat (i.e., perceived threat is dampened). As with 
the lateral movers guild, gear calibrations are required for 
species in this group to compensate for changes in abun-
dance due to the flight response.

The local reactive guild is composed largely of species 
of ornamental reef fish, such as butterflyfish (Chaetodon 
spp.), filefish (Monacanthus spp.), and damselfish (Ste-
gastes spp.). For this guild, abundance increased as a 
function of vehicle range, and fish of this guild exhibited 
little attraction or avoidance to the vehicles and, as with 
fish of the down movers guild, did not leave the sampling 
volume. Review of video also revealed increased activity 
(i.e., reactive behavior) following vehicle passage. Further, 
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abundance increased with increasing number of tran-
sects. Because fish of the local reactive guild were not 
attracted to the vehicles but abundance increased as a 
function of vehicle range and over transects, vehicle pas-
sage could have altered the behavior of the fish, causing a 
coincident increase in detectability by the MOUSS plat-
forms. In other words, detection rather than abundance is 
potentially changing, at least from the perspective of the 
MOUSS cameras.

Detection probability and sighting functions (i.e., range 
to positive identification of fish) have been shown to be 
critical for estimation of fish densities for strip- transect 
and distance sampling methods (Sale and Sharp, 1983; 
Ensign et al., 1995; Cheal and Thompson, 1997), even 
for species that have minimal or no avoidance behaviors 
(Kulbicki and Sarramégna, 1999). Although the functions 
developed in this work add critical information about how 
relative fish abundance changed prior to vehicle arrival, 
vehicle- specific sighting functions are equally important 
to develop even for species exhibiting minimal or no behav-
ioral response. Further, it is important to understand that 
the MOUSS platforms in our experiment have their own 
detection probability and sighting functions; therefore, 
what is presented here is relative to the MOUSS platform 
observations. Thus, our modeling does not necessarily lead 
to unbiased estimates of abundance or biomass. Further 
research that could establish fish density in a known area, 
and therefore establish the standard in which the optical 
systems were deployed, would be a useful but extremely 
difficult undertaking. Finally, all of the key components 
necessary to estimate fish density will likely have import-
ant covariates to consider, variables such as light, water 
clarity, and habitat complexity. Light and water clarity 
were fairly constant over the course of the experiment; 
however, habitat complexity varied among sites. Both of 
these findings may or may not occur in basin- wide surveys 
but are critical considerations for those types of surveys 
(e.g., in the Gulf of Mexico).

Although we were able to estimate functions that were 
based on vehicle range and that included important covari-
ates to help evaluate fish response (e.g., habitat complexity), 
we were unable to connect those responses to any specific 
vehicle stimuli (e.g., noise or light). Sensory mechanisms of 
fish that detect the sound, light, and motion of a vehicle are 
all critical components that likely incite fish reaction and 
potentially bias observations in undetermined directions 
and magnitude. For instance, in an experiment designed 
to observe soniferous fish behavior, ROV noise induced a 
strong negative behavioral response that affected observa-
tions during sampling (Rountree and Juanes, 2010). Simi-
larly, responses to artificial lighting range from attraction 
to avoidance and are species specific (McIninch and Hocutt, 
1987; Marchesan et al., 2005; Raymond and Widder, 2007). 
Furthermore, the order of stimuli detection and their asso-
ciated thresholds in fish are uncertain. For instance, the 
sound produced by motors and propellers or the vibration 
of tow cables generate noise that could stimulate the lat-
eral movers guild fish and cause a response prior to the 
fish detecting vehicle lights. Similarly, positioning beacons 

generate sound but generally operate at higher frequencies 
than fish can detect (Mann et al., 2001; Popper, 2003; Stoner 
et al., 2008).

Ultimately, noise- inducing equipment, such as tethers, 
tow cables, and propellers are critical components of vehi-
cles; therefore, experiments should include a capacity to 
measure relevant stimuli in order to relate them to fish 
response. For instance, future iterations of this type of 
experiment and large- scale ocean observation systems 
(Rountree et al., 2020) would benefit from having a suite of 
acoustic sensors and light meters to identify specific vehi-
cle noise and light production signatures. Light meters 
and turbidity sensors for detecting ambient conditions in 
the environment would also be useful for estimation of 
vehicle-  and condition- specific sighting functions. Finally, 
experimental methods that place sampling platforms 
at specific locations and on specific habitat would likely 
result in more interactions with target species and enable 
development of species- specific range functions.  Cameras 
that have increased FOV (e.g., 360° or full spherical) 
might be useful, given that it has been reported that they 
increase fish detection (Kilfoil et al., 2017; Campbell et al., 
2018). Additionally, full- spherical cameras would be useful 
in vehicle detection when they transit behind or above the 
intended transect line, and thus more gear interactions 
could be captured.

The original statistical analysis was envisioned to cre-
ate single- species models that include vehicle type as a 
variable in order to facilitate direct comparisons of vehi-
cle performance. Logistics of the ship, however, caused us 
to stage the experiment in 2 separate periods. Therefore, 
in the experiment, each vehicle was tested in somewhat 
different habitats that had varied fish assemblages and 
densities, making it impossible to expose each vehicle to a 
standardized set of conditions. Because of the difficulty of 
sampling different sites, we created the habitat complex-
ity variable in an effort to standardize site conditions and 
clarify changes in abundance that were associated with 
vehicle passage. Additionally, species- specific interactions 
in the coincident sampling volume in space and time were 
rare, thus making single- species models problematic to 
estimate. Other at- sea conditions also created situations 
where the AUV in particular was not deployed as fre-
quently as the other vehicles and therefore had fewer 
interactions with target species. For these reasons, we felt 
that a direct comparison that used a singular model (i.e., 
inclusion of a vehicle variable) was not defensible. Impor-
tantly, our observations were that each vehicle had good 
and bad traits for sampling different habitats and had 
differential utility depending on target species. Thus, we 
made an effort to not compare vehicles qualitatively (i.e., 
good or bad). We envision that the outcomes of our work 
potentially would help researchers select a vehicle that 
best fits the target environment and species they intend 
to sample.

Critically, underlying fish density could not be con-
trolled; therefore, statistical analysis, model estimation, 
and resultant explanatory capacity were shaped around 
the data that we were able to obtain. Recent efforts to 
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estimate species- specific absolute abundance, such as the 
Great Red Snapper Count (Stunz et al.2), rely on inte-
gration of data across a wide spectrum of instrumenta-
tion. Basin- scale efforts such as this require some form 
of calibration treatment obtained over a wide range of 
sampling conditions and habitats (e.g., water clarity and 
low to high relief) and across a variety of platforms and 
instruments capable of scaling to common units (e.g., fish 
density per unit area or volume). To achieve proper cali-
bration, efforts such as those laid out in this paper will be 
necessary and will undoubtedly be very expensive in time, 
complexity, and expense. Without proper methods to cal-
ibrate instruments against known densities, efforts such 
as those undertaken in this experiment, while interesting, 
might not result in desired outcomes. Thus targets such as 
absolute abundance will remain elusive or will be heavily 
reliant on poorly understood assumptions about vehicle 
sampling properties and their associated biases.

Conclusions

The test- bed experiment was logistically difficult to con-
duct because many moving pieces had to be synchronized 
to produce coincident sampling volumes and useful data. 
Logistical difficulties included temporal synchronization 
of all sampling equipment, orientation of the MOUSS 
platforms perpendicular to the transect line transited 
by the vehicles, geolocation of cameras once deployed, 
and navigation of vehicles precisely down transect lines. 
Although the logistics of the experiment went smoothly 
and improved over time, it was equally difficult to detect 
interactions for specific fish species. Another issue is that 
manual annotation of videos is a slow process, and pro-
ducing data sets therefore is a time intensive process that 
would be enhanced with automated approaches, partic-
ularly those that can be used to generate data on small 
spatio- temporal scales (Shafait et al., 2017). A field exper-
iment that would encompass all of the potential variables 
of interest (e.g., species movement patterns, water condi-
tions, and vehicle effects) would be difficult to coordinate 
and control; therefore, a logical next step is to evaluate the 
question in a simulation- modeling framework (Kim and 
Wardle, 1998).
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