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Quantifying the distribution and abundance of the Atlantic sea scallop (Placopecten magellanicus) is a fishery management priority, and stock
assessments increasingly rely on video surveys. Interpreting the results of these surveys requires understanding the inherent biases introduced
as a result of target animal behaviour. Our study investigated the effect of artificial lights on the behaviour of Atlantic sea scallops during a
video survey using a towed benthic sled. Swimming and stationary scallops were counted in survey videos using event logging software. In addition,
the locations, orientations, and swimming directions of the scallops were noted in a subset of the videos. The proportion of scallops that swam when
anartificial light was turned on was significantly smaller than the proportion that swam when the light was off. Further analysis using a logistic model
showed that only light state (off or on) predicted the likelihood of scallop swimming responses. Possible reasons for this unexpected behaviour are

discussed, with a focus on the scallop visual system.
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Introduction

The Atlantic sea scallop (Placopecten magellanicus) is the focus of
one of the most valuable fisheries on the east coast of the United
States, with US scallop landings exceeding 24 000 t or $500 million an-
nually from 2003 to 2012 (NEFSC, 2014). Quantifying the distribu-
tion and abundance of this species is a fishery management priority
(Hart and Chute, 2004). In earlier years, research towards this goal
relied on surveys using mobile fishing gear (NEFSC, 2014).
Although these traditional surveys still play an important role in
scallop stock assessments, studies on scallop distribution and abun-
dance increasingly rely on the visual surveys using drop cameras
(Stokesbury et al., 2004; Somerton and Glendhill, 2005; Carey and
Stokesbury, 2011; NEFSC, 2014; NJSGC, 2014), towed sleds
(Rosenkranz and Byersdorfer, 2004; Somerton and Glendhill, 2005;
NEFSC, 2014; NJSGC 2014), and automated underwater vehicles
(Somerton and Glendhill, 2005; Singh et al., 2013; NJSGC, 2014).
Interpreting the results from these relatively new survey techniques
requires understanding any biases introduced because of scallop be-
haviour (Stoner et al., 2008; Ryer et al., 2009).

Quantifying the catchability of target species in fishing gear has
long been a concern in fisheries surveys (Arreguin-Sanchez, 1996).
The catchability of a species, animals caught per unit effort relative
to the actual population size, depends largely upon the animal’s
behaviour in the presence of the fishing gear (Arreguin-Sanchez,
1996; He, 2010). Recent attempts to quantify the catchability
of fish in visual surveys have noted that this is a complicated en-
deavour because reactions of fish to light and sound vary widely
across species (Trenkel et al., 2004; Marchesan et al., 2005; Stoner
et al., 2008; Ryer et al., 2009). A review of research on marine
fish behaviour in the presence of underwater vehicles concluded
that most species react to the vehicles, but the details of their re-
actions vary widely, and determining how behaviour biases
surveys is not straightforward (Stoner et al., 2008). Species-specific
reactions to artificial light may depend on their predatory and
predator-avoidance behaviours, their normal activity levels, or
their visual systems and adaptations to low- and high-light condi-
tions (Marchesan et al., 2005; Lorance and Trenkel, 2006; Ryer
etal., 2009).
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Although scallops are often treated as sessile animals when mod-
elling their density in gear surveys (Rago et al., 2006), their swim-
ming escape response is well documented (Caddy, 1968; Brand,
2006; Wilkens, 2006). Furthermore, they have many eyes along the
margin of their mantle, and their swimming behaviour is visually
influenced (Wilkens, 2006; Speiser and Johnsen, 2008). Therefore,
their catchability in visual surveys could be affected by their swim-
ming behaviour. Our study investigated the effect of artificial
lights on the behaviour of Atlantic sea scallops during a video
survey using a towed benthic sled.

Material and methods

Study sites

The research was conducted at two sites in southern New England
waters east of Long Island in September 2014 (Figure 1). Each
survey site covered an area of ca. 2 km?, and the sites were located
1.7 km apart. The substrate at site 1 (40.9422°N 71.6834°W) was
primarily a patchy mix of sand and gravel, while the substrate at
site 2 (40.9278°N 71.6893°W) had a higher percentage of silt. The
average depth at site 1 was 45 m, and the average depth at site 2
was 49 m. Average bottom temperature at both sites was 14.5°C.
This area is open to scallop fishing, and scallops are regularly
found there during yearly assessment surveys (NEFSC, 2014).

Video surveys

The video surveys were conducted at the two sites during a 2-d
period, with ten survey transects at site 1 and nine survey transects
at site 2. The surveys were carried out in late afternoon at the
first site and in late morning at the second site. Survey transect
lengths were estimated using vessel GPS coordinates and averaged
649.5 m (range 367—1887 m). Survey tracks were roughly parallel
ca. 150 m apart, with the sled running in the opposite direction
for alternative tracks. It is unlikely that any scallops encountered
the sled more than once.

The surveys were conducted using a bottom-contacting benthic
sled (Figure 2) towed off the starboard quarter of a 17.4-m fishing
vessel at an average speed of 2.8 knots. The sled was constructed
of welded steel round bar with attached steel runners (total
length = 1.33 m, length of runner contact = 1.02 m, width =1 m,
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Figure 1. Map showing the locations of the study sites in southern
New England waters east of Long Island.
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weight = 123 kg). Cross-beams were added to support cameras and
lights.

An underwater video camera (Outland Technology UWC-325)
was mounted 77 cm above the bottom of the runners. This fixed-
focus camera has low light sensitivity (0.001 lux), and it successfully
recorded video footage with no added lighting. The camera was
focused at the seabed at a 39.5° angle, capturing the area between
the runners that ran from ca. 1 m in front of the sled to the start
of the flat portion of the runners (Figure 2). An underwater LED
light (Outland Technology UWL-401) was mounted 44 cm above
and slightly in front of the camera (121 cm above the bottom of
the runners) and could be turned off and on by the sled operator
during video recording. This 2150-lumen light has a beam angle
0f 100° and an output of 960 lux at 1 m. During the surveys, turbid-
ity near the bottom must have been low because backscatter from the
artificial lights was minimal.

Video analysis

During the video survey transects, the camera and light set-up were
being evaluated. As such, video footage was recorded with and
without artificial lighting. Fourteen of 19 survey transects were con-
ducted with artificial lighting off or on for the entire recording. Five
survey transects had the light turned off and on during recording, so
the videos for these transects included both light-off and light-on
segments. Overall, 44% of the video was recorded with artificial
lighting (45% at site 1, 43% at site 2).

Video was analysed using Behavioral Observation Research
Interactive Software (BORIS), an open-source event logging soft-
ware that utilizes VLC media player (http://penelope.unito.it/
boris and http://www.videolan.org/vlc/index.html). All videos
were annotated by the same person, and events on each video
were coded twice for accuracy. Large scallops were located and
tracked until they reached the bottom edge of the screen before
being classified as stationary or swimming (examples in Figure 3).

Figure 2. The bottom-contacting sled used in the video surveys. (a)
The sled hanging off the side of a scallop vessel before launch, with the
approximate trapezoidal area of view for the camera highlighted in
white. (b) A close-up view of the video camera (VC), light (L), and
mount. This figure is available in black and white in print and in colour
at ICES Journal of Marine Science online.
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Scallops caught in the headlights

Only medium—large scallops were counted because small scallops
were difficult to locate when not swimming. The approximate
sizes of the largest and smallest annotated scallops were determined
from a subset of screenshots using Adobe Photoshop after compen-
sating for the trapezoidal distortion created by the oblique viewing
angle of the camera (Wakefield and Genin, 1987).

Additional analysis was done on four videos that had long seg-
ments of footage with the artificial light off or on for part of the
video. The location (left, right, or centre) and settled orientation
were recorded for each scallop. If a scallop started swimming, the
swimming direction was also noted. Settled orientations and swim-
ming directions were recorded in compass degrees rounded to the
nearest 10°.

Statistical analysis
The scallop count data from each survey site and from both sites com-
bined were analysed with a x* test for independence to determine if

(a) Lightoff

(b) Light on

Figure 3. Screenshots taken from the video survey footage. (a) Image
from video with the artificial light turned off showing the sediment
clouds created as a scallop begins to swim. (b) Image from video with
the light turned on showing three stationary scallops.
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there was a significant association between scallop swimming behav-
iour and the artificial light being off or on.

To examine other factors that might influence scallop swimming
behaviour, we used a binomial logistic regression model in the
package “Ime4” (generalized linear mixed model function “glmer”
with link = “logit”) in R (Bates et al., 2014; R Core Team, 2014).
The likelihood of swimming behaviour was modelled as a function
of light (off or on), location relative to sled runners (in the centre of
the sled path or near a runner), orientation relative to the approach-
ing benthic sled (away vs. towards the sled, with the shell hinge
defined as the back of the scallop), and an interaction effect for
location and orientation. A random effect for survey track was
included to account for correlation between observations along a
single benthic sled survey track due to variables like ambient light
levels, bottom sediment type, tow direction relative to currents,
and current strength. The initial model included all variables and
the interaction between location and orientation. The final model
was determined after backward elimination of non-significant vari-
ables and evaluation based on the Akaike information criterion
(AIC) and likelihood ratio tests (Akaike, 1973). To determine if
the random effect of track was required in the final model, a cater-
pillar plot of the 95% prediction intervals for each track-specific
random intercept was examined for zero crossings relative to the
global mean over all tracks (Bates, 2010).

Results

In total, just over 140 min of video footage was analysed, with the
light turned off for 79.15 min and turned on for 61.21 min.
A total of 2227 scallops were annotated in these videos, with 1655
at site 1 and 572 at site 2 (Table 1). At site 1, 18.7% of the scallops
swam when the light was off, while only 1.8% swam when the
light was on (Figure 4). Similar results were seen at site 2, where
28.2% of the scallops swam when the light was off and 4.6% swam
when the light was on (Figure 4). The approximate sizes of the iden-
tified scallops ranged from 70 to 120 mm shell height, with most in
the 70—100 mm size range. Scallops with shell heights >100 mm
were observed swimming, which is notable because large scallops
are more sedentary than smaller animals (Caddy, 1968).

A x? test of independence was performed to examine the rela-
tionship between the light being off or on and the swimming re-
sponse of scallops. There was a significant relationship between
the presence of artificial light and the swimming behaviour of scal-
lops [site 1: X2 (2, n=1655) = 124.915, p < 0.0001; site 2: X (2,
n=>572) = 48.131 p < 0.0001; both sites combined: x> 2, n=
2227) = 179.649, p < 0.0001]. The proportion of scallops that
swam when the artificial light was turned on was significantly less
than the proportion that swam when the light was off.

To determine if potential variables other than light influenced
scallop swimming responses to the approaching benthic sled, we
included location relative to the sled runners and orientation of
the scallop relative to the approaching sled in a generalized linear

Table 1. Summary of stationary and swimming scallop counts at
both sites with the light turned off and on.

Light off Light on
Substrate
type Stationary Swimming Stationary Swimming
Site 1 Sand/gravel 703 162 776 14
Site2  Sand/silt 255 100 207 10
Total 958 262 983 24
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Figure 4. The percentage of large scallops (shell height >70 mm)
counted as stationary or swimming when the light was turned off or on
at site 1, site 2, and both sites combined. The model-predicted
percentage of scallops that would swim when the light was off or on is
shown on the far right.

Table 2. Results of the logistic regression analysis for likelihood of
swimming behaviour.

Initial GLMM model with all variables

Fixed effects Coefficient s.e. z-value p-value

Intercept —1.8446 03548 —5.199 <0.0001

Light (off/on) —2.8131 05997 —4.691 <<0.0001

Location (centre/runner) 0.3302 03515  0.939 0.348

Orientation (facing away/ 00613 05209 0.118 0.906
towards sled)

Location X orientation —0.2201 0.6417 —0.343 0.732

Random effect Variance  s.d.
Survey track 0.1251 0.3537
Fixed effects Final GLM model (no random effect)

Coefficient s.e. z-value p-value

Intercept —1.6474 0.1387 —11.879 <<0.0001
Light (off/on) —2.8524 0.5969 —4.779 <0.0001

Only the initial and final models are shown. The initial model was a
generalized linear mixed model (GLMM) with three fixed effects, one fixed
interaction effect, and one random effect. Only one fixed effect remained in
the final generalized linear model (GLM).

mixed model. Only light had a significant effect on the likelihood of
swimming behaviour (Table 2). The simpler model, including light
as the only fixed variable and track as a random variable, had a lower
AICscore (all fixed variables: AIC = 382.4; light: AIC = 377.5),and
a likelihood ratio test confirmed there was no significant improve-
ment to the model when additional variables were included
[x*(3) = 1.0485, p = 0.79]. Examination of the 95% prediction
intervals for each survey track random intercept indicated that
this variable was not needed in the model. All four of the track-
specific intervals crossed zero (Figure 5). The final model, which
included only light as a fixed variable, estimated that scallops had
a 16.1% chance of swimming when the light was off and a 1.1%
chance of swimming when the light was on based on the predicted
odds ratios (Figure 4).

Although the orientations of scallops relative to the benthic sled
did not significantly impact the likelihood of swimming responses,
scallops consistently swam away from the approaching sled regard-
less of their settled orientation before swimming (Figure 6). This
occurred although 26.2% of the scallops were facing towards the
approaching sled before swimming.

L. A. Siemann et al.

Survey track

-0.5 0 0.5

Deviation of track-specific random intercept
from global mean

Figure 5. Caterpillar plot showing the 95% prediction intervals,
estimated by the R package “Ime4” function “glmer” and extractor
“ranef”, for the survey track-specific random intercepts. The x-axis is the
deviation of each track-specific intercept from the global mean.
Because all prediction intervals cross zero, the random effect of survey
track was not included in the final model. The caterpillar plot was
created using “dotplot” in the “lattice” graphics package in R (Sarkar,
2008). This figure is available in black and white in print and in colour at
ICES Journal of Marine Science online.

Discussion

The ) test and logistic regression model both clearly show that arti-
ficial light can significantly affect the swimming escape response of
scallops. The percentage of Atlantic sea scallops that swam when
approached by a benthic sled with artificial lighting was markedly
less than the percentage that swam when approached by the same
benthic sled operating in ambient light. This implies that artificial
lights, which often improve the quality of underwater imagery, may
also increase the likelihood that scallops will stay in place to be
counted inavisual survey. This counterintuitive result contradicts an-
ecdotal reports on the Antarctic scallop (Adamussium colbecki) and
the saucer scallop (Amusium balloti) swimming in response to under-
water camera lights (Ansell et al., 1998; Dibden and Joll, 1998).

Scallop behaviour

The scallop swimming response is one of three locomotory beha-
viours observed for these bivalves. Scallops swim to escape predators
or select habitat, and the swimming behaviours of different scallop
species can be very similar (Brand, 2006; Wilkens, 2006). Some scallop
species, including Atlantic sea scallops, can swim for long distances
(over 5 m per swimming effort) by including a gliding component
during the effort (Brand, 2006; Alejandrino et al., 2011). Caddy
(1968) investigated the swimming escape response of Atlantic sea
scallops reacting to approaching divers. On average, the scallops
swam 2.3 m (range 90 cm—4.3 m) away from approaching divers,
rising 0.4 m above the sediment (Caddy, 1968). Smaller scallops
(shellheight <100 mm) swam away from approaching divers regard-
less of their original orientation, forming a semi-circular front ahead
of the divers, while scallops >100 mm in size tended to remain
recessed in the sand, often covered with a layer of fine sediment
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Figure 6. Rose plots showing the swimming directions of scallops
when the light was on and off. Plots are shown for scallops located near
the left runner, in the centre, and near the right runner, with the total
number of scallops shown at the top of each plot. No scallops in the
centre region were observed swimming when the light was turned on.
Rose plots were generated in MATLAB (version R2012a). This figure is
available in black and white in print and in colour at ICES Journal of
Marine Science online.

(Caddy, 1968). A few larger scallops swam and travelled short dis-
tances (90 cm), rising <10 cm above the sediment (Caddy, 1968).

The scallops in our visual survey had a similar response, swim-
ming in a direction away from the approaching sled regardless of
their initial settled orientation (Figure 6). The majority of the swim-
ming scallops observed during our surveys were <100 mm in size,
and this included scallops with shell heights ranging from 70 to
100 mm as well as many small scallops not counted in the analysis.
However, we did note larger scallops (shell heights >100 mm)
swimming away from the sled. Often, large recessed scallops could
be identified by their distinctive outlines, even when they were
lightly covered with sediment. Yet perhaps more large recessed scal-
lops were in our survey area if they were covered with a thick layer of
sediment, making them difficult to identify and count.

Scallops have four main behaviours in response to visual stimuli:
shell closure, swimming, orientation of their shells relative to some-
thing in their visual surroundings, and extension of their tentacles
(Wilkens, 2006). Their most familiar visually driven behaviour is
shell closure in response to decrease in light intensity or movement
of a dark object, with more consistent reactions to movements over
changes in light intensity (Gutsell, 1930; Wilkens, 2006). However,
early research on the reactions of bivalves to changes in light inten-
sity indicated that Atlantic calico scallops (Arcopecten gibbus) will
respond to sudden increases in light by closing their valves
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(Wenrich, 1916). If Atlantic sea scallops have a similar reaction to
sudden light increases, their swimming response would decrease
in the presence of artificial lights.

Reactions to light

Artificial light can have a strong effect on animal behaviour. For
example, many pelagic fish and cephalopod molluscs have strong
positive phototactic responses that cause them to congregate in
pools oflight. This well-known behaviour has been exploited in fish-
eries that use light as an attractant (Ben-Yami, 1988). Research
focused specifically on marine animal reactions to artificial light
on underwater vehicles has been directed towards evaluating fish be-
haviour. Most fish in these studies were attracted to or avoided lights
and underwater vehicles (Trenkel et al., 2004; Marchesan et al., 2005;
Lorance and Trenkel, 2006; Ryer et al., 2009). Fish that were attracted
to lights were typically species that fed on plankton that also have
positive phototactic responses (Marchesan et al., 2005; Ryer et al.,
2009). The most active fish species moved away from approaching
artificial lights, and this reaction may be an avoidance behaviour
triggered by a novel looming stimulus (Ryer et al., 2009). Fish that
showed no response to vehicle artificial lights were typically ambush
predators that use cryptic coloration (Ryer et al., 2009).

We found no reported cases of marine animals swimming away
from vehicles when artificial lights were turned off while remaining
stationary when lights were turned on. This behaviour is reported
more often in terrestrial mammals that have visual systems adapted
for low-light conditions. For example, deer are most active during
crepuscular periods, and their eyes, with high concentrations of light-
sensitive rods in the retina and a reflective layer behind the retina, are
well suited for vision in dim light (Blackwell and Seamans, 2009).
These animals freeze in front of oncoming cars with bright headlights
when light oversaturates their retinal pigments and makes them tem-
porarily blind. Similarly, if sudden bright lights temporarily blind a
scallop, this could cause a decrease in swimming behaviour.

Further examination of the scallop visual system and parallels
between the scallop two-layer retina system and the vertebrate
rod and cone system supports this possibility (McReynolds and
Gorman, 1970; Fain et al., 2010). Scallops have many small concave
mirror eyes along the margins of their upper and lower shells
(Wilkens, 2006; Speiser and Johnsen, 2008). The inside surface of
each eye has a highly reflective argentea located behind two distinct
retinal layers, and images are focused onto the retina by the reflective
surface of the spherical interior of the eye (Land, 1965, 1966a;
Wilkens, 2006; Speiser and Johnsen, 2008; Speiser et al., 2011).
Because of the relatively short focal length in scallop eyes relative
to pupil size, they have high light-gathering power despite their
small size (Warrant and Locket, 2004; Colicchia et al., 2009). The
low-light sensitivity of scallop eyes is enhanced by the characteristic
photoreceptors and phototransduction pathways in this system
(McReynolds and Gorman, 1970; Wilkens, 2006; Fain et al., 2010).

The two retinal layers in scallop eyes have different photorecep-
tor types, and these use distinct phototransduction pathways
(McReynolds and Gorman, 1970; Kojima et al., 1997; Wilkens,
2006; Fain et al., 2010). The distal retinal layer, closest to the lens,
includes ciliary photoreceptors that hyperpolarize in response to
light (the “off” response), and these cells are thought to be respon-
sible for detecting decreases in illumination from passing predator
shadows and dark objects (Speiser and Johnsen, 2008; Fain et al.,
2010). Like vertebrate cone cells, the distal retinal layer photorecep-
tors have low sensitivity and respond in bright light (McReynolds
and Gorman, 1970; Shichida and Matsuyama, 2009). In contrast,
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the proximal retinal layer contains highly sensitive microvillar
photoreceptors that depolarize in response to light (the “on” re-
sponse; McReynolds and Gorman, 1970; Wilkens, 2006; Fain
et al., 2010). Like vertebrate rod cells, these are high-gain photore-
ceptors that can respond to a single photon, allowing vision in
dim light (McReynolds and Gorman, 1970; Nasi and Gomez,
1992; Fain et al., 2010). Dark-adapted scallop proximal photorecep-
tors are temporarily inactivated after exposure to bright light, failing
to respond to additional flashes for periods of 45 s to minutes (Land,
1966b; McReynolds and Gorman, 1970). Comparable inactivity is
characteristic of saturated vertebrate rod cells (Aguilar and Stiles,
1954; Fain et al., 2010) and causes the temporary blindness of deer
that are “caught in the headlights”.

Implications and future research

Differences in the behaviours of target and unintentionally caught
species are often utilized to design fishing gear modifications (He,
2010). The fish recorded in our videos were difficult to identify
because they were only observed swimming rapidly away from or
towards the sides of the approaching sled. This occurred when the
lights were off and on, in contrast to the behaviour of the scallops,
suggesting that artificial light might be used to impact fish bycatch
in scallop fisheries. Yet it should be noted that artificial illumination
has been more successful in bycatch reduction when used as an at-
tractant to encourage escapement of incidentally caught fish
species (Lomeli and Wakefield, 2014; ODFW, 2014).

Our future research will explore details about how scallops react to
approaching bright lights and the importance of the intensity and wave-
length of that light. We hypothesized two reasons why scallop swim-
ming behaviour might be inhibited by artificial lights: (i) light caused
the scallops to close their shells and therefore not swim, or (ii) light tem-
porarily blinded the scallops causing them to freeze. Laboratory-based
studies will help us determine if either explanation seems likely.
Additional fieldwork with the benthic sled will supplement controlled
behavioural experiments in tanks, so that we can further explore the
potential value of this unexpected scallop behaviour.

Acknowledgements

This research was supported by NMES Scallop Research Set-Aside
award NA14NMF4540082 “Estimating Incidental Mortality in the
Sea Scallop Fishery ”. We thank Carl Huntsberger for overseeing
other aspects of the funded RSA project and Farrell Davis for design-
ing the CFF benthic sled. Additionally, we thank our other CFF col-
leagues for support throughout the project. We are grateful to Lydia
Mithger, Dale Leavitt, and two anonymous reviewers for providing
valuable feedback on drafts of the manuscript and for the help we
received during the editorial process.

References

Aguilar, M., and Stiles, W. S. 1954. Saturation of the rod mechanism of
the retina at high levels of stimulation. Optica Acta: International
Journal of Optics, 1: 59-65.

Akaike, H. 1973. Information theory as an extension of the maximum
likelihood principle. In Second International Symposium on
Information Theory, pp. 267—281. Ed. by B. N. Petrov, and F.
Csaki. Akademiai Kiado, Budapest, Hungary.

Alejandrino, A., Puslednik, L., and Serb,]. M. 2011. Convergent and par-
allel evolution in life habitat of the scallops (Bivalvia: Pectinidae).
BMC Evolutionary Biology, 11: 164.

Ansell, A. D., Cattaneo-Vietti, R., and Chiantore, M. 1998. Swimming in
the Antarctic scallop Adamussium colbecki: analysis of in situ video
recordings. Antarctic Science, 10: 369—375.

L. A. Siemann et al.

Arreguin-Sanchez, F. 1996. Catchability: a key parameter for fish stock
assessment. Reviews in Fish Biology and Fisheries, 6: 221—242.
Bates, D. 2010. Ime4: Mixed Effects Modelling with R. http://lme4.

r-forge.r-project.org/IMMwR /Irgprt.pdf (last accessed 2 April 2015).

Bates, D., Maechler, M., Bolker, B., and Walker, S. 2014. Ime4: Linear
Mixed-effects Models Using Figen and S4. R Package Version
1.1-7. http://CRAN.R-project.org/package=Ime4 (last accessed 2
April 2015).

Ben-Yami, M. 1988. Attracting Fish with Light. FAO Training Series
Volume 14, Food and Agriculture Organization of the United
Nations. 72 pp.

Blackwell, B. F, and Seamans, T. W. 2009. Enhancing the perceived
threat of vehicle approach to deer. Journal of Wildlife Management,
73:128-135.

Brand, A. R. 2006. Scallop ecology: distribution and behaviour. In
Scallops: Biology, Ecology and Aquaculture, pp. 651-744. Ed. by
S. E. Shumway, and G. J. Parsons. Elsevier Science, Amsterdam.
1500 pp.

Caddy, J. F. 1968. Underwater observations on scallop (Placopecten
magellanicus) behaviour and drag efficiency. Journal of the
Fisheries Research Board of Canada, 25: 2123—-2141.

Carey,]. D., and Stokesbury, K. D. E. 2011. An assessment of juvenile and
adult sea scallop, Placopecten magellanicus, distribution in the
Northwest Atlantic using high-resolution still imagery. Journal of
Shellfish Research, 30: 569—582.

Colicchia, G., Waltner, C., Hopf, M., and Hartmut, W. 2009. The scal-
lop’s eye—a concave mirror in the context of biology. Physics
Education, 44: 175—-179.

Dibden, C.J., and Joll, L. M. 1998. A Research Vessel Survey of Bottom
Types in the Area of the Abrolhos Islands and Mid-water Trawl
Fishery. Fisheries Research Report 110, Fisheries Western Australia.
21 pp.

Fain, G. L., Hardie, R., and Laughlin, S. B. 2010. Phototransduction and
the evolution of photoreceptors. Current Biology, 20: R114—R124.

Gutsell, J. S. 1930. Natural history of the bay scallop (Pecten irradians).
Bulletin of the Bureau of Fisheries, 46: 569—632.

Hart, D. R,, and Chute, A. S. 2004. Essential Fish Habitat Source
Document: Sea Scallop, Placopecten magellanicus, Life History and
Habitat Characteristics, 2nd Edn. US Department of Commerce,
NOAA Technical Memorandum, NMFS-NE-189. 21 pp.

He, P. (Ed.) 2010. Behavior of Marine Fishes: Capture Processes and
Conservation Challenges. Wiley-Blackwell, Ames, IA. 392 pp.

Kojima, D., Terakita, A., Ishikawa, T., Tsukahara, Y., Maeda, A., and
Shichida, Y. 1997. A novel Go-mediated phototransduction
cascade in scallop visual cells. Journal of Biological Chemistry,
272:22979-22982.

Land, M. F. 1965. Image formation by a concave reflector in the eye of the
scallop, Pecten maximus. Journal of Physiology, 179: 138—153.

Land, M. F. 1966a. Activity in the optic nerve of Pecten maximus in re-
sponse to changes in light intensity and to pattern and movement
in the optical environment. Journal of Experimental Biology, 45:
83-99.

Land, M. F. 1966b. A multilayer interference reflector in the eye of
the scallop, Pecten maximus. Journal of Experimental Biology, 45:
433-447.

Lomeli, M. J. M., and Wakefield, W. W. 2014. Examining the potential
use of artificial illumination to enhance Chinook salmon escape-
ment out a bycatch reduction device in a Pacific hake midwater
trawl. NMFS Northwest Fisheries Science Center Report. 15 pp.

Lorance, P., and Trenkel, V. M. 2006. Variability in natural behaviour,
and observed reactions to an ROV, by mid-slope fish species.
Journal of Experimental Marine Biology and Ecology, 332: 106—119.

Marchesan, M., Spoto, M., Verginella, L., and Ferrero, E. A. 2005.
Behavioural effects of artificial light on fish species of commercial
interest. Fisheries Research, 73: 171—-185.

GTOZ ‘ST Joquiides uo A1seAlun swel||Ip Jeboy e /61o0'sfeulnolpioxoswsadly/:diy wouy papeojumoq


http://lme4.r-forge.r-project.org/lMMwR/lrgprt.pdf
http://lme4.r-forge.r-project.org/lMMwR/lrgprt.pdf
http://lme4.r-forge.r-project.org/lMMwR/lrgprt.pdf
http://lme4.r-forge.r-project.org/lMMwR/lrgprt.pdf
http://lme4.r-forge.r-project.org/lMMwR/lrgprt.pdf
http://lme4.r-forge.r-project.org/lMMwR/lrgprt.pdf
http://lme4.r-forge.r-project.org/lMMwR/lrgprt.pdf
http://lme4.r-forge.r-project.org/lMMwR/lrgprt.pdf
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://icesjms.oxfordjournals.org/

Scallops caught in the headlights

McReynolds, J. S., and Gorman, A. L. F. 1970. Photoreceptor potentials
of opposite polarity in the eye of the scallop, Pecten irradians. Journal
of General Physiology, 56: 376—391.

Nasi, E., and Gomez, M. D. P. 1992. Light-activated ion channels in soli-
tary photoreceptors of the scallop Pecten irradians. Journal of
General Physiology, 99: 747-769.

New Jersey Sea Grant Consortium (NJSGC). 2014. Undersea Imaging
Workshop. http://njseagrant.org/wp-content/uploads/2014/07/
Undersea-Imaging-Workshop.pdf (last accessed 3 April 2015).

Northeast Fisheries Science Center (NEFSC). 2014. Stock assessment for
Atlantic sea scallops in 2014, updated through 2013. In 59th
Northeast Regional Stock Assessment Workshop (59th SAW), pp.
483-782. US Department of Commerce, Northeast Fisheries
Science Center. Woods Hole, MA. 483 pp.

Oregon Department of Fish and Wildlife (ODFW). 2014. Mid-season
pink shrimp update. http://http://www.dfw.state.or.us/MRP/
publications/docs/shrimp_newsletter2014_midseason.pdf  (last
accessed 6 April 2015).

R Core Team. 2014. R: a Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna. http://
www.R-project.org/ (last accessed 2 April 2015).

Rago, P. J., Weinberg, J. R., and Weidman, C. 2006. A spatial model to es-
timate gear efficiency and animal density from depletion experiments.
Canadian Journal of Fisheries and Aquatic Sciences, 63: 2377-2388.

Rosenkranz, G. E., and Byersdorfer, S. C. 2004. Video scallop survey in
the eastern Gulf of Alaska, USA. Fisheries Research, 69: 131—140.

Ryer, C. H., Stoner, A. W., Iseri, P. ., and Spencer, M. L. 2009. Effects of
simulated underwater vehicle lighting on fish behaviour. Marine
Ecology Progress Series, 391: 97—-106.

Sarkar, D. 2008. Lattice: Multivariate Data Visualization with R.
Springer, New York. 268 pp.

Shichida, Y., and Matsuyama, T. 2009. Evolution of opsins and photo-
transduction. Philosophical Transactions of the Royal Society B,
364: 2881-2895.

Page 7 of 7

Singh, W., Ornélfsdéttir, E. B., and Stefansson, G. 2013. A camera-based
autonomous underwater vehicle sampling approach to quantify
scallop abundance. Journal of Shellfish Research, 32: 725-732.

Somerton, D. A.,and Glendhill, C. T. (Eds). 2005. Report of the National
Marine Fisheries Service Workshop on Underwater Video Analysis.
US Department of Commerce, NOAA Technical Memorandum,
NMFS-F/SPO-68. 69 pp.

Speiser, D. I, and Johnsen, S. 2008. Comparative morphology of the
concave mirror eyes of scallops (Pectinoidea). American
Malacological Bulletin, 26: 27-33.

Speiser, D. 1., Loew, E. R., and Johnsen, S. 2008. Spectral sensitivity of the
concave mirror eyes of scallops: potential influences of habitat, self-
screening and longitudinal chromatic aberration. Journal of
Experimental Biology, 214: 422—431.

Stokesbury, K. D. E., Harris, B. P., Marine, M. C., II, and Nogueira, J. L
2004. Estimation of sea scallop abundance using a video survey in
off-shore US waters. Journal of Shellfish Research, 23: 33—40.

Stoner, A. W., Ryer, C. H., Parker, S.]., Auster, P. J.,and Wakefield, W. W.
2008. Evaluating the role of fish behavior in surveys conducted with
underwater vehicles. Canadian Journal of Fisheries and Aquatic
Sciences, 65: 1230—1243.

Trenkel, V. M., Lorance, P., and Mahévas, S. 2004. Do visual transects
provide true population density estimates for deepwater fish? ICES
Journal of Marine Science, 61: 1050—1056.

Wakefield, W. W., and Genin, A. 1987. The use of a Canadian (perspec-
tive) grid in deep-sea photography. Deep Sea Research, 34: 469—478.

Warrant, E. J., and Locket, N. A. 2004. Vision in the deep sea. Biological
Review, 79: 671-712.

Wenrich, D. H. 1916. Notes on the reactions of bivalve mollusks to
changes in light intensity: image formation in Pecten. Journal of
Animal Behavior, 6: 297-318.

Wilkens, L. A. 2006. Neurobiology and behaviour of the scallop.
In Scallops: Biology, Ecology and Aquaculture, pp. 317-356. Ed.
by S. E. Shumway, and G. J. Parsons. Elsevier Science, Amsterdam.
1500 pp.

Handling editor: Emory Anderson

GTOZ ‘ST Joquiides uo A1seAlun swel||Ip Jeboy e /61o0'sfeulnolpioxoswsadly/:diy wouy papeojumoq


http://njseagrant.org/wp-content/uploads/2014/07/Undersea-Imaging-Workshop.pdf
http://njseagrant.org/wp-content/uploads/2014/07/Undersea-Imaging-Workshop.pdf
http://njseagrant.org/wp-content/uploads/2014/07/Undersea-Imaging-Workshop.pdf
http://njseagrant.org/wp-content/uploads/2014/07/Undersea-Imaging-Workshop.pdf
http://njseagrant.org/wp-content/uploads/2014/07/Undersea-Imaging-Workshop.pdf
http://njseagrant.org/wp-content/uploads/2014/07/Undersea-Imaging-Workshop.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://http://www.dfw.state.or.us/MRP/publications/docs/shrimp_newsletter2014_midseason.pdf
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://icesjms.oxfordjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


