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Polarized light detection has been documented in only a small number of fish species. The benefit of
polarization vision for fish is not fully understood, nor is the transduction mechanism that underlies it.
Past studies proposed that one possible advantage of polarization vision is that it enhances the contrast
of zooplankton targets by breaking their transparency. Here, we used an optomotor apparatus to test the
responses of the planktivorous Hardyhead silverside fish Atherinomorus forskalii (Atherinidae) to vertical
unpolarized (intensity) and polarized gratings. We also tested and compared the spatial and temporal
resolutions of A. forskalii in the intensity and polarization domains. A. forskalii responded to the polariza-
tion pattern, but only under illumination that included ultraviolet-blue (k > 380 nm) wavelengths. The
spatial resolution of A. forskalii was measured as a minimum separable angle of 0.57� (a 1-mm prey
viewed from 100-mm distance). The temporal resolution to unpolarized vs. polarized gratings was con-
stant, at 33 and 10 Hz respectively at most of the stripe widths tested. At the smallest stripe width tested
(1 mm = the minimal separable angle), which correlates with the size of prey typically consumed by
these fish, the temporal resolution to the polarized grating increased to 42 Hz. We conclude that A. for-
skalii is polarization sensitive, may use polarization vision to improve detection of its planktonic prey,
and that polarization may be perceived by the fish via a separate visual pathway than intensity.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Polarization vision in the sea

Sea-water is rich in linearly polarized light generated by refrac-
tion at the water surface and scattering by the water molecules and
suspended hydrosols in the water column (Kattawar, 2013; Lerner,
2014; Lerner, Shashar, & Haspel, 2012). Near the water surface,
maximum partial polarization, can be as high as 60% (Sabbah,
Lerner, Erlick, & Shashar, 2005; Tonizzo et al., 2009; Voss &
Souaidia, 2010) and remains as high as 40% even at depths below
100-m, at least in some viewing directions (Ivanoff & Waterman,
1958, but see lower values in Johnsen, Marshall, & Widder,
2011). Of the >70 aquatic organisms that are known to be sensitive
to linearly polarized light, about a dozen are fish, most of them
planktivores. These include the rainbow trout, Oncorhynchus
mykiss; Salmonidae (Hawryshyn & Bolger, 1990; Novales-
Flamarique & Browman, 2001), three species of damselfish, Dascyl-
lus trimaculatus, D. melanurus, and Chromis viridis; Pomacentridae
(Hawryshyn, Moyer, Allison, Haimberger, & McFarland, 2003;
Mussi, Haimberger, & Hawryshyn, 2005), two halfbeak garfish spe-
cies, Zenarchopterus dispar and Dermogenys pusilla; Hemiramphi-
dae (Forward, Horch, & Waterman, 1972, Forward & Waterman,
1973, Waterman & Forward , 1970, Waterman & Forward, 1972),
and two species of anchovy, Engraulis mordax, and Anchoa mitchilli,
Engraulidae (Fineran & Nicol, 1976; Novales-Flamarique & Harosi,
2002; Novales-Flamarique & Hawryshyn, 1998). Recently, an opto-
motor response to a polarized grating was reported in post-larvae
of the anemone fish Premnas biaculeatus, Pomacentridae
(Berenshtein et al., 2014). Polarization vision in sea-water has been
hypothesized to serve several purposes, such as orientation and
navigation (Berenshtein et al., 2014; Lerner, Sabbah, Erlick, &
Shashar, 2011), communication and signaling (Boal et al., 2004;
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Marshall, Cronin, Shashar, & Land, 1999; Mathger, Shashar, &
Hanlon, 2009; Shashar, Rutledge, & Cronin, 1996), and increasing
detection distance through contrast enhancement (Novales-
Flamarique & Browman, 2001; Sabbah & Shashar, 2006; Shashar,
Hagan, Boal, & Hanlon, 2000; Shashar, Hanlon, & Petz, 1998).
1.2. Visual resolution in fish

The spatial resolution (minimum separable angle) of fish ranges
between 0.07� and 0.94�, while the temporal resolution (critical
flicker fusion frequency; CFF) of fish ranges between 5 and
100 Hz, but in most pelagic species between 20 and 60 Hz, depend-
ing on light intensity (Douglas & Hawryshyn, 1990; Sabbah &
Hawryshyn, 2013). The temporal resolution of open water pelagic
fish such as tuna and swordfish under optimal conditions (warm
temperatures, high intensity) is roughly 40 Hz (Fritsches, Brill, &
Warrant, 2005). In the polarization domain, information regarding
the spatial and temporal resolution of fish is lacking, with the
exception of Novales-Flamarique and Browman (2001) study on
rainbow trout location (i.e. detection) distance to Daphnia against
a polarized background. They reported (Fig. 2A therein) a maxi-
mum location distance of 60 mm to 0.89 mm prey, which corre-
sponds to a minimum separable angle of ca. 0.85�.

The contradictory evidence about the role of polarization vision
in fish, and the rarity of data available, contextualize the objectives
of this study, which were to (a) test behaviorally for polarization
sensitivity in the planktivorous Red Sea Hardyhead silverside
(Atherinomorus forskalii; Atherinidae; Rüppell, 1838), and (b) com-
pare its spatial and temporal resolution in the unpolarized and
polarized domains. A. forskalii is an appropriate model species for
this purpose because it is a shallow water pelagic planktivore that
inhabits the upper 25 m of the water column, waters rich in polar-
ized light, and visually searches for planktonic prey.
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Fig. 1. Fish and drum position during 20 s of drum rotation of Atherinomorus
forskalii. A positive position represents swimming with the drum rotation direction,
while a negative position represents swimming against the direction of the drum
rotation. The zero position represents no movement. Lines represent movement of
the drum (black) and of the fish in response to unpolarized (UP, blue), white (W, no
stripes, blank sheet, grey), and polarized patterns with (PUV+, green) and without
(PUV�, red) UV illumination. Angular positions can exceed 360� because the fish
could swim more than one circle during the 20 s observation period. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
2. Materials and methods

2.1. Fish collection and maintenance

Individuals of Atherinomorus forskalii (mean ± sd total
length = 55.6 ± 0.3 mm, weight = 3.4 ± 0.3 gr, n = 13 fish) were col-
lected from shore and up to 1.5 m depth using a seine which cov-
ered an area of 1400 m2 (for more details see Golani & Lerner,
2007), off the northern tip of the Gulf of Aqaba, Red Sea
(N29�330; E34�570). The time of day during which A. forskalii feeds
is poorly known, although it has been observed feeding during
both day and night. It is mostly captured during crepuscular peri-
ods, when polarization cues are the strongest (Sabbah & Shashar,
2007). Although little is known about its diet, it is a planktivore
that feeds on zooplankton. Individuals of the Gilthead seabream
Sparus aurata; Linnaeus 1758; Sparidae (total
length = 28.1 ± 0.3 mm, weight = 5.0 ± 0.2 gr, n = 13 fish), were pro-
vided by a local commercial supplier (Ardag Ltd, Eilat). The seab-
ream share a similar shallow benthopelagic habitat with A.
forskalii. In preliminary experiments, S. aurata did not response to
a polarized grating. Therefore, it was used as a control to assure
that the fish were not responding to any other cue but the polar-
ized grating.
2.2. Optomotor apparatus

An optomotor response (OMR) apparatus, based on a rotating
drum, was used to test responses to vertical gratings of different
intensity and polarization. The same apparatus was used in previ-
ous studies on cuttlefish and fish and is described in detail by
Berenshtein et al. (2014), Cartron, Dickel, Shashar, and
Darmaillacq (2013), and Darmaillacq and Shashar (2008). Briefly,
the method is based on evoking conditioned optomotor responses
(body movement) of the fish as it swims with the rotating stripes
to stabilize what it sees. Our apparatus included a round drum
39 cm in diameter which is rotated around a stable non-rotating
round glass tank 19 cm in diameter filled with sea-water at room
temperature (24 �C). Individual fish were placed, one at a time,
inside the glass tank during the experiment, and the water was
replaced with fresh aerated water between fish. The whole appara-
tus was placed in a dark chamber in which the only illumination
available was from four pairs of UV fluorescent lamps (PHILIPS,
ACTINIC BL 15W, k > 380 nm) and four incandescent light bulbs
that emitted light in the human visual range and were positioned
around the drum. The chamber was ventilated to prevent heating
of the water by the incandescent bulbs. The spectral, intensity
and polarization characteristics (380–700 nm) projected from the
stripes were measured using a custom-made radiometer attached
to an optical fiber (USB2000 and UV–VIS 600 lm respectively;
Ocean Optics, Dunedin, Florida, USA), also used in a previous study
(Lerner et al., 2008). To reduce the acceptance angle, a 5� restrictor
was attached to the end of the optical fiber. To measure the polar-
ization, a linear polarizer was placed on the restrictor, and three
readings were taken at 0�, 45�, and 90� orientations of the trans-
mitting axis of the polarizer. From these three readings, the partial
polarization and the e-vector orientation of the stripes were calcu-
lated (for details see Sabbah & Shashar, 2006). The polarized pat-
tern (by Frank Woolley & Co, Reading, PA, USA) that was
presented to the fish included repeating sets of four vertical lin-
early polarized stripes offset by 45� (i.e. 0�, 45�, 90�, and 135� e-
vector orientations, transmitting equal intensities). An example
of the pattern used can be seen in Darmaillacq and Shashar
(2008) (Fig. 2 therin). The stripes transmitted partial polarization
between 60% and 85% across the 400–700 nm wavelength range.
When UV light was applied, the partial polarization at wavelengths



Fig. 2. Frequency distribution of separable angles of rainbow trout (Oncorhynchus mykiss) (dots) and Atherinomorus forskalii (vertical line) measured when viewing polarized
targets. The separable angles of the rainbow trout were calculated using Eq. (2) for location distances extracted from Fig. 2A in Novales-Flamarique and Browman (2001) and
a prey size (i.e. target size) of 0.89 mm. Note that the minimal separable angle of the rainbow trout (i.e. maximum spatial resolution) was 0.85�. The vertical black bar
represents the minimum separable angle value of 0.57� for A. forskalii as measured in this study - its length does not represent percentages.
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between 380 and 400 nm increased from 40% to 70%. The contrast
of the unpolarized and polarized stripes reached 95% and the cal-
culated contrast between the three polarization oriented stripes
followed the values expected by Mallus’s law of ca. 1, 1, 1/3. The
e-vector orientation, the partial polarization and the unpolarized
and polarized contrasts were weakly dependent on wavelength
between 400 and 700 nm, and varied by <2�, 5% and 5% respec-
tively within this visual range.

To test for polarization sensitivity, four stimuli were projected
to the fish in the optomotor apparatus: polarized vertical stripes
of 12.5 mm width, including UV light (k > 380 nm; PUV+) and
without UV light (k > 400 nm; PUV�). As a control, unpolarized
black and white stripes (UP; black & white vertical stripes;
12.5 mm width) that were visible to human observers were used
to ensure that the fish can see the pattern since, if it does, it is com-
pelled to swim with the rotating grating to stabilize the scenery
that it is seeing. Another control pattern, of blanks (no stripes;
W), was tested to ensure that there were no artefactual cues pro-
duced by the apparatus itself that might evoke responses from
the fish. The stripes were illuminated from behind, and the appara-
tus was covered from above with a black cloth to prevent reflec-
tions that might have revealed the polarized stripes to a
polarization insensitive visual system. This was confirmed by plac-
ing a mirror oriented at 45� to the fish tank while the polarized
stripes rotated. The same experiment (including all grating pat-
terns) was also conducted on seabream (Sparus aurata).
2.3. Optomotor response (OMR) experiment protocol

The following sequence was applied on each of the 13 fish after
placing the fish in the experimental tank for 1 min: (1) 1 min with-
out rotation (‘rest’). (2) 1 min of rotation of a randomly chosen
stripe pattern and UV illumination (with or without), rotated ran-
domly clockwise (cw) or counterclockwise (ccw). (3) Switching the
drum rotation to the opposite direction for another 1 min. (4)
Again switching the drum rotation to the original direction applied
in stage (2). The stages were repeated for the other patterns and/or
UV illuminations. Fish were given a ten second break between
changes in drum direction since, in preliminary experiments, this
was observed to be sufficient for the fish to come to a complete
stop. Rotation speed was set between 0.125 and 0.205 cycles s�1
because it generated the best response to the unpolarized stripes
in preliminary experiments. In past studies on polarized OMR con-
ducted on cuttlefish, a quarter of a circle was used as the criteria
for a positive response (Darmaillacq & Shashar, 2008; Talbot &
Marshall, 2010). However, here we applied the more stringent cri-
teria of half a circle, although most fishes examined swam at least
one full circle.
2.4. Statistical analysis

Using the OMR test on number of fish, we gave each repeat a
yes/no score according to whether the fish responded or not. We
tested the null hypothesis of a random response using the Binomial
test (with success probability set to 0.5 (50%)). We ran the analysis
on 13 fish (replicates; for each of the two species separately), that
positively responded to all controls (W, UP). We interpreted the
null hypothesis of random response as no response of the fish to
the rotating pattern, and the rejection of the null hypothesis as a
positive response to the stimulus at the species level.

To quantify how well the fish responded to the rotating polar-
ized pattern, we analyzed a 20 s video sequence of one of the fish
that positively responded to the polarized pattern. The distance in
degrees that the fish swam from a starting point was recorded
every 1 s. We then calculated the fish Gain (the fish angular veloc-
ity/the drum angular velocity) to the unpolarized and polarized
patterns (Talbot & Marshall, 2010). A Gain of 1 means the fish is
swimming with the drum direction and speed, whereas a Gain of
0 means the fish does not swim at all. The fish velocities were esti-
mated from the slope of the linear regression applied to the fish
angular distance (in cumulative degrees from a start point) sam-
pled with time during 20 s.
2.5. Temporal and spatial resolution experiment protocol

To measure the critical flicker fusion frequency (CFF; i.e. tempo-
ral resolution) of A. forskalii against unpolarized and polarized grat-
ings, the rotation speed of the drum (angular velocity) in each test
started at 0.8 cycle s�1 and was lowered until the fish showed a
positive response. This was noted as the maximum angular veloc-
ity of the drum to which the fish responded,Xmax. The same exper-
iment was repeated for six different stripe widths: 12.5, 9, 7, 5, 4,
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and 1 mm. The CFF [Hz] of the fish was determined by the maximal
angular velocity to which the fish responded as calculated by (after
Carvalho, Noltie, & Tillitt, 2002):

CFF ¼ B �Xmax ¼ pD
k

�Xmax ð1Þ

where D is the drum diameter in mm, and the wavelength of the
pattern, k, was taken as the distance between two stripes of the
same brightness in the unpolarized pattern or between two stripes
of the same e-vector orientation in the polarized pattern, and B is
the stripe frequency of the pattern, as determined by k. Since the
number of stripes per cycle in the polarized pattern was twice the
number in the unpolarized one (four different stripes vs. two), the
maximum frequency resulting from the unpolarized grating was
divided by a factor of 2.

The spatial resolution was represented as the separable angle, a,
calculated by:

að�Þ ¼ arctan
sw
d

�
�
�

�
�
� ð2Þ

where sw is the stripe width and d is the radial distance from the
edge of the fish tank to the rotating pattern (in our case 100 mm),
as the fish always swam close to the tank wall (maximal tank
radius) when responding to the stimulus. This distance was taken
from the fish tank wall and not from its center, as the fish mostly
swam in close proximity to the tank wall. a ranged between 0.57�
(sw = 1 mm) and 7.12� (sw = 12.5 mm) for both polarized and unpo-
larized patterns.

2.6. Estimation of prey size by fish gill rakers

As an open water particulate feeding planktivore (A. Lerner,
personal observations), the spatial resolution of A. forskalii is
expected to be related to prey size. To estimate the prey size of
A. forskalii, the distance between two adjacent gill-rakers was mea-
sured from the gills of specimens of varied total lengths caught in
the study site and kept in alcohol for collection (The Hebrew
University of Jerusalem). The gills were extracted from the fish
and the gill rakers were photographed under a stereoscope. The
images were analyzed for the distance between gill rakers, using
ImageJ software (NIH). Gill-raker density in planktivorous fish
Fig. 3. Resolution (temporal vs. spatial) of the planktivorous fish Atherinomorus
forskalii (mean ± sd, n = 13) at different stripe widths, presented as the separable
angles, a, in which the fish responded to the rotating unpolarized (UP) and
polarized (P = PUV+) stripes.
(e.g. the European pilchard, Sardina pilchardus) decreases with
body length according to ae�bx (Costalago & Palomera, 2014;
Fig. 3D therein). Therefore, the data here, which included the dis-
tance between the gill-rakers, were fit to the inverse of the density
equation, which is a growth equation of the form y ¼ að1� e�bxÞ,
where y is the distance between gill rakers and x is the fish total
length. From this fit, we estimated the minimum prey size (as
assumed by the distance between the gill rakers) of the fish we
tested according to their total length. As the gills are the water fil-
tering apparatus of the fish, we assumed that the size of the prey
available to this species is larger than the distance between the gill
rakers.

The work was carried out in accordance with the Code of Ethics
of the World Medical Association (Declaration of Helsinki).
3. Results

3.1. Experiment 1: OMR response to polarized grating

Optomotor responses from 13 fish of each species (A. forskalii
and S. aurata) were measured (Table 1). Both species responded
positively to the unpolarized pattern, (>10/13 individuals; Bino-
mial test, p < 0.001 for both cw and ccw directions), and randomly
responded to the control pattern with no stripes (W; p > 0.05). The
random response to the control pattern demonstrates that there
were no artefactual cues related to the apparatus itself that evoked
an optomotor response. A. forskalii responded to the polarized grat-
ing when UV light was applied (PUV+; p < 0.05), but randomly
responded in its absence (PUV�, p > 0.05). S. aurata did not respond
to the polarized grating.

During a 120 s movie sequence, A. forskalii positively responded
(swam with the drum direction) 96 and 93 s against unpolarized
(UP) and polarized with UV (PUV+) stimuli, and did not swim at
all against the pattern with no stripes (W) and the polarized pat-
tern with no UV (PUV�) illumination (see supplemental movies,
S1a and b). Its Gain during 20 s of swimming with the drum direc-
tion was 0.96 and 0.95 against the UP and PUV+ respectively
(slope = 93.0 and 92.5 �/s, R2 = 0.99, for the UP and PUV+ respec-
tively; Fig. 1).
3.2. Experiment 2: spatial and temporal resolution

All A. forskalii responded to the minimal stripe width tested of
1 mm (a separable angle a = 0.57�), both polarized and unpolar-
ized. Therefore, the actual minimal separable angle of this species
could not be determined as it requires providing a value below
which the fish do not respond. The separable angle measured here
of 0.57� was slightly smaller than the minimum separable angle of
0.85� measured by Novales-Flamarique and Browman (2001) for
rainbow trout to a prey under polarized background (Fig. 2).

The mean ± s.d. of the critical flicker fusion frequencies (CFF)
that were measured for A. forskalii (n = 13 fish) to unpolarized
and polarized stripes for a > 2.29� (sw = 3 mm) were 33 ± 2 and
10 ± 2 Hz respectively (Fig. 3). However, for the smallest a value
that was examined of 0.57� (sw = 1 mm), the CFF for unpolarized
and polarized stripes increased to values of 108 ± 29 and
42 ± 14 Hz respectively. For all stripe widths the drum rotation
velocity at which the fish started to respond to polarized stripes
Xmax was significantly lower than the Xmax to unpolarized stripes
(Paired t-test; p < 0.001).

The distance (mean ± se) between gill rakers of the individuals
of A. forskalii that were tested in the optomotor apparatus was
0.28 ± 0.01 mm (n = 10; total length = 55.6 ± 0.3 mm; Fig. 4).



Table 1
Number of Atherinomorus forskalii and Sparus aurata that positively responded to the different patterns presented in the optomotor apparatus out of 13 fish tested for each species.
The p-value represents the significance of a Binomial test of the null hypothesis of a random response (probability = 0.5). cw = drum rotating in the clockwise direction,
ccw = drum rotating in the counterclockwise direction. W = white (no stripe) test, UP = unpolarized grating, PUV+ = polarized grating with UV illumination, PUV� = polarized
grating with no UV illumination, NS = not significant (p-value > 0.05).

Species W
(p-value)

UP
(p-value)

PUV+
(p-value)

PUV�
(p-value)

cw ccw cw ccw cw ccw cw ccw

A. forskalii 2 2 13 12 13 10 4 5
(NS) (NS) (0.0001) (0.001) (0.0001) (0.03) (NS) (NS)

S. aurata 0 0 13 13 0 0 0 0
(NS) (NS) (0.0001) (0.0001) (NS) (NS) (NS) (NS)

Fig. 4. Mean ± se of the distance between gill rakers and fish total length of
Atherinomorus forskalii. The data was fitted by the growth equation y ¼ a � ð1� e�bxÞ.
The distance between the gill rakers is used to estimate the size of prey consumed
by the fish since the gill rakers filter the prey. Note that fish size was ca. 0.55 mm,
which corresponded to a gill raker distance of ca. 0.28 mm.
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4. Discussion

The planktivorous Hardyhead silverside, Atherinomorus forskalii,
showed a clear OMR to rotating vertical polarized stripes, but only
under illumination that included UV light. Thus, A. forskalii is only
sensitive to polarized light when UV illumination is available. The
Gilthead seabream, Sparus aurata, showed no OMR to polarized
stripes. The first study conducted by Berenshtein et al. (2014),
although reported polarization sensitivity in post-larval anemone
fish, Premnas biaculeatus, did not assess the role of UV light. Thus,
this study adds behavioral evidence for the involvement of the UV
light in polarization perception in fish, which was demonstrated in
electrophysiological studies on salmonids (Hawryshyn, 1992;
Hawryshyn, 1997; Novales-Flamarique & Hawryshyn, 1998).

Although the observations reported here beg the question of
how polarization is perceived by A. forskalii, the current work
was intended to assess the contribution of polarization vision to
the behavior of this species and not to establish how the signal is
transduced by the animal. The state of knowledge about how
polarization is perceived by fishes has recently been reviewed
(Roberts, 2014).

Negative results of polarization sensitivity (no response to
polarization cues) are scarce in the literature. We are aware of only
two studies that reported no response to polarized light: the cut-
tlefish, Sepia elongata, and the yellow fever mosquito, Aedes aegypti
(Bernáth, Horváth, Gál, Fekete, & Meyer-Rochow, 2008;
Darmaillacq & Shashar, 2008). Our finding that the Gilthead seab-
ream, S. aurata, does not respond to polarized stimuli adds to this
small body of information. The insensitivity of S. aurata to polar-
ized stimuli suggests differences between the visual systems of
the two species studied here. However, since the mechanism of
polarization perception in fishes is still unknown (Roberts, 2014),
discussing what those differences might be would be highly spec-
ulative. This is an important topic for future research.

The CFF of A. forskaliiwas constant at all stripe widths except for
an increase at the narrowest stripe width examined (1 mm, for
both unpolarized and polarized stripes, corresponding to a separa-
ble angle of 0.57�). The CFF for the larger unpolarized stripes
matched the value known for open water pelagic predatory fish,
ranging between 25 and 65 Hz, with an average at ca. 40–50 Hz
(Fritsches et al., 2005; Sabbah & Hawryshyn, 2013). The CFF mea-
sured for the polarized grating was lower (10 Hz) than the one
measured for the unpolarized grating and matched it only when
measured for 1-mm stripe width. This is consistent with a previous
study on young cuttlefish (Sepia officinalis), in which the CFF mea-
sured was 5.5 and 3.3 Hz for the unpolarized and polarized targets
respectively (calculated from Cartron et al., 2013). The low CFFs
suggest that the resolution to polarized cues requires a different,
more complicated and, therefore, slower visual responsivity than
to unpolarized cues. For example, if polarization vision requires
perception and analysis by more than one photoreceptor, this
may lead to slower object detection and lower CFF. This is some-
thing that could be tested in future experiments.

In general, the CFF is not expected to change with target size,
but to be constant at a given temperature and light intensity. It
is reasonable to assume that any observed increase of the CFF with
target size is associated with an increase in ‘‘visual effort”: since
CFF is the frequency in time that the target is seen by the observer,
a high CFF means that the target is seen in a shorter period of time.
Seeing fast (increased number of sampling with time) demands a
high performance of the visual system, e.g. high ganglion cell den-
sity (which are involved in movement detection), fast transmission
of the visual signal throughout the visual system, etc. Thus, the ‘vi-
sual effort’ required from a visual system to see fast moving objects
is higher compared to slow moving targets. This is consistent with
the need of this species to detect its small transparent and fast-
moving prey. Ecological relevance of prey size to a visual predator.
A. forskalii exhibited a constant CFF at most of the stripe widths
tested, both in the intensity and polarization domains, except at
1 mm, which is also close to its minimum prey size. At a stripe
width of 1 mm, A. forskalii exhibited a ca. 300% increase in CFF
compared with the CFF measured at the other stripe widths, in
both intensity and polarization domains. We propose that, at this
target size, A. forskalii increases its visual attentiveness and uses
polarization vision to increase the detectability of its planktonic
prey; hence, the observed increase in resolution.

In this study, we measured a spatial resolution in the polariza-
tion domain of A. forskalii as a minimum separable angle of 0.57�.
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This value was limited by the minimum polarized stripe width that
we could apply of 1 mm and the minimum distance of 100 mm to
the target. Therefore, the minimum separable angle of A. forskalii in
the polarization domain could be lower. However, this value is on
the same order of magnitude as the value calculated here from a
feeding experiment on the rainbow trout of 0.85� (Fig. 2), and is
well within the range of spatial resolution of 0.07–0.94� known
for fish (Douglas & Hawryshyn, 1990).

4.1. OMR as a reliable apparatus to test polarization sensitivity

The OMR drum apparatus has been used extensively in vision
research. However, a polarized OMR drum apparatus, such as the
one used in this study, was first used by Darmaillacq and
Shashar (2008), although there was no response from the test ani-
mal, and later by Berenshtein et al. (2014) with a positive response
from the test animal. A similar apparatus was also used success-
fully by Talbot and Marshall (2010) and Cartron et al. (2013) on
cuttlefish. We contend that this apparatus is reliable for testing
polarization sensitivity for the following reasons: (a) any reflec-
tions of the stripes that could reveal them to a polarization insen-
sitive system were prevented by illuminating the stripes from
behind the pattern and not from above and by covering the appa-
ratus from above with black cloth; (b) the polarized stripes were
checked from inside the fish tank using a mirror, and the stripes
could not be seen; (c) we used a control fish, the Seabream, which
did not respond to the polarized pattern, showing that the fish do
not follow any artefactual cue in the polarized pattern; and (d) this
exact apparatus was tested successfully (both with negative and
positive results) in the above mentioned studies in the past on cut-
tlefish and fish. Therefore, we conclude that A. forskalii did not
experience any artefacts that revealed the polarized pattern to it
and, therefore, that our conclusion is well-founded.

4.2. Polarization vision as a transparency breaking mechanism and
contrast enhancer

Our finding of polarization sensitivity in a shallow water plank-
tivorous fish supports the hypothesis that polarization vision plays
a role in planktivory by enhancing prey contrast. To date, the evi-
dence available to test this hypothesis is contradictory. The
hypothesis is supported by experiments in the laboratory both of
polarization imaging of transparent zooplankton that shows a
break in their transparency by up to 92% (Chiou, Place, Caldwell,
Marshall, & Cronin, 2012; Johnsen, 2001; Sabbah & Shashar, 2006
and references within), and of behavioral feeding experiments on
polarized targets (both biological and non-biological) against
polarized backgrounds that show improved prey detection by
polarization-sensitive predators (Novales-Flamarique &
Browman, 2001; Shashar et al., 1998). Further support comes from
the finding byManor, Polak, Saidel, Goulet, and Shashar (2009) that
the prey (Pontella karachiensis) itself is repelled from polarized
backgrounds, which may be a strategy to avoid predation by
polarization-sensitive predators. However, polarization imaging
of transparent biological targets at sea suggests that enhanced con-
trast by polarization is limited under natural conditions, at least in
horizontal viewing directions (Johnsen et al., 2011). Therefore, our
finding of a behavioral response of the planktivorous fish A. forskalii
to polarized cues provides additional evidence supporting the role
of polarization vision in planktivory.
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