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Cormorants keep
their power:
visual resolution
in a pursuit-diving
bird under
amphibious and
turbid conditions
Experimental procedures

The birds

The five great cormorants (1
female, 4 males) were obtained
from the Ramat-Gan Safari Park,
under license from the Israel
Nature Authority, and hand-reared
in a field experimental setup in the
Hula Rift Valley, northern Israel.
They were fed on live or defrosted
fish (St. Peter’s fish and carp) and
tested when 3–5 years old. All
experiments were performed
under permission of the Ethics
committees of the Haifa University
and of the Technion, Israel
Institute of Technology.

Experimental setup
The setup for testing grating
resolution in clear water
comprised a pre-test pool and a
test pool, inter-connected by an
underwater trapdoor with
circulating, filtered freshwater and
an opaque cover. A y-maze tunnel
of rigid mesh (50 × 50 cm in cross-
section) was placed on the pool’s
floor (depth: 1–1.5 m), with its
entrance at the trapdoor and with
each y-arm opening to a stimulus
box.

The stimuli were square-wave,
high contrast (0.89 ± 0.03; n = 20),
black and white gratings, printed
on white paper (20.5 × 20.5 cm)
and sealed between two Perspex
plates. Contrast was calculated as
C = (IW-IB)/(IW+IB); (I: illuminance,
B: black, W: white). A single
grating plate was attached to the
vertically sliding front door of each
stimulus box. Stripe width varied

between 2 and 7 mm at 1 mm
increments. Resolution was
calculated based on the
subtending angle of a single stripe
as viewed from the distance of a
given y-junction to the stimulus
plate. In any test, stripes on
opposite boxes were similar in
width yet perpendicular to each
other, and with vertically
orientated stripes serving as the
positive stimulus.

Video recordings of the head on
approach of the bird were taken
with a Sony TR440e camera in an
underwater housing, positioned
between the stimulus boxes, and
supplemented by an overhead
view through a 45° mirror. The
camera projected to an above-
water VCR and monitor.

In testing underwater, a bird
swam into the y-maze, was
required to make a choice while in
motion toward the y-junction,
continue through the respective
maze arm to the stimulus and
subsequently return underwater to
the pre-test pool. In all tests, the
choice of the positive stimulus
resulted in opening of the front
pane of the box and rewarding the
bird with a fish impaled within.
The left-right position of the
positive stimulus on a given test
was pre-determined by a pseudo-
random order, but not more than
two consecutive presentations
with the same side as positive was
allowed.

Resolution in clear water
Visual resolution in clear water
was tested in five birds, at three
distances of the y-junction to the
stimuli (0.8 m, 1.3 m and 1.8 m)
and a subsequent control series
(at 1.3 m distance) two months
later. Water turbidity was kept at
0.1-0.3 NTU (nephlometric
turbidity units; nephlometry is the
relative measurement of light
scattering through a restricted
range of angles to the incident
light beam). Each cormorant was

trained and tested individually. An
experiment comprised 5
consecutive test days, with 13
trials per bird per day for each y-
junction distance. The order of
presenting the stimuli on left-right
was pre-determined on the basis
of ten random orders for each
bird. Visual resolution was
determined from the proportion of
correct choices. The visual
resolution values attained by
testing at the three y-junction
distances were not statistically
different (Friedman’s two-way
ANOVA, p = 0.07).

In over 80% of the trials, the
approaching cormorant performed
a distinct head-turning toward one
of the targets, before reaching the
y-junction. This head turning led
to the alignment of the head axis
with the target subsequently
chosen, and was regarded as the
‘point of decision’. Determination
of the distance of the point of
head turning to the y-junction was
made by through video analyses
of between 33 and 42 trials per
bird. Pre-junction distances
ranged from 67 ± 3 cm (mean ±
s.e.) to 95 ± 3 cm (mean ± s.e.).
The mean distance of points of
decision from the stimuli in correct
choices did not differ from those
of incorrect choices (paired t-test;
p > 0.05).

Resolution in air
To determine grating resolution in
air, we tested the cormorants in a
setup allowing the birds to dive
through the y-junction yet view the
targets only after surfacing. The
test-pool was divided by one
vertical mesh partition, parallel to
the stimuli boxes and ~3 m away
and with an opening and a perch
above water level, and one
partition perpendicular to it. The
bases of the stimulus boxes were
at water level, so the tested bird
had to surface at the opening in
order to simultaneously view both
stimuli from a distance and swim

Table S1. Grating resolution (min of arc) for individual cormorants in air and water.

Individual I II III IV V

Water 6.49, 8.91 5.84, 7.66 5.66, 8.43 5.95, 8.66 7.61, 10.43

Air 3.51, 4.29 3.02, 3.69 2.72, 3.33 - -

Values provided were calculated for the distance of decision making (head turning, left
values) and for the distance of the y-junction (right values). 



to either. The choice had to be
performed by the perch’s edge,
after which the bird could swim on
one side of the perpendicular
partition only. Aerial resolution

was tested in 3 birds only, at
perch distances of 2.2 m and 2.7
m from the stimuli. The
cormorants made their choice as
they rapidly approached the
targets, and video analysis
indicated that the birds’ direction
to the target was determined at
the entrance window, i.e. at the
greatest distance possible from
the stimuli.

Resolution in turbid water
We tested visual resolution in the
cormorants (n = 5) under
controlled levels of low levels of
turbidity of between 0.6 and 3.0
NTU in the underwater y-maze in
the setup described for clear
water above. Turbidity was
controlled by adding fine-grained
soil ca. 20 hr before a test and
was measured 3 times/day with a
portable Hach 2100P turbidimeter
(range: 0–10 NTU, resolution: 0.01
NTU). Tests were conducted at
one y-junction distance (1.3 m)
with grating widths of 4, 5, 6 and 7
mm. Each bird was tested on a
single day only (13 trials) as it was
impossible to retain a constant
level of turbidity over two or more
consecutive test days.

Light intensity
All tests were conducted under
natural, diffuse, high level
illumination. Down-welling
underwater illumination was
measured at the y-junction using
a Li-Core L-189 photometer with a
quantum sensor providing
readings given in µµEin/m2/sec

units. As the cormorants’ spectral
sensitivity is not known, these
readings were converted to
human photopic lx units based on
the manufacturer’s conversion
table. Illumination levels ranged
mostly between 1100 and 1770
Lux in air, down-welling
illumination was (1380-2330 Lux in
air, 770 and 2200 Lux in tests of
turbidity). Both underwater and in
air, these light levels are above
those known to affect visual
resolution in other birds [S1,S2].

Analysis
In each test, the proportion of
correct choices was determined
for each subtending angle. The
critical value for correct choices,
based on binomial distribution
[S3], was 0.75 for n = 26 trials in
clear water and in air and 0.77 for
the tests in turbid water (n = 13
trials). This procedure and the use
of a critical value of 0.75 are
common in psychophysical tests
of visual resolution [S2,S4,S5].

The results presented for clear
water and air are from the first two
consecutive days (26 trials) during
which the bird reached the critical
value of at least 0.75 correct
choices. If not achieved - the
results of days 4 and 5 were
taken. The results for turbid water
are for a single test day (13 trials
per day). Maximal resolution was
determined from the intersection
of the slope with the
predetermined critical value line.
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