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ABSTRACT

The spectral characteristics of fresh and coastal waters of
Vancouver Island were examined using an underwater
spectroradiometer. The results were analyzed with respect to
salmonid vision. Special emphasis was placed on the
characterization of the ultraviolet part of the radiant spectrum,
from 300 to 450 nm, to test whether UV light intensities in nature
were comparable to those used in laboratory experiments eliciting
fish visual responses. The angular distribution of light observed in
meso-eutrophic waters was approximated theoretically using Mie
scattering theory. From these approximations, percent polarization
of the scattered radiances measured at two angles were computed
and compared to values required for salmonid orientation using
polarized UV light. The results show that there was sufficient UV
light for salmonid visual processes up to approximately 15 meters
in both lakes and coastal waters. Similarly, salmonid orientation
using UV polarized light was found to be possible near surface
waters (less than 6 meters from the surface), but using mostly
wavelengths from 390 to 450 nm. An analysis of visual responses
showed that spectral sensitivity curves from processing of any light

cue conformed accurately to non-linear curve fits.
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Chapter 1

General Introduction

The study of light transmission through water started with the
application of Smoluchowski's (1908) and Einstein's (1910)
scattering theory to explain laboratory optical results using pure
water (Dawson and Hulburt, 1937). Since then physical
oceanographers have used this theory, Rayleigh's theory (Rayleigh,
1884) and the more general Mie theory (Mie, 1908) to explain
scattering of light by waters containing particulates (Jerlov, 1976).
Experimental work measuring underwater light intensities to
correlate with theoretical predictions has been restricted to the
open ocean (Smith and Baker, 1979; McFarland and Munz, 1975),
oligotrophic lakes (Smith et al., 1973) and surface waters of small
lochs (less than 2m depth,Spence et al., 1971). As a consequence, the
light field of more productive waters bearing non-homogeneous
particulates, fluctuating phytoplankton communities and staining by
runoff and plant pigments was, prior to this work, documented
insufficiently (see however results for dystrophic lakes, Bowling
and Tyler, 1986). In particular, the ultraviolet (UV) part of the
spectrum with wavelengths below 400 nm had never been studied. It
is mainly due to this lack of photic information in the UV range, and
the presumed importance of UV light for visual processes in various
species of juvenile fishes (cyprinids, Avery et al., 1983, yellow
perch, Loew and Wahl, 1991, rainbow trout, Browman et al., 1992)

that this project was undertaken.



The visual system of a fish, like most sensory systems in any
animal, is shaped through evolution to confer the individual
ecological advantages. In the case of juvenile salmonids, the
discovery of a UV cone (Bowmaker and Kunz, 1987), i.e. a cone
photoreceptor that can detect UV light, arouse many hypotheses
regarding its function during the early ontogeny of the animal.
Among these, better foraging performance, and orientation using
polarized UV light, have been recently demonstrated in laboratory
conditions (Browman et al., 1992; Hawryshyn et al., 1990). Other
uses for UV light in communication and recognition of conspecifics
have also been suggested (Hawryshyn, 1992), although evidence to
date is lacking for these hypotheses (Denton and Nicol, 1965).

Having a sensory mechanism that can detect polarized light, and
being able to use it for orientation purposes may have important
implications during migration of fishes (Hawryshyn et al., 1990).
Because the sun is always located approximately normal to the
center of the toroid formed by the underwater polarized light field
(Hecht and Zajac, 1974; Waterman, 1954), being able to see this
polarized light pattern can give the animal valuable information on
its location and course. Therefore this may be one of a number of
sensory systems that salmon use during their migrations (Quinn and
Dittman, 1990).

The main part of this project was to characterize the randomly
polarized UV light field in fresh and coastal waters of Vancouver
Island, and to relate the findings to salmonid vision. The objective
was to assess whether UV vision could be relevant in nature. To

accomplish this, we studied the waters of Lake Cowichan (chapter 2)



and coastal areas (Saanich Inlet and Trevor Channel, chapter 3) to
test whether the light levels that elicit salmonid responses during
laboratory experiments (Browman and Hawryshyn, 1992, Beaudet et
al., 1991) were also present in the natural environment. The
procedure followed was to multiply the light irradiances
(intensities) by transmission coefficients giving the percentage of
light that would traverse the ocular media of young rainbow trout
(Hawryshyn et al., 1989), and by the wavelength-dependent
absorption coefficients of the pigments found in the juvenile fish
(UV, short (blue), middle (green) and long (red) wavelength sensitive)
(Bernard, 1987, pers. comm.). The first multiplication corrected for
absorption by the lens, cornea and vitreous humour of the fish's eye,
the second accounted for the differential absorption of each pigment
as a function of the incident wavelength. The results thus represent
the available irradiance to stimulate each type of cone receptor.

Although polarized light measurements were not taken during
this project, we attempted to theoretically calculate polarized light
intensities using Mie theory applied to particles from Lake
Cowichan, the fresh water location studied. This section of the
project, outlined in chapter 5, evaluates the possiblity of navigation
using polarized light in meso-eutrophic waters. It is part of a study
where the main objective was to understand the biophysics of light
scattering, and to approximate theoretically the light irradiances
observed (chapter 4).

The final chapter in this thesis is an attempt to model spectral
sensitivity curves derived from light-adapted goldfish and rainbow

trout. These curves are the result of complex neural interactions



that take place at every level in the retina (see, for example, Hope
and Dawson, 1979, DeMarco and Powers, 1991). Previos modeling
was based on empirical approximations from the absorption spectra
of the animal's photoreceptors (Yager, 1967, Newmeyer, 1984).
Although these fits have been effective when simulating parts of
spectral sensitivity curves, an equation that accurately fits visual
data across the spectrum has never been proposed. We found such an
equation in Sirovich and Abramov’s (1977) general formula for the
analysis of “pseudopigments” (which are the resulting curves from
interactions of two or more pigments). These results are shown in
chapter 6.

In summary, the objectives of this thesis were as follows:
1. To measure the spectral characteristics of Lake Cowichan and
coastal waters of Vancouver Island (Saanich Inlet and Trevor
Channel), and to relate the findings to salmonid vision. In particular
the visual possibilities derived from the light measurements should
be related with the visual system of young salmon (<30g), since it is
at this stage that the entire retina contains UV cones (unpublished
observations by the author for steelhead trout and Sockeye salmon).
Thus, the results should be interpreted within the realm of in-lake,
estuary, and seaward migration; although large rainbow trout, with a
smaller number of UV cones, are also UV sensitive (Coughlin and
Hawryshyn, In Press). If these results also apply to returning Pacific
salmon, then the light measurements presented can also indicate
navigation possibilities using polarized light for ocean dwelling
salmon (e.g. migration between open ocean feeding grounds and home

migration).



2. To gain an understanding of the physical mechanisms giving rise
to the observed light fields by estimating the distribution of
scattered light at specific angles based on Mie theory.

3. To predict theoretically the percent polarization of scattered
light at various angles and to assess its use during salmonid
migration, and

4. To model spectral sensitivity curves throughout the entire visual

spectrum.



Chapter 2

The photic environment of a salmonid nursery lake

Introduction.

Recent discoveries showing that salmonids possess UV photoreceptors
(brown trout, Salmo trutta, Bowmaker and Kunz, 1987) and that they are
capable of detecting ultraviolet radiation (rainbow trout, Qncorhyncus
mykiss Hawryshyn et al., 1989) have led to hypotheses regarding its use in
nature. Among these hypotheses, contrast enhancement between target and
background through UV vision has been suggested as a means of better
foraging performance in larval fishes (Bowmaker and Kunz, 1987; Loew
and McFarland, 1990). Also, UV vision and, in particular, detection of UV
polarized light, may be a navigational tool used by juvenile salmonids to
exit nursery lakes and coastal areas on their way to the open ocean
(Hawryshyn et al, 1990). The spectral characteristics of these inshore and
coastal environments, however, have not been fully examined.

The study of UV transmission in water bodies has concentrated on the
open waters of oligotrophic oceans (Smith and Baker, 1979). Yet, the
juvenile stage of some salmonids (i.e. sockeye salmon, Oncorhyncus nerka
nerka, cutthroat trout, Oncorhyncus clarki, steelhead trout, Oncorhyncus
mykiss) occurs in mesotrophic and/or eutrophic lakes. These water bodies
usually contain high concentrations of chlorophyll and dissolved organic
matter (DOM) which control the seasonal variations of light transmission
in them (Prezelin et al.,, 1991). As such, the visual environment
experienced by juvenile salmonids of some species is very different from
what they encounter as adults in the open ocean, the spectral

characteristics of the open ocean being highly dependent on the water



molecules alone (Jerlov, 1976; Kirk, 1983). Nevertheless, it is during their
early life history in nursery lakes that juvenile salmonids possess UV
vision, a property which appears to be lost during development (Hawryshyn
et al., 1989; Beaudet et al. 1991). Thus, it is important to examine the
availability of UV light in nursery lake environments of these Pacific
salmonid species.

The validity of hypotheses regarding the use of UV vision in nature
depends on the confirmation of two observations: first, the light stimuli
to which fish respond in laboratory experiments must match the intensity
cues present in the environment; second, the presentation of visual cues
alone during laboratory experiments simulating natural conditions should
result in the predicted fish behaviour. So far, none of these conditions
have been met for waters representative of salmonid nursery lakes. Thus,
results from laboratory studies describing salmonid behaviour to light
stimuli of defined energy and wavelengths (Hawryshyn et al., 1989;
Hawryshyn et al., 1990) have not been compared to ecologically relevant
light intensities present in the natural environment. It was therefore the
goal of this study to characterize the spectra of available light in Lake
Cowichan, a nursery lake for various species of Pacific salmonids. In the
following study, the distribution of light from the various parts of the
spectrum (UV, short, middle and long wavelengths) with respect to depth
and direction of observation is examined, how the light field varies with
time of day, and how these observations relate to salmonid visual
capabilities and hypotheses concerning utility of UV vision in nature.

An underwater spectroradiometer was used to measure irradiance at
several depths and at different locations in Lake Cowichan. Some

measurements lasted periods of twenty-four consecutive hours to



examine changes in the light field with time of day. In particular
measurements of the spectral characteristics of Lake Cowichan during
crepuscular periods were emphasized since, at these times, the light field
is expected to shift towards shorter wavelengths (Rayleigh and Mie
scattering, Van de Hulst, 1957). To assess the amount of light available
for stimulation of salmonid photoreceptors, the spectral irradiance values
obtained were corrected for absorption of the four pigments found in
juvenile salmonid retinae (UV, short wavelength (blue), middle wavelength
(green) and long wavelength (red)) and for ocular media transmission of
rainbow trout, Q. mykiss. This resulted in values representative of the
intensities of light available for photoreception in salmonids. The set of
values obtained, therefore, constitutes an estimate of the region in the
water column that can be used for cone photoreception. The amount of UV
available in nature for stimulation of salmonid photoreceptors was then
compared to irradiance values used in the laboratory (Hawryshyn et al.,
1989). This answered whether there is enough UV light penetrating Lake

Cowichan to drive visually-mediated behaviours.

Materials and Methods.

The site of study was Lake Cowichan (Vancouver Island, lat: 48 ° 40-55'
North, long: 124 ° 5-25' West). Seven sampling stations were established
to compare regional differences in types of water that may arise from
proximity to outflows, inflows or differing catchment areas (Fig. 2.1).

Spectral irradiance measurements were taken using an underwater LiCor
spectroradiometer (LI-1800 UW model, LiCor instruments, Lincoln,
Nebraska). This instrument consists of three major components: a filter

wheel, a holographic monochromator and a silicon detector with related



electronics. Light enters the LI-1800 through a standard cosine collector
and is directed through the filter wheel before entering the
monochromator. The filter wheel contains seven order-sorting filters
which eliminate second order harmonics. The use of the seven filters also
enhances stray light rejection by filtering out light that is not in the
same spectral region as that being examined. This results in improved
performance as compared to normal, single monochromator systems
(Biggs, 1984). There is also a dark reference (zero reading) on the filter
wheel that is substracted from any output from the detector. The data
obtained thus contain minimal noise levels. The LI-1800 used has a
holographic grating bandwidth of 4 nm; accurate measurements can
therefore be obtained from 300 to 850 nm. The irradiance values obtained
are in quantal units (photons/(m2*sec*nm)), each scan collecting light
over an angle of 180° (spectral irradiance).

Spectral irradiance measurements were taken by SCUBA divers
submerging the LiCor spectroradiometer to 18 metres depth and bringing
it towards the surface at 3 meter intervals. Four scans ranging across the
spectrum from 300 to 850 nm were taken at each depth. The scans show
spectral irradiance of downwelling, upwelling, and horizontal light in the
sun's and antisun's directions at 5 nm intervals (Figs 2.2, 2.3). The
spectroradiometer was connected to a portable computer situated at the
surface and operated by the boat tender-researcher. This person
communicated with the divers using a surface-to-diver communication
system and controlled the execution of the scans through the computer. An
air scan was taken at the end of each dive and used to correct the
irradiance values found underwater for differences in weather conditions

among stations. This was done by dividing the irradiance values at each



depth by the irradiance at the surface (air scan). An ANOVA and Duncan's
Paired Grouping Test were performed to detect differences in light
intensity (spectral irradiance) among stations. Downwelling light
extinction coefficients were calculated for each station using the formula
(adapted from Tyler and Preisendorfer, 1962):

K(<Z1+Z2>/2) = (1/(Z2-Z1))In (H(Z1)/H(Z2)),
where

K(<Z1+Z2>/2) is the extinction coefficient for light travelling from
depth  Z1 to depth Z2 (in m-1), and,

H(Z1) and H(Z2) are the downwelling irradiances at depths Z{ and Z2
respectively.

Quantum integrations over the UV (300-400 nm), short (401-470 nm),
middle (471-570 nm) and long wavelength (571-765 nm) parts of the
spectrum were carried out to show differences in relative intensities at
particular times during the day. The ranges for each type of light
correspond to the parts of the spectrum where the probability of quantal
catch by each of the corresponding pigments (absorption) is highest (Fig.
2.4). Relative intensities were obtained by dividing the total amount of a
certain type of light (e.g. UV) by the total light in the entire spectrum
(Figs. 2.8 2.9, 2.10).

We used an eighth order polynomial template for vertebrate cone
absorption to correct the irradiance values measured for absorption of the
four pigments found in juvenile salmonid retina (Bernard, 1987; pers.
comm.). The polynomial template yielded normalized absorbance curves for
each pigment as a function of the ratio of wavelength of maximum
absorbance to wavelength (Fig. 2.4). Absorptance values were then

generated using the equation



Absorptance=1-Transmission, where
logio(Transmission)=-Absorbance.

Thus, multiplication of the spectral irradiance values by these normalized
absorptances corrected for the differential absorptance of each pigment
over its active range. The resulting values, now corrected for pigment
absorption, were multiplied by coefficients giving the percentage of light
transmitted for each wavelength through the ocular media of small
rainbow trout, Q. mykiss (Hawryshyn et al., 1989). The modified irradiance
values obtained after these two corrections represent the relative
amounts of photons of each wavelength that are available to stimulate the
cone photoreceptors in the fish retina. This we denote the "available
spectral irradiance" (other authors may call this “photon catch”, however,
this terminology was not chosen because it implies that all the photons
will be caught, or processed, by the visual system, a situation which may
not be the case). The values are relative because the actual absorption
will depend, among other factors, on the relative numbers of each type of
photoreceptor in the retinal region being illuminated. Quantum
integrations over the full absorption spectrum of each pigment were then
performed to obtain the total available spectral irradiance from each type
of light at each depth and in each direction.

UV light is absorbed by the Schiff base linkage of the chromophores in
salmonids (B absorption bands, Fig. 2.4). However, the sensitivity of the
response to UV polarized light differs for these B absorption bands and UV
cones (Hawryshyn and McFarland, 1987). Stimulation of the B bands of the
middle and long wavelength cone mechanisms is an independent process
from that of the UV cone alpha band because these three types of cones

are different physical entities in the retinal mosaic. Thus, neural

10



processing of UV polarized light from two different cones, which differ
in E-vector sensitivity, may constitute a system for the discrimination
of UV polarized light intensity and plane of polarization. Because of their
potential role in orientation of young salmonids (Hawryshyn et al., 1990),
further integrations were performed restricting the limits to the
absorption ranges of these B bands (310 to 390 nm and 390 to 450 nm for
the middle and long wavelength mechanisms respectively, see Fig. 2.4).
The purpose of these integrations was to examine to what depths these
secondary bands could be stimulated.

Water samples from different depths were collected at stations 1 and 2.
These samples were treated for chlorophyll a, b and c. Pigment
concentrations were obtained trichromatically using the procedure in
Jeffrey and Humphrey (1975) for mixed phytoplankton communities. This
procedure allowed the detection of possible relationships between
phytoplankton concentrations at specific depths and changes in the
spectral irradiance curves.

All the mathematical analyses were carried out using the Li-Cor

spectroradiometer software and the SAS (version 5) statistical package.

Results.

The light characteristics at most locations in Lake Cowichan were
similar (Table 2.1), the differences arising to a great extent from the
variable catchment areas (see footnote in Table 2.1). The light extinction
coefficients show that UV radiation is attenuated most (Table 2.2). With
increasing depth the light field exhibits its maximum in the mid-

wavelength spectrum (around 560 nm, see Fig. 2.3). The small standard

11



errors associated with the extinction coefficients suggest that these
trends in light transmission are representative of all the stations studied.

Analysis of water samples collected from stations 1 and 2
demonstrated chlorophyll a (Chla) to be generally the most abundant
pigment for all depths (Table 2.3). An abrupt rise in the concentration of
this pigment occurs between 9 and 12 meters in location 1.

The attenuation of downwelling irradiance with depth is shown in Figure
2.3. Similar curve shapes were found at all the other locations for each
orientation. Spectral irradiance values were usually observed to decrease
in the following order: downwelling light, horizontal light (sun's
direction), horizontal light (antisun's direction) and upwelling light (Fig.
2.5). In one special circumstance, deviations from these results were
obtained (Fig. 2.6). It can be observed in this figure that the last scan
(which was taken 1.5 meters from the bottom) overlaps the previous one
at various wavelengths. The bottom, situated at 8.5 meters, was composed
of fine grained sand which is a highly reflective material (Chen and
Nagaraja Rao, 1968). Such a substrate is also important in terms of fish
vision because it can produce up to 40% polarized light when illuminated
with diffuse light, and this may enhance target-background contrast
(Loew and McFarland, 1990).

An analysis of irradiance curves with respect to direction of
observation shows that light not only differs in intensity with direction,
but also in spectral composition (Fig. 2.7). Near the surface short
wavelengths constitute a major part of the light in the horizontal
antisun's direction. In the horizontal sun's and downwelling directions the

light field peaks in the middle to long wavelengths. Upwelling light is
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composed primarily of middle wavelength photons, which is also the case
in all directions with increasing depth.

The spectral characteristics of Lake Cowichan during crepuscular
periods exhibit an increase towards shorter wavelengths. The relative
intensities of UV and short wavelength light peak prior to sunrise and
immediately after sunset (Fig. 2.8). The opposite trend was observed for
the long wavelengths. The middle wavelength part of the spectrum is
stable for most of the day but exhibits relative intensity peaks of short
duration during crepuscular periods. These peaks are the result of
wavelenghts from 470 to 500 nm, which form the short wavelength part
of the middle wavelength pigment integration spectrum. The spectral
characteristics at dawn were examined with higher temporal resolution
(Fig. 2.9). Although the curves follow previously mentioned trends, it can
be further observed that the long wavelength part of the spectrum
exhibits a local peak between, approximately, 4.6 and 6 a.m. The peaks in
UV light during crepuscular periods can be observed more accurately by
plotting the relative intensity of this type of light independently (Fig.
2.10).

Correction of the irradiance values for ocular media transmission and
pigment absorption of rainbow trout results in the bar graphs shown in
Figure 2.11. In laboratory experiments, fish are presented with light
stimuli of specific wavelengths and the responses are assessed
electrophysiologically (e.g. Beaudet et al., 1991) or behaviourally (e.g.
Hawryshyn et al., 1989). After a period of background adaptation that
isolates the sensitivity of the UV photoreceptor mechanism, salmonids
have been shown to respond to light stimuli of the order of 1013

photons/m2/sec (using 380 nm stimulus, Browman and Hawryshyn, 1992;
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Hawryshyn et al., 1989). The middle and long wavelength photoreceptor
mechanisms are the least sensitive and may require up to 100 times the
previous intensities to be stimulated (Hawryshyn, 1991). Nevertheless,
Figure 2.11 shows that, in Lake Cowichan, there is enough downwelling
light to stimulate all the photoreceptor mechanisms at all depths studied.
However, as is the case for the UV mechanism (Fig. 2.11), the B band of
the mid-wavelength mechanism appears to have a stimulation threshold
depth at 18 meters (Fig. 2.12). These conclusions were reinforced by
calculating the available light at 19 meters given a UV extinction
coefficient of 0.65 m-1 (Table 2.1; 13.5 meters depth) and finding it
insufficient in both cases. UV photoreceptor stimulation by upwelling
light is restricted to depths less than 9 meters (the value at 15 meters is
questionable due to the high standard error associated with it), whereas
reception from sidewelling light is restricted to depths less than 18
meters. At all depths, the middle and long wavelength receptors are the
most likely to be stimulated. It is important to realize that these and
previous conclusions are based on results from statistical tests which
pool data from different locations. Analysis of specific locations alone

may yield significant results at greater depths.
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Table 2.1. At each sampling location the spectral irradiance values at 3 and 6 meters were
divided by the spectral irradiance at the surface. These values were then averaged to give the
mean value at each station. Values with the same letter grouping are not significantly different

(Duncan's Paired Grouping Test). It can be observed that most stations share similar water

characteristics.

Station Mean Grouping

0.25805
0.18010
0.13704
0.11251
0.10517
0.10374
0.05839

S wWwANONDO
OO0 W>»

1Station 2 is located in a pristine area and the current flowing is quite
strong. Station 5 is located near the outflow of the lake. These two
characteristics (unaltered catchment area and outflow point) may explain
the high light transmission observed for these stations, if we consider the
lake to be a sink of nutrients and particulates (Wetzel, 1975). Station 3 is
a shallow lake (8.5 meters depth) and the catchment area surrounding it
has been extensively logged. Station 1 is bordered by resorts and the city's
sewage pipe dumps its contents in these waters.
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Table 2.2. Light extinction coefficients for the downwelling UV, short, middle and long

wavelength parts of the spectrum, and for total spectral irradiance. The values, calculated for

the various depths studied, represent averages from the seven stations. A dash line means that

the values could not be computed as the original irradiance data were within the noise band of

the spectroradiometer (only irradiance values equal to or bigger than 1012 photons/m2/sec

were considered).

Depth (m) Light

Ext. coeff (m™1)

Std. Error(m™1)

1.5 uv 1.147 0.078
Short 0.492 0.057
Middle 0.276 0.068
Long 0.537 0.095
Total 0.487 0.077
4.5 uv 0.914 0.040
Short 0.457 0.027
Middle 0.238 0.036
Long 0.356 0.032
Total 0.306 0.032
7.5 uv 0.996 0.053
Short 0.474 0.025
Middle 0.309 0.026
Long 0.376 0.029
Total 0.339 0.027
10.5 uv 1.143 0.019
Short 0.466 0.009
Middle 0.281 0.016
Long 0.364 0.047
Total 0.297 0.023
13.5 uv 0.653 0.009
Short 0.427 0.017
Middle 0.234 0.033
Long 0.326 0.015
Total 0.306 0.038
16.5 uv - -
Short 0.347 0.044
Middle 0.186 0.026
Long 0.272 0.018
Total 0.203 0.032
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Table 2.3. Chlorophyll values (in mg/ml) and standard errors for stations 1 and 2. All values

were obtained from averages of two samples.

Depth(m) Station Chla Std.Err Chlb  Std.Err Chlc Std.Err

3 1 0.326 0.097 0.043 0.019 0.395 0.227
2 0.335 0.129 0.773 0.302 0.491 0.849
6 1 0.816 0.225 0.048 0.024 0 0
2 0.501 0.254 0.846 0.324 0.064 0.796
9 1 128 3.04 1.46  0.553 0.756 0.621
12 1 14.1 1.56 0 0 0 0
15 1 3.98 0.396 1.87 0.151 235 0.024

18 1 11.2 5.08 0.743 0927 0.708 1.20




Figure 2.1. Map of Lake Cowichan showing the seven stations of study.
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Figure 2.2. Spectroradiometer positions during scans. The sun’'s altitude is hypothetical;
however, it is the altitude under which radiance measurements were taken in another study (see

chapter 4; the angles are also used in that chapter for Mie calculations).
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Figure 2.3. Downwelling spectral irradiance, at different depths, from 18 meters to the
surface at_ location 1 (date: 27th of June 1991, time: 10:00-10:40 hours) . Each curve
corresponds to one spectral scan. The scans were taken under clear sky conditions (sun's
altitude: 39° (start) - 52° (end)). Mild winds created surface ripples which are responsible
for the peaks in the scan taken at 0.3 meters. Similar trends with depth were also found under
cloudy skies; however, in these cases the spectral irradiance values were lower and dependent

on the thickness of cloud cover.
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Figure 2.4. A plot of the normalized absorbance spectra of each pigment in juvenile salmonid
retina (rainbow trout) as calculated from Bernard's (1987, pers. comm.) vertebrate cone
template. Notice the ranges of maximum probability of quantal catch for the alpha absorption
bands of each pigment (i.e. the range of wavelengths for which the main peak of a given pigment
has the highest relative absorbance) and for the B absorption bands of the middle and long
wavelength pigments. These ranges define the integration limits for the four types of light

studied (UV, short, middle an long wavelengths).
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Figure 2.5. Differences in light intensity with direction for location 1, at 6 meters depth.
Atmospheric conditions were the same as those in Figure 2.3. The same trends were detectable at
all depths studied. However, with increasing depth, the differences became smaller and the light

more monochromatic (see Figure 2.7).
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Figure 2.6. Downwelling spectral irradiance at station 3 (date: 19th of June, 1991, time:

The scans were taken under clear sky conditions. Notice the increase in

11:04 hours).

irradiance at 7 meters due to reflected light from the bottom of the lake.
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Figure 2.7. Log10 average spectral irradiance and associated standard errors (vertical bars)
for each type of light from all stations (n=7). Direction abbreviations are as follows: UP:
upwelling light, HA: horizontal antisun, HS: horizontal sun, and DO: downwelling light. Each
depth plot is divided into the previous four orientations, and, within each orientation, bar
graphs show the amounts of UV, short, middle and long wavelengths present in the water column.
In surface waters, light in the horizontal antisun direction contains a large quantity of scattered
short wavelength photons. However, downwelling and horizontal sun light is composed mostly of
middle to long wavelength radiation. Upwelling light peaks in the middle wavelengths which is

also the case in every direction with increasing depth.
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Figure 2.8. Relative intensity (irradiance) of each type of light to the total spectrum (300-

850 nm) (date: 20th of June 1991). The downwelling scans from which the points derive were
taken with the spectroradiometer lying at 3 meters depth facing the surface in station 1. The
atmospheric conditions were complete overcast with irregular periods of rainfall. Shorter (UV
and short) and middle wavelengths exhibit peaks during crepuscular periods and decrease in
relative intensity during the day, the opposite trend can be observed for the long wavelength
part of the spectrum. Long wavelength light exhibits local maxima at dawn and to a lesser extent

at dusk. Sunrise and sunset occurred at 5:11 and 21:19 hours, Pacific Standard Time

(Meteorological Information Center, Sidney, B.C.).
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Figure 2.9. Spectral irradiance ratios of each type of light to the total spectrum during dawn
(date: 28th of June 1991). Same collecting set-up as in Figure 2.8. Sunrise was predicted at
5:13 hours Pacific Standard Time (Meteorological Information Center, Sidney, B.C.). However
local topography may have impeded the appearance of the sun until 6:60 hours explaining the
rapid changes in slope observed in the curves at this time. The weather conditions were clear
skies for the entire period. A local maximum in long wavelengths parallels the peaks from UV,
short and middle wavelengths. This local peak is slightly displaced in time with respect to the

shorter wavelength maxima as would be expected from the gradual change in pathlength of

incoming solar radiation.
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Figure 2.10. a) Relative intensity of UV light for an entire day, and, b) during

Replotted from Figures 2.8 and 2.9.
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Figure 2.11. Log1(o average spectral irradiance values corrected for salmonid pigment
absorption and ocular media transmission of small rainbow trout. Standard errors are indicated
on the bar graphs (n=7). Presentation of data is the same as that in Fig. 2.7. These series of bar
graphs represent a map of available light for activation of the different photoreceptor

mechanisms with depth and direction.
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Figure 2.12. Log1Q average spectral irradiance values corrected for the B band pigment
absorption curves of the middle and long wavelength cone mechanisms. Values were also
corrected for ocular media transmission of small rainbow trout. Data presentation as in Figure

2.11.
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Discussion.

The average extinction coefficients found for the various parts of the
visual spectrum are at least five times those published for blue waters of
the open ocean (Lenoble, 1954; Morel, 1965). Similarly, the extinction
coefficients for total irradiance are much higher than those calculated for
ultraoligotrophic lakes (Table 2.2; Smith et al., 1973). Lake Cowichan
would be classified as a mesotrophic lake (Wetzel, 1975) or as having
waters of type 1 (Jerlov, 1976). These discrepancies between lake
Cowichan and blue waters of oligotrophic systems are essentially due to
the higher concentrations of phytoplankton, DOM, organic and inorganic
particulates in Lake Cowichan (see Heinerman and Ali, 1988 for lignin
effects in mesotrophic lakes).

The tight link between phytoplankton populations and available light is
exemplified by the high UV and blue extinction coefficients found at 10.5
meters (Table 2.2), and the presence of a bloom at this depth in location 1
(Table 2.3). Although a full spectrum of chlorophyll concentrations with
depth is available only for location 1, these results are likely
representative of the entire lake for two reasons: light penetration at the
various locations is similar (Table 2.1) and the lake was stratified at the
time of the study. The attenuation of middle wavelengths peaks around 7.5
meters and is probably the result of reflection from the first
phytoplankton layer (located somewhere between 6 and 9 meters) (Davies-
Colley et al., 1988). However, once in the phytoplankton layer (depth 10.5
meters), this type of light is the least attenuated. A possible explanation

is that multiple scattering by phytoplankton cells is concentrating middle
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wavlelength light in the downwelling direction (Mie theory, Van de Hulst,
1957).

The differences in light transmission for the various parts of the
spectrum can also be explained in terms of scattering theory (Jerlov,
1976). Small particles scatter most strongly the UV and short
wavelengths while water molecules have absorption bands in the UV and
long wavelength parts of the spectrum (Hecht and Zajac, 1974).
Furthermore, any DOM present will absorb UV light extensively. Thus, in
accordance with published results for the open ocean, the UV region of the
spectrum was the most attenuated in our study. Attenuation of the short
and long wavelength parts of the spectrum can be attributed mostly to
absorption by the various chlorophylls (Wetzel, 1975).

Further analysis of the irradiance results shows that the light
transmitted varies in magnitude and spectral composition depending on
the direction, depth of observation and the time of day (see Jerlov, 1976
and McFarland and Munz, 1973). UV and short wavelengths are
preferentially scattered by small particles and water molecules
(Rayleigh, 1889). However, UV light is also absorbed more extensively
than short wavelengths in the atmosphere and in the water column. As a
result, the amount of UV light in the horizontal antisun direction is
smaller than the amount of short wavelength light (Fig. 2.7). Downwelling
light and horizontal light in the sun's direction exhibit maxima in the
middle to long wavelength range. This is due to sunlight impinging directly
on the cosine collector, longer wavelengths being scattered the least
through the atmosphere. Upwelling light is maximum in the middle
wavelengths as a result of scattering from phytoplankton and algal

substrates.
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The presence of backgrounds differing in hue with direction of
observation has important consequences for the perception and tracking of
objects in the water column. For instance, detection of dark objects is
usually favoured against a bright background. Thus, a fish's position that
would maximize luminance in the direction of observation (i.e. towards
the sun) would be most beneficial. However, conspicuousness of lighter
objects is often increased on a dark background, in which case vision in
the antisun direction would be more effective. Furthermore, it has been
suggested that reflected polarized light from fish scales may also be used
by other fish to detect targets on dark backgrounds (a diffusing
background producing less polarized light (Denton and Nicol, 1965)). These
different scenarios suggest that an ideal orientation for maximum
perception of light cues in surface waters is dependent on visual task.
Fish may compromise between the previous advantages by travelling in the
direction of the sun. In this case spectral irradiance in the forward
direction is high yet some of the photons originating from sideways
particle scattering would be polarized (and this, importantly, as the
background becomes dimmer). Whether such preferred directions of fish
travel related to background light cues exist is yet to be examined.

The gradient of light attenuation from surface to deeper waters also
implies adaptability of the retina to varying spectral backgrounds
(Singarajah and Harosi, 1992). As the fish travels down the water column,
perception of a silhouette on a bright background becomes increasingly
difficult (Le Grand, 1939). In deep waters, a point is reached when the
light field is everywhere homogeneous (Jerlov, 1976) and the retinal
sensitivity no longer varies with direction of observation. A highly

reflective bottom in shallow waters creates an effect opposite to the
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attenuation mechanism just described. Because of reflection, upwelling
light near the bottom can be more intense than, or nearly as intense as,
that at lower depths (Fig. 2.6). Bottom predators may take advantage of
the additional background illuminance and possible creation of polarized
light (Chen and Nagaraja Rao, 1968) for target detection. This is perhaps
another reason why darker animals may not be found near sandy bottoms,
even at considerable depths.

Although the spectral composition at twilight has been examined by
McFarland and Munz (1975b), these authors did not examine the UV part of
the spectrum. Furthermore, a rigorous mathematical analysis for the
various parts of the spectrum through a 24 hour period is not available.
Results for Lake Cowichan for this period of time show opposite trends
for the UV, short and middle wavelengths versus the long wavelength part
of the spectrum (Figs. 2.9 and 2.10). Relative quantities of UV, short and
middle wavelengths are most abundant during crepuscular periods,
whereas relative amounts of long wavelengths increase during daylight
hours. The long wavelength part of the spectrum also exhibits a local peak
during crepuscular periods (Fig. 2.9). Some of these changes have been
observed previously for the spectrum from 400 to 700 nm (McFarland and
Munz, 1975b). They are due to preferential scattering of shorter
wavelengths in the atmosphere by Rayleigh-size particles and increased
scattering of longer wavelengths at particular pathlengths of incoming
solar radiation (Lythgoe, 1979).

The relative increase in UV light during crepuscular periods may be
important for salmonid navigation because these fish have been found to
orient to the E-vector of polarized UV light (Hawryshyn et al., 1990).

Given the relation between the sun's position and the most intense band of
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polarized light (approximately 90 degrees separation, Waterman, 1954),
salmonids could potentially be using polarized light vision as an
orientation mechanism during migration (Groot, 1965; Dill, 1971; Quinn,
1980). Interestingly, various authors have reported migratory episodes to
occur during crepuscular periods (Johnson and Groot, 1963; Groot, 1965).
Furthermore, the fish are observed to travel near the surface where
stimulation of the UV cones is possible (Fig. 2.11).

The light patterns at dawn and dusk may also play a role in foraging if,
indeed, UV vision enhances target-background contrast. The results for
Lake Cowichan suggest that predators and prey with UV vision would be
the most effective at obtaining food and lowering the risks of being
captured respectively. In the case of juvenile salmonids, UV vision may be
used to detect zooplankton as these organisms absorb high quantities of
UV light (as suggested by Bowmaker and Kunz, 1987).

Another characteristic of the light field during crepuscular periods is
its rapid changes in spectral composition. Two peaks of UV and short
wavelengths occur before and at the moment when the sun rises over the
horizon (Figs. 2.9 and 2.10b). These peaks are accompanied by local
maxima in middle and long wavelength light, although these trends vary in
time as well (Fig. 2.9, hours 5 to 7 a.m.). Camouflage of any sort could be
very difficult in such a varying light field and thus this may be the cause
for the observed high predation during crepuscular periods (Hobson, 1972).
To counter these rapid changes in illumination, some coral reef fishes
have developed combinations of pigments whose maximum absorptions
approximate the peak wavelengths found in the environment during these

time periods (Munz and McFarland, 1973).
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The results from this study demonstrate that UV mediated visual
behaviours are possible at all depths studied (Fig. 2.11). However, 18
meters was found to be the threshold depth for UV cone stimulation (Fig.
2.11). Such a depth restriction would force the fish to rise in the water
column in order to profit from UV light cues for purposes of orientation.
Surfacing, however, involves higher risks of predator detection from
below and from outside the water column. A compromise could then be
reached by swimming in a sinusoidal pattern, surfacing at regular
intervals. Coincidentally, such a swimming pattern has been observed
during salmonid migratory episodes (Groot, 1972; Westerberg, 1982;
Ruggerone et al., 1990).
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Chapter 3
Spectral characteristics of salmonid migratory routes

from southern Vancouver Island (British Columbia)

Introduction

Although many researchers have examined the visual capabilities of
fishes (Tomita et al., 1967; Yager, 1969; Bowmaker and Kunz, 1987;
Hawryshyn and Harosi, 1991), few relate their findings to measured photic
conditions in the environment (McFarland and Munz, 1975a,b; Muntz and
Wainwright, 1978; Heinerman and Ali, 1985, 1989). Even in studies in
which an attempt has been made at associating the visual capabilities of
the animal with the light cues present in nature, these have sometimes
been approximated because of lack of field measurements (Singarajah and
Harosi, 1992). Spectral data are particularly lacking for coastal oceanic
waters where river discharge and upwellings cause high levels of
turbidity. The light levels in such environments differ markedly from
those found in the open ocean (Jerlov, 1976). Nevertheless, young and adult
salmonids must navigate through coastal waters to find their way to and
from the open ocean.

The first goal in this study was therefore to measure the light levels in
coastal waters of Vancouver Island under different atmospheric
conditions (overcast vs. sunny), and to compare them with light
intensities used in laboratory experiments eliciting fish responses
(Beaudet et al., 1991). To test whether light intensity levels varied with
distance from spawning rivers, measurements were taken along transects

covering migratory trajectories along the coast. If a trend in UV light
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levels was found, salmonids could be using it to guide their migration
(instead of, or along with, polarized light detection).

The second goal was to test the dependence of available light on water
chemistry. In the case of UV light, DOM and Chla concentrations are the
two major biophysical factors affecting its transmission (Prezelin et al.,
1991), the light intensities were therefore correlated with these two
factors. Because similar measurements were obtained for Lake Cowichan,
the results in coastal and fresh water environments were compared to
detect any photic changes that salmon may experience during their
migrations. Such changes can be correlated with ontogenetic alterations
in the retinal pigments found in some salmonids (Beatty, 1966), which

may suggest differences in their visual ecology.

Materials and Methods

Spectral irradiance measurements from 18 m to the surface at 3 m
intervals were collected at seven locations in Saanich Inlet (East coast of
Vancouver Island) from July 9th to 26th, 1991, and at four locations in
Trevor Channel (West Coast of Vancouver lIsland), from August 22nd to
31st, 1991 (Fig. 3.1). These locations are on two major migratory routes
for Pacific salmonids spawning in Vancouver island streams.

The collection of data was accomplished by SCUBA divers as in the Lake
Cowichan study. Correction of data to estimate available irradiance for
stimulation of the fish's photoreceptors was as described in chapter 1.

It should be noted that in the previous calculations the relative
absorbances per wavelength as given by Bernard’s (1987) polynomial
template equation were used to calculate absorptance. Thus, the available

spectral irradiances values are dependent on the absolute absorbance of
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the pigment at its wavelength of maximum absorption. In order to
calculate true absolute absorptance (as opposed to the relative
absorbance-dependent values presented here and in the first chapter), one
must multiply the relative absorbance per wavelength (e.g. from Bernard,
1987) by the total absolute absorbance (or optical density) of a
photoreceptor along its axis (Harosi, 1975). Using published optical
density values for amphibians and fish (average value used: 0.0124/um,
Harosi, 1975) and mutliplying by the average cone outer segment length of
rainbow trout (10um, Harosi, pers. comm.), we arrived at a total
absorbance of 0.124 (the outer segment of the cones contains the
absorbing pigment). The relative absorbance values generated from
Bernard’s (1987) polynomial template were multiplied by this value and
the true absolute absorptances calculated using the previous formulae.
Comparison of these quantities with previous relative-absorbance
dependent values showed a maximum 9.3 fold difference when the relative
absorbance was 0.01; however, values for the most absorbed wavelengths
differed 3 times (for the wavelength of maximum absorbance) to 6.7 times
(when the relative absorbance = 0.02) with previous calculations.
Available spectral irradiance calculations using these new values for
absorptance do not change the threshold depths for photoreceptor
excitation and therefore the conclusions of this manuscript. The non-
significance of the change is due to: 1) absorption factors (ranging from
0.002 to 0.24) are multiplied by very large numbers (spectral irradiances >
1013 photons/m2/sec), 2) absorptance results obtained from absolute
absorbance values for the highest absorbed wavelengths differ the least

with relative absorbance generated results (thus altering little the
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overall integration results), and 3) the small alterations are within the
standard errors for the various types of light at threshold depths.

To detect trends in spectral irradiance with distance from freshwater
spawning rivers, measurements were taken along paths followed by
salmonids spawning at Goldstream Provincial Park and Cowichan River
(Fig. 3.1). Downwelling light measurements at each site were obtained by
lowering the spectroradiometer from the side of the boat and holding it at
3 meters depth. Water samples were collected and tested for Chla
concentrations and particle counts as described in chapter 1.

To determine whether different weather conditions changed the
intensity of light available for salmonid vision, scans at the various
locations were taken under clear and cloudy (completely overcast) skies.
Since the chemistry of water also plays a major role in the transmission
of light through water, Chla analysis of water samples from the various
depths was performed on two replicates. An estimate of the relative
amounts of particulate matter at the various locations was also obtained
using a Coulter Counter (model TA Il, Coulter Electronics Inc., Hialeah,
Florida). Using a 70 um aperture tube, particles with radii from 0.5 to
12.7 um were counted in 0.05 ml samples. In addition, DOM estimates
were obtained from published Department of Fisheries and Oceans reports
(Brown and Borstad, 1981). This information permitted us to correlate
spectral irradiance with biophysical parameters in the environment.

Because similar measurements have been presented for Lake Cowichan
in the first chapter, comparisons were possible not only among coastal
regions but also with this lake. These comparisons may suggest

environmental reasons for the varying rhodopsin/porphyropsin ratios in
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the retina of anadromous migrating fish at different times of the year

(Beatty, 19686).

Mathematical analysis of results used SAS (version 5) and LiCor

software.
Results
Spectral measurements

In laboratory experiments, the minimum UV light irradiances required
for stimulation of spectrally isolated UV cones using 360 to 380 nm
stimulus approximates 1013 photons/m2/sec (Hawryshyn et al., 1989);
this value becomes 6.1*1012 photons/mZ2/sec after correction for
pigment absorption and transmission through the ocular media. Sensitivity
of the fish to other wavelengths may decrease two orders of magnitude in
the middle to long wavelengths (Hawryshyn, 1991). Correspondingly, the
intensities required to stimulate the middle and long wavelength cone
mechanisms may be up to 100 times those required for the UV or blue cone
mechanisms. In the case of UV photoreception, the minimum light levels
required, after pigment and ocular media corrections, were found at 20 m
depth in Trevor Channel (Fig. 3.2). In Saanich Inlet, this depth was 15 m
(Fig. 3.3).

The intensity and spectral composition of the available irradiance to
stimulate salmonid photoreceptors changes with depth and direction of
observation (Fig. 3.3). In Saanich Inlet, long wavelengths dominate the
spectrum in surface waters (< 6 meters depth), but, with increasing depth,
the "visual" spectrum peaks in middle wavelengths. Light levels decrease
in the following manner: downwelling, horizontal sun, horizontal antisun

and upwelling (Fig. 3.4). This pattern is altered under cloudy conditions
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because the spectral irradiance differences between horizontal sun and
antisun directions tend to vanish. However, such overcast trends depend on
the thickness and constituency of the cloud cover (Waterman, 1956).
Directionality of the sun's rays under completely overcast skies was
observed at up to 12 meters depth under some types of cloud cover (Fig.
3.5). Whether in the presence of clear or cloudy skies, stimulation of the
UV photoreceptors in Saanich Inlet is only possible at depths less than 15
meters (Fig. 3.3), this is also the case for stimulation of the B absorption
bands of the middle wavelength photoreceptors (Fig. 3.6). The relative
sensitivities of the B bands being approximately 0.316 to 0.63 times
those of the corresponding alpha bands (Beauchamp and Lovasik, 1973).
The downwelling spectral irradiances for Lake Cowichan, Saanich
Inlet and Trevor Channel show that Lake Cowichan has, in general, the
highest UV levels (Fig. 3.7). The rapid decrease in UV light levels in
Saanich Inlet below 12 meters depth coincides with higher Chla
concentrations compared to the other study locations (Fig. 3.8a).
Correspondingly, middle wavelengths remain highest at all depths for

Saanich Inlet since they are absorbed minimally by phytoplankton.

Water chemistry

A comparison between the averaged Chla concentrations in Saanich
Inlet and those observed in Trevor Channel showed that both of these
coastal waters had more Chla during the summer than Lake Cowichan (Fig.
3.8a; Brown and Borstard, 1981). Furthermore, the first phytoplankton
layer was closer to the surface for both coastal waters. Trevor Channel
exhibited higher levels of Chla and DOM near the surface than Saanich Inlet

(Fig. 3.8c, Brown and Borstard, 1981).
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The number of particles between 0.5 and 12.7 um in radius was higher in
Lake Cowichan than in Saanich Inlet (Fig. 3.8b). Such small-radii particle
differences may indicate the relative amounts of polarized light in both
environments (Rayleigh, 1889). In coastal waters, we observed large
numbers of whitish "filament-like" aggregates which would dissociate
upon touch and could therefore not be included in the particle counts.
However, their surface area, in the order of centimeters, was sufficient
to intercept large amounts of radiation.

The number of particles from the various stations in the Goldstream
transect appeared, in general, to decrease with increasing Chla
concentrations (Fig. 3.9). However, there was no significant relation
between intensity of UV light and concentrations of Chla along both

transects.
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Figure 3.1. Study sites in Saanich Inlet and Trevor Channel (Lake Cowichan also shown). GS
and CT black dots represent stations along Goldstream and Cowichan Bay transects. Black squares

are the stations for which complete sets of spectral irradiance data with depth were obtained.
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Figure 3.2. Spectral irradiance profile for Trevor Channel between 13:05 and 13:30 hrs on
the 24th of August 1991 (TC1 station). Scans were taken under slightly overcast conditions
(the sun’s exposure was occassional and was otherwise visible through the cloud layers, sun's
altitude: 30°). Similar profiles were found throughout the study, with slightly smaller

irradiances under fully overcast days (see Figure 3.3).

s 17 A E A B S S SN S A S S S S S S S e s e S
(6]
(o]
‘2
oy
AN
E 16
(7))
c
o
o)
o
o=
o 15
(¢}]
(&)
c
© 14
T
©
— .
= :
"é 13 o
‘— . ll
Q [ : “\1 ol
m l-'ll
Q.
4 o
il i2
o)
o
1 1 e LI M U TS S NP S

200 300 400 500 600 700 800 900

Wavelength (nm)



Figure 3.3. Logig of the available spectral irradiance with depth and direction for salmonid
vision in Saanich Inlet under clear (n=3) and overcast skies (n=4). Bars on symbols are

standard errors of the means. Direction symbols denote the following: UP: upwelling light, HA:

horizontal antisun, HS: horizontal sun, and DO: downwelling light.
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Figure 3.4. Spectral irradiance profiles at 3 meters depth in Deep Cove for various
orientations. The scans were taken at 13:00 hours (Pacific Standard Time) on the 16th of July

1991 under clear skies (sun's elevation: 60°).
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Figure 3.5. Spectral irradiance profiles for Mill Bay taken on the 17th of July 1991 under
completely overcast conditions (start of dive: 12:19 hrs, end: 12:44 hrs, Pacific Standard
Time). The directionality of the sun's rays was kept through the cloud layer and detected up to

12 meters depth. Decreasing order of light levels as in Figure 3.4.
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Direction

Figure 3.6. Log10 of the spectral irradiance corrected for ocular media and B band absorption

of the middle and long wavelength cone mechanisms of small rainbow trout.

abbreviations as in Figure 3.3.
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Figure 3.7. Comparison of downwelling available spectral irradiance for salmonid vision in
Lake Cowichan, Saanich Inlet and Trevor Channel. Note the higher UV light levels in surface
waters of Lake Cowichan. Although more light may penetrate Lake Cowichan, the relative
proportions of each type of light remain approximately the same for the three study regions,
suggesting similarities in water hue. Particular stations in Saanich Inlet may appear red in

colour at times during the summer due to red algal blooms.
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Figure 3.8 (a) Chla concentrations with depth in Lake Cowichan (n=2), Saanich Inlet (n=2)
and Trevor Channel (n=1). Trevor Channel and Saanich Inlet have higher concentrations of
surface Chla than Lake Cowichan. (b) Number of particles between 0.5 and 12.7 mm in radius
in Lake Cowichan and Saanich Inlet. (c) Comparison of DOM levels (presented as Optical Density
(OD) data at 350 nm) between Saanich Inlet and Trevor Channel. Chla concentrations for Trevor
Channel and all OD measurements were taken from Brown and Borstad (1981). Their study
sites V1 and E9 correspond to Saanich Inlet and Trevor Channel, and their measurements were

taken at similar times to ours (July-August). Vertical bars depict the standard errors of the

means.
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Figure 3.9. Chla concentrations (n=2), particle counts and UV levels along the Goldstream
transect. Maxima in Chla concentrations appear to match minima in particle counts generally.

Standard errors are within the margin of the data points.
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Discussion.
ral rem

The findings presented show that salmonids are restricted to surface
waters for visual processes involving UV light (< 15 m in Saanich Inlet). If
target contrast is improved with UV vision as suggested by Bowmaker and
Kunz (1987), this depth restriction would suggest another reason for the
periodic movements of salmon towards the surface to capture prey. Also,
salmonids may be approaching the surface to obtain polarized light cues
for orientation as mentioned in chapter 1.

Navigation using polarized light has been previously associated with
perception of scattered light from patches of sky devoid of clouds
(Hawryshyn, 1992). However, although the sun's rays may not reach the
ocean directly under a fully overcast sky, navigation using polarized light
may still be possible if the directionality of the incoming solar radiation
is maintained through the atmosphere (Waterman, 1956). This is because
underwater polarization arises mostly from particle scattering in the
water column according to the general Mie theory (Van de Hulst, 1957),
not from sky polarization (Waterman, 1954, 1955). The most pronounced
band of polarized light, produced by “Rayleigh-type” particles would occur
theoretically at 90° to the line traced by the incoming radiation passing
through the observer (Rayleigh, 1889). Thus, if fish can discern this
pattern of polarized light, they could detect the approximate position of
the sun behind the cloud layer. The results presented for Saanich Inlet
show that directionality of sunlight is maintained under some types of
clouds (Fig. 3.5, possibly water droplet clouds, Wellington, 1955) and

suggest that polarized light navigation as described above should be
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possible provided enough polarized UV light for use by fish (salmonids) is
present.

The similarities in the shape of the spectral profiles and available
spectral irradiances for both coastal waters and Lake Cowichan (Fig. 3.7)
suggest that salmonids should not have to change their retinal pigment
ratios to maximize their total photon absorbance from one environment to
the other (photoperiods and temperatures being approximately equal in
both environments during the fish’s migration). The preponderance of
middle and long wavelengths in both environments would favour a higher
porphyropsin/rhodopsin retinal ratio since this would increase absorption
of longer wavelengths (Wald, 1939; Bridges, 1972). A change from a
rhodopsin- (peak absorption at 503 nm) to a porphyropsin-dominated
retina (peak absorption at 527 nm) has been observed for returning salmon
of some species prior to entering fresh water (Beatty, 1966). The pigment
adaptation to fresh water has been said to be an "anticipation" by the fish;
the light measurements presented show that such an anticipation is
possibly the result of the spectral similarities between coastal waters
and Lake Cowichan.

Nevertheless, some species such as sockeye salmon, Q. nerka, (and the
landlocked sibling species known as kokanee) always have a rhodopsin-
dominated retina at all stages in their life (Beatty, 1966). This situation
may reflect the common occurrence of this species of salmon close to the
surface, i.e. in a short wavelength rich environment, throughout the life of
its individuals (Pella, 1968, French et al.,, 1976). Rhodopsin based
pigments may help sockeye salmon detect prey more easily in the open
ocean by acting as offset pigments (contrast hypothesis, Lythgoe, 1968).

This situation occurs when the retinal pigment proteins absorb maximally
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at a wavelength that is not the peak wavelength reflected by the water
background and the spectral characteristics of the water background
differ with direction of observation (e.g. downwelling vs. horizontally
scattered light, see MacFarland and Munz, 1975a). In this case the contrast
of a reflective object on the water background (usually composed of
longer wavelengths) would be more readily detected than by having a
pigment whose maximum absorption matches the background (this because
the offset pigment will be less sensitive to the background illumination,
McFarland and Munz, 1975a). In general, offset pigments reduce
photosensitivity to available light but increase contrast of reflective
targets (Lythgoe, 1968); matching pigments, on the other hand, increase
photosensitivity to available light and are therefore good shadow target
detectors. In coastal waters, a rhodopsin dominated retina would only
increase the target detection capabilities of sockeye salmon if the
reflecting target, viewed in the horizontal direction, preferentially
scatters shorter wavelengths (since downwelling and horizontal
irradiance have the same overall spectral composition, Fig. 3.4). This may
be the case for schools of small herring which “flicker” as they change
orientation in surface waters (these schools being a major source of food
for returning salmon, Wing, 1977, Healey, 1980). The approximate 0.7 log
difference between downwelling and horizontal antisun light at 503 and
527 nm (Fig. 3.4) could also be used by fish with rhodopsin or porphyropsin
dominated retinae to detect targets on the basis of intensity (the target
reflecting downwelling irradiance over a dimmer horizontal background).
To this regard, a porphyropsin dominated retina may act as offset or
matching the background illumination depending on the spectral

characteristics of the water body. However, the wavelength of maximum

54



absorption of its proteins being higher than those forming the rhodopsin
dominated retina, its protein-based pigments would be less offset when
operating in coastal waters than those of a rhodopsin dominated retina
(Fig. 3.4, maximum transmission at 577 nm).

Water chemistry

The available spectral irradiances found in coastal waters and Lake
Cowichan are in good agreement with what would be expected from their
biophysical properties. UV light is most abundant in Lake Cowichan as the
Chla concentrations are the lowest at this location (Figs. 3.7 and 3.8a).
Within coastal waters, Trevor Channel has the highest concentrations of
DOM and Chla near the surface, which explains the lower UV levels as
compared to Saanich Inlet (Figs. 3.7 and 3.8a,c). However, Saanich Inlet
stations had higher average concentrations of Chla than Trevor Channel for
depths greater than 10 meters. This may explain the accelerated decrease
in UV light for Saanich Inlet at such depths (Fig. 3.7).

The relative numbers of particles and concentrations of Chla along the
Goldstream transect (Fig. 3.9) may be due to a layer of freshwater resting
over the more saline coastal water. Two days of stormy weather preceded
these measurements and brownish coloured water from runoff was often
detected near the shore-line (especially as river outflows were
approached). Collection of surface samples would thus contain large
numbers of particles which may not yet have mixed and reached an
equilibrium with the marine phytoplankton. The small particle sizes
counted further indicated these to be runoff nutrients which could be
consumed by moderate size phytoplankton. This might explain the opposite
fluctuations found between particle numbers and Chla concentrations

along the Goldstream transect.
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UV intensities at the various transect stations tended to decrease with
increasing Chla concentrations, but the negative regression between these
two variables for the two transects was not significant (F-test
probability=0.6). Similar results have been reported by Gower and Borstard
(1990) for Barkley Sound (Vancouver Island). These authors suggested the
presence of large and variable amounts of DOM of terrigenous origin to
explain the lack of correlation; the results found and observations made
during this study also support this hypothesis. Chla concentrations, like
DOM levels along Vancouver Island's coast, are variable and dependent on
many factors such as currents, upwellings, river inputs and types of
catchment area (Mackas, 1992; Pan et al., 1988). It is therefore unlikely
that, once having entered coastal waters, the fish could follow any trends
in UV light levels to reach the spawning rivers. This suggests that the fish
would be using polarized light patterns (not differences in irradiances)
for orientation if using photic cues during migration. Since Chla
concentrations during the early spring and late fall are, on average, lower
than those found in this study (Chla concentrations in August are seven
times those in March or April for the Inner Shelf, comparable for Juan de
Fuca Strait and at least five times those in October or November for both
regions, Mackas, 1992; Pan et al., 1988), sufficient light for stimulation
of UV photoreceptors should also be available during peak migratory
periods. To our knowledge, there is no seasonal information on DOM levels
for Vancouver Island waters; but, Mackas’ (1992) results for dissolved
nitrate show its mean concentrations to be lower during spring and fall
than during the summer for Juan de Fuca Strait, and lower during the
spring but higher during the fall for the Inner Shelf (note, however, the

variations during the summer for this region).
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It is interesting to compare the irradiance values found in coastal
waters with those representative of clear open ocean waters (Antartic
Ocean, Prezelin et al., 1991) and those predicted by models for waters
with different concentrations of Chla (Baker and Smith, 1982). The diffuse
attenuation coefficient calculated for waters with low Chla content (<0.5
mg/ml) in the region from 350 to 400 nm is three to twenty times lower
than that of the coastal waters studied (Baker and Smith, 1982).
Similarly, extrapolated and measured values in this region of the
spectrum for clear ocean waters show irradiances that are 100 to 1000
times higher than those reported in this study (Baker and Smith, 1982,
Prezelin et al., 1991). Assuming an attenuation coefficient of 0.1 m-1
(representative of clear waters with Chla concentrations of 0.05 mg/ml)
the depth for UV cone stimulation would be around 96 meters. |If the
attenuation coefficient is lowered to 0.07 m-1, this depth becomes 137
meters. Clearly, there is plenty of UV light for salmonid visually-
mediated behaviour in the open ocean.

In summary, the measurements obtained show that there is sufficient
UV light for visually-mediated salmonid behaviour to around 15 meters in
depth in coastal waters of Vancouver Island. UV light levels do not follow
trends with distance from the spawning rivers but appear to be related to
phytoplankton concentrations and DOM levels, themselves variable
throughout the coast-line. The results also show that directionality of the
incoming light is maintained under certain types of cloud suggesting that
polarized light navigation may still be possible under overcast skies

provided sufficient UV polarized light is present in surface waters.
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Chapter 4

Use of Mie theory to approximate the radiance distribution

in a lake (a simplified approach)

Introduction

Most studies describing the angular distribution of scattered
radiation in natural water bodies are based on measurements of the
volume scattering function (Sasaki et al., 1962, Duntley, 1963,
Ochakovsky, 1966, Kirk, 1991). This function defines the proportion
of incident radiation scattered within a volume determined by the
intersection of the beams of incident and scattered light (Spielhaus,
1965). The volume scattering function has been widely used as a
characteristic parameter to classify water bodies (Jerlov, 1976 pp.
36-37).

Attempts at explaining the behaviour of light traversing a medium
containing scatterers have been put forward for artificially-created
suspensions of different size particles in laboratory conditions
(Heller and Tabibian, 1962, Hepplestone and Lewis, 1968). Mie's
scattering theory applied to such systems has resulted in fairly good
agreement between computed and measured scattered light
intensities (Hepplestone and Lewis, 1968); however, in no case do
these laboratory experiments approximate the bio-chemical
complexity of natural water bodies. It is perhaps due to this
complexity that very few authors have tried to apply scattering
theory to explain their results obtained in natural waters (Morel,
1973). Furthermore, in such cases, disturbance to the water samples

due to necessary handling (e.g. pumping ocean water into a research
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vessel) may have altered the optical properties of the water and
therefore biased the results. Only insitu underwater measurements
can overcome these difficulties.

In this study, the LI-1800 underwater spectroradiometer was
used to measure the radiant energy scattered at two angles (49° and
131°) to the refracted incident sunlight impinging on Lake Cowichan.
Radiance measurements and water samples were taken by SCUBA
divers at three meter intervals from 9 to 0.3 meters from the
surface. The water samples were processed using a Coulter counter
to determine the size and concentration of particles with defined
radii from 0.39 to 3.17 um. Knowing the direction and intensity of
the downwelling radiant energy and assuming an average relative
refractive index for the set of particles counted, Mie theory was
applied to approximate the scattered light intensities at both
angles. The calculations neglect molecular scattering and do not
partition the radiance reaching the cosine collector into its various
components (direct vs. diffuse radiance). Furthermore, the approach
is not based on calculation of the volume scattering function, nor
does it follow conventional procedures based on radiative transfer
theory. Instead, the predictions are based solely on scattering by
particles within a specific distance from the spectroradiometer

cosine collector, determined by its sensitivity.

Materials and Methods
Spectral radiance measurements
In an attempt to restrict the light gathered to a specific

angle, a cone 13.5 cm in length and sustaining an angle of 30° at
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the apex was installed over the spectroradiometer cosine
collector. The cone's interior was painted black to maximize
absorption of stray light that could have otherwise reached the
cosine collector by multiple internal reflection off the cone's
sides. Upwelling light from reflection off the lake's floor was
insignificant because the bottom of the lake was deeper than 20
meters.

SCUBA divers took spectral radiance measurements from 9 to 0.3
meters depth at three meter intervals in lake Cowichan during late
February and early March 1992. Immediately before diving, the sun's
altitude was measured with a sextant (30° in both dives), and Snell's
law was used to correct for refraction of the sun's rays at the air-
water interface. Three scans ranging from 300 to 850 nm were
taken at each depth. The scans show spectral radiance of incident
downwelling light, and light scattered at 49° and 131° to it
((spectroradiometer pointing horizontally in the water column
towards the sun and away from it (antisun direction) respectively),
Fig. 4.1). The procedure for data collection has been outlined in
chapter 1.

Parti n I Il r n

Estimates of the relative amounts of particulate matter at each
depth were obtained using a Coulter Counter (model TA II, Coulter
Electronics Inc., Hialeah, Florida). Using a 70 um aperture tube,
particles with the following radii were counted in 0.05 ml samples:
0.39, 0.5, 0.63, 0.79, 1, 1.26, 1.59, 2, 2.52 and 3.17um . Particles in
this size range (1-2 um) produce most of the scattering in the

Sargasso and Mediterranean seas (Kullenberg, 1968, 1974), results



which have been supported by laboratory findings (Zaneveld et al.,
1974).

Water samples form each depth were processed for
concentrations of Chla using the procedure in Jeffrey and Humphrey
(1975).

Calculation procedure

The amount of scattered light in the direction @ from a randomly
polarized beam of unit intensity can be calculated using the
following equation (Mie, 1908):

l(@)=02(i1+i2)/(872)
where 9 is the wavelength of the incident light and, i1 and iz (the
scattered components with Electric vectors perpendicular and
parallel to the plane of observation!) are given by:
i1=[Z{Anmtn+Pn[Qrn-(1-Q2)1'n]}]2
io=[Z{An[Qmn-(1-Q2)n'n]+Pnmn}]?
In these formulae:

Q=cos@, where @ is the angle between the direction of propagation
of the scattered light and the reversed direction of propagation of
the incident light,

n, and ', are the Legendre polynomials and their derivatives of
order n. These can be calculated from the recurrence formulae:
nn=Q[(2n-1)/(n-1)]mn.1-[n/(N-1)]Tn-2

T'h=(2n-1)Tn.1+7'n-2

with mo=m"0=n"1=0.

1The plane of observation is defined as the plane containing the direction of observation

and the direction of propagation of the incident light.
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The An’s and Pn’s are functions involving Riccati-Bessel and
Riccati-Hankel functions, and are related to the Bessel functions of
half integral order:

An=[(-1)"+172(2n+1)/(n(n+1))][an]

Pn=[(-1)"+3/2(2n+1)/(n(n+1))][bn],

where,

an=[(£¥'n(B)¥n(£)-B¥'n(£)¥n(B))/(£¥'n(B) fn(£)-BF'n(£)¥n(B))]
bn=[(B¥'n(B)¥n(£)-£¥'n(£)¥n(B))/(B¥'n(B) fn(£)-L£f'n(£)¥n(B))]

B=m¢g, with £=2nr/d, r being the radius of the particle and m the
index of refraction of the particle relative to that of the surrounding
medium.

The major computational problem relies in evaluating a, and by.
However, defining An(B)=¥'n(B)/¥n(B), these terms can be re-written
(Wickramasinghe, 1973):
an={[An(B)/ m+ 1V £] R f( £) }- Re{ f 1(£) }}/ [(AA B)/ M+ 1V £) f( £) - fr1(£)]
b= {(MA B) +1V £) Re{f £) }- Re[ for-1(£) M/ [(MAY B) + IV £) f( £) - frr1(£
and the fn(£) and An(B) can be calculated using the following
relations:
fn(£)=((2n-1)/£) fn-1(£) - fn-2(£)

An(B)=-n/B + (n/B -An-1(B))"1
with  fo(£)=sinL+icosE, f.1(f)=cosL-ising, and Ag(B)=cosB/sinB.

The previous equations were used to calculate i1s and ixs for
each particle radius measured with the Coulter counter. Convergence
of the sums was fairly rapid because of the small £ values. Where

applicable, our results were confirmed against tables of light
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scattering functions for spherical particles previously published by
the National Bureau of Standards (1949), the University of Michigan
Engineering Research Institute (1951) and Wickramasinghe (1973).

In order to calculate the total scattered intensity at angle o, the
contribution from all the particles that scattered within the 30°
cone defined by the radiance collector was summed (the cone
surrounding the cosine collector surface held an apex angle of 30°,
see Figure 4.2). The distance within which a particle had to scatter
in order for the light to be detected by the cosine collector was
limited by the sensitivity of the instrument (105 pmoles/m2/sec).
This threshold distance was calculated knowing the attenuation
coefficient of the lake water at each wavelength using the formula
(Tyler and Preisendorfer, 1962)

d=-(1/k )log(l2/1+),
where |1 and l> are incident and outgoing light intensities
traversing a distance d of water. The attenuation coefficients for
each wavelength were generated using the same formula from
downwelling radiance measurements at 0.3 and 9 meters (Table 4.1).
The threshold distances are the limits from which a beam of unit
intensity would contribute a measured radiance of 10-°
umoles/(m2*sec*sr).

Knowing the previous parameters, the contribution to the total
scattered intensity at angle @ by each particle size (lp) was deduced
from

Ip = ()(I(@))(c)/exp(-kd)dV,
where c is the concentration of particles of radius r, | is the

incident radiance of wavelength o, (@) is the scattered intensity per



unit incidence (described earlier), and the integration is throughout
the volume of the imaginary cone with length d (Fig. 4.2).

The previous method for calculation of the total scattered
intensity at angle @ can be used, provided a correction is made for
the differential change in particle numbers with increasing volume.
The threshold distance for particle scatter was based on the
assumption that the light scatter came from particles that were
placed along a line normal to the cosine collector (Fig. 4.2). Thus, for
every infinitesimal element of length dl, the particles contained
within the volume limited by the cone radius were assumed to
scatter as if along a line normal to the cosine collector. This is
obviously wrong because the integrated volume is not a cylinder.
With increasing threshold distance, the extra particles in the
integrated volume will contribute an error proportional to the ratio
of the square of their radii (Fig. 4.2). Also the total error between
two threshold distances with radii ry and ro will be given by
f(kg/k1)2dl, where the limits of the integral are 10-> and 1
umole/(m2*sec*sr) (unit light intensity being detected by the
instrument). The light scattered at each wavelength was corrected
with respect to 360 nm, by multiplying the scattered intensities by
the factor (ky/kaso)?.

The above analysis was performed for the following wavelengths:

360, 380, 400, 440, 480, 520, 560, 600, 640 and 680 nm.
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Assumptions

Mie’s formulae apply to scattering by spherical particles. It is
obvious that this is an ideal case that does not hold for all particles
in natural waters; however, in the case of irregular non-absorbing
randomly oriented particles, the scattering can be attributed to that
produced by spherical particles with the same projected area
(Jerlov, 1976 pp. 28). It was therefore assumed that the particles
counted were inorganic (which absorb light minimally). This
assumption is consistent with the low phytoplankton (Chla) levels
found in Lake Cowichan during the study (Table 4.2, although these
are much higher than in the open ocean). Phytoplankton cells and
their decay products constitute the organic component of the lake's
water responsible for light absorption; their size range is usually
bigger (5-70 um range) than the size of the particles counted. A
relative refractive index of 1.2 was assumed for the ensemble of
particles; this value is within the range described by researchers
studying inorganic matter (Pavlov and Grechushnikov, 1966).

The application of Mie’s theory to scattering by a system of
particles further requires that these be independent, i.e. that the
distance between neighbour particles be at least three times their
radii (Van de Hulst, 1957). In this case, the intensities scattered by
each particle can be added to give the total scattered intensity.
Judging from particle counts found with the Coulter counter, this
assumption appears to hold for the waters of Lake Cowichan (Table
4.3).

In calculating the threshold distance within which photons must

be scattered in order to be detected by the spectroradiometer,
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vertical extinction coefficients were used for light travelling
horizontally or in oblique directions (scattered light). This
simplification may be used provided the waters are approximately
homogeneous with depth. The chlorophyll concentrations in Table 4.2
support this assumption; furthermore, this study took place in
epilimnetic waters of the lake, so drastic changes with deeper
water domains (metalimneon and hypolimneon) were avoided
(Wetzel, 1975).

Directionality of the sun's rays after having penetrated the
water was assumed to be maintained for the depths studied.
Measurements at both scattering angles show that this is generally
the case (Fig. 4.1), although the light rays become more normal
(perpendicular) to the water surface with increasing depth. For this

reason, the limiting depth for measurements was set at 9 m.

Results

Given the above assumptions, predictions using Mie theory can be
seen to differ up to 8.31 fold with measured light intensities (d=640
nm, Fig. 4.3, 3m depth). However, an average of 3.76 times (0.57 log
units) was obtained for the total data set (Figs. 4.3 and 4.4).
Standard errors from particle counts varied from 4.1 to 14.5% (Table
4.3) and account for part of the total error in the predicted
intensities. Nevertheless, because the remaining errors arising from
the change in directionality of the sun's rays with depth, the
uncertainty in scattered intensity produced by particles outside the
range counted and at neighbouring angles to the one measured, and

errors in the predicted A, and P, functions from assuming a general
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refractive index for all the particles are unknown, the overall
partition of errors cannot be gauged.

Predicted and observed radiances agree overall better at a
scattering angle of 131° (Fig. 4.3-4.5). When the particles doing the
majority of the scattering are bigger than 1/10th of the wavelength
of the incident light (non "Rayleigh particles"), Mie's theory predicts
an increase in the light scattered in the forward direction, thus
supporting this result. Scattering at smaller angles (e.g. 49°) is
partly accomplished by Rayleigh particles, and, in this case, the
scattering is inversely proportional to the 4th power of the
wavelength. This would argue for smaller predicted than measured
radiances in the UV wavelengths (330-450nm), a situation which is
generally not observed (Figs. 4.4 and 4.5). This may indicate that
scatter by smaller particles is not predominant in Lake Cowichan, as
observed for other water bodies (Zaneveld et al., 1974), or it may be
a consequence of the relative refractive index (see discussion).

The great similarity in the results obtained for both months can
be observed by comparing the slopes between predicted and observed
radiances for each month (Fig. 4.5). This similarity agrees well with
analogous findings comparing particle counts and phytoplankton

concentrations.
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Table 4.1. Attenuation coefficients for each wavelength for both months studied.

February 1.31 1.16 1.09 0.64 0.49 0.31 0.29 0.35 0.62 0.69
March 1.19 1.03 0.82 0.58 049 042 044 045 045 049
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Table 4.2. Chla concentrations and standard errors (in brackets) for both dives. Values

obtained from averages of two samples.

Depth (m) 0.3 3 6 9
Chla (mg/ml)
February 0.61 (0.052) 0.44 (0.12) 1.15 (0.55) 0.12 (0.08)

March 1.4 (0.09) 0.59 (0.35) 1.24 (0.93)  0.69 (0.5)



Table 4.3. Sample particle counts and associated standard errors (in percent of the
mean value) for 3 m depth. Values calculated from averages of 5 samples. Standard

errors from other depths were smaller or equal to the ones on this table.

r(um) 0.39 05 063 0.79 1 126 159 2 252 3.17
Counts

Feb. 8227 13699 22229 31718 41525 58340 22273 3039 1562 234
S.E.% 13.1 8.6 5.9 145 113 9.7 116 43 71 6.5
Mar. 5319 11754 72345 49529 40753 66521 40246 6319 1095 435
SE% 72 124 1441 132 86 123 179 57 64 938
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Figure 4.1. Spectral radiance with depth in Lake Cowichan during early March 1992.

Top, middle and lowest radiance curves correspond to scans taken in the incident light's

direction, at 131° and at 49° to it. (see Figure 2.2 in chapter 1) Note the differences in

radiance for the 131° and 49° curves, which demonstrates that a certain directionality

of the incoming radiation at the surface of the lake is maintained under water. The

ripples in the top surface scan were caused by waves.
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Figure 4.2. A view of the spectroradiometer with its light gathering cosine collector
(half moon structure), and the cone that restricted incoming light to an angle of 30°. The
picture also shows a hypothetical volume determined by a given threshold distance

within which a unit light of a specific wavelength must be scattered in order to reach the
cosine collector and be detected (10 pmoles/(m2*sec*sr)). From the picture,
ri=dq*tan15° (the extra distance within the spectroradiometer from the cosine
collector to the cone apex is insignificant compared to calculated ds) , and the volume up
to this infinitesimal cylinder will be given by: Jrr12dl = fr(d1tan15°)2dl. Because
the integrated volume is not a cylinder (dashed lines), the method of summing the
contributions from each particle within the volume to obtain the total scattered intensity
biases the results. With increasing threshold distance d, more "extra particles"
(particles outside the dash cylinder) will contribute to the scattered radiance:this will
give higher scattered radiances for wavelengths with smaller attenuation coefficients.
The ratio of scattered radiances contributed by "extra particles" in infinitessimal toroid
volumes with radii r1-2.5 cm and r2-2.5 cm is proportional to I(d1/d2)2dl (using
previous geometry and calculus; 2.5 cm is the diameter of the cosine collector). But d is
inversely proportional to k, the extinction coefficient; thus the previous ratio translates
to I(kz/k1)2dl. Because 360 nm gives the smallest d, all other wavelength radiances

were corrected with respect to it.
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Figure 4.3. Measured and predicted log1g spectral radiances for late February. Dark

circles and white circles are predicted and measured radiances at 131°, dark squares

and white squares are predicted and measured radiances at 49°.
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Figure 4.4. Measured and predicted log1( spectral radiances for early March. Same

notation as in Figure 4.3.
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Figure 4.5. Measured vs. predicted log10 spectral radiances for February and March.
Top two graphs are pooled data from all depths at 131° scattering angle (February at top
left corner). Lower graphs show data for 49° scattering angle (bottom right graph

shows data from early March). Note the close resemblance in the regression lines at each

angle between months.
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Discussion

Studies of light scattering under controlled experimental
conditions have found results differing by a factor of at least two
with predicted intensities using Mie formulae (Hepplestone and
Lewis, 1968). These differences, unexplained by experimental error,
have been associated with the inherent anisotropy of the particles
used (Maron et al., 1963).

Predictions in natural waters are more difficult because of the
additional errors brought about by the biochemical complexity of its
components and by uncontrolled variables. However, improvements
to the results presented in this study could be obtained by
restricting the measured intensities to a finer angle (thus lowering
the risk of multiple scattering) and measuring smaller size
particles that may be contributing an important part of the
scattered intensity through Rayleigh scattering, especially at small
wavelengths. Predicted scattering intensities at angles close to
180° would fit observations better with increasing particle size.

Measurements should also be restricted to surface waters where
directionality of the sun's rays is highly maintained after
correction for refraction (Fig. 4.1). Wave action may induce errors in
the predicted surface values due to complex patterns of refraction.
This may have contributed to the discrepancies in Figure 4.4 at 0.3 m
depth (see also Fig. 4.1). Measurements under calm water conditions
should therefore be favoured.

A major assumption and probable cause of error in this study
was the inorganic refractive index assigned to all the particles.

Undetected break-down products of chlorophyll (phaeopigments)



could be absorbing part of the light scattered or scattering light to a
lower extent, which would invalidate this assumption. This would
explain the higher values obtained for predicted UV radiances versus
those measured. One way to correct for differential scattering and
absorption by organic material is to assign a complex term
representative of the overall absorption by cells in the water to the
refractive index. The Mie calculations are far more complex in this
case though, and the results may not be improved because of the
independent scattering properties of inorganic vs organic particles.

The differences between observed and predicted components
deviate little between the two months studied (Fig. 4.5). Because the
same assumptions and conditions applied to the gathering of data
from both dives, and given the similarities in phytoplankton levels
between both months (Table 4.2), the results may reflect a similar
ratio of inorganic to organic particulates in the lake's water. If
predicted and observed results are always different by a constant
factor, the ratios at different times of the year could then be
correlated with biochemical measurements of organic and inorganic
matter concentrations in the lake's water to act as limnological
indicators of these parameters.

Although many uncontrolled variables confound results in
natural waters, this study shows that the scattered light field in
Lake Cowichan can be approximated, on average, within a factor of
3.76 using Mie scattering theory. The discrepancies found between
predicted and measured radiances are not due to Mie theory, but
rather to the simplifications made throughout the study. Clearly,

scattering by water molecules and absorption by phytoplankton
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cells, bacteria and DOM must also be accounted for to obtain better

approximations.
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Chapter 5
Spectral radiance, polarization components, and salmonid

vision

Introduction

Various fish species are sensitive to polarized light (halfbeak, A.
Zenarchopterus, Waterman and Forward, 1972; goldfish, C. auratus,
Hawryshyn and McFarland, 1987; sunfish, L._cyanellus, Cameron and
Pugh, 1991; rainbow trout, Q. mykiss, Hawryshyn et al., 1990). In the
case of salmonids, behavioural experiments have shown that these
fish are able to orient themselves to the most polarized plane of
light provided UV light is part of the stimulus (Hawryshyn et al.,
1990). In so doing, they require the incident light to be at least 65%
polarized (Hawryshyn and Bolger, 1990)

In nature, polarized light is created by particles scattering light
according to the general Mie theory (Mie, 1908), described in the
previous chapter. A special case of this theory, when the scattering
particles are smaller than approximately 1/10th of the incident
light's wavelength, predicts 100 % polarization of the light
scattered normal to the direction of the particle dipole (Van de
Hulst, 1957). This ideal situation is never the case in nature; thus,
animals using polarized light as a visual aid must be sensitive to
lower polarization levels.

Although a series of ecological advantages have been proposed
for fishes with such a sensory capability in the UV range, the UV
polarized light levels in natural water bodies inhabited by these

animals have never been calculated or measured. It was therefore
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the goal of this study to estimate such levels for Lake Cowichan. In
order to do this, the radiance measurements obtained in the UV
wavelengths from the previous chapter were used to calculate
scattered intensity components with E-vectors perpendicular and
parallel to the plane of observation. The scattered intensities and
its percent polarizations were compared to similar values used in
laboratory experiments eliciting fish responses (Beaudet et al.,
1991; Hawryshyn et al.,, 1990). This enabled us to assess whether UV

polarized light vision can be relevant in a mesotrophic lake.

Materials and Methods
Polarizati I
Using intensity and particle readings from the previous chapter,

the polarized light components can be calculated from the following
equations:

lperp.=(1)(82i1/(872))(c) Jexp(-kd)dV,

lpara.=(1)(32i2/(8n2))(c) Jexp(-kd)dV,
where the variables are as described in chapter 4.

Knowing these values, percent polarizations for each wavelength
were calculated in the following manner (Jerlov, 1976):
% polarization=(Imax-Imin)(100)/(Imax+Imin),
where Inax and Inin are the intensities in the maximum and minimum
polarized light planes. In this study, lperp. and lpara. may not represent
scattered radiances in the maximum and minimum polarization
planes, so the values found for this ratio may not be their maximum.
In all cases, one plane was more polarized than the other, and the

scattered intensity in this plane was designated |nax.
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The previous calculations were performed for the following
wavelengths: 360, 380, 400, 440 and 480 nm. The alpha band from
the absorption spectrum of salmonid UV cones absorbs
approximately from 300 to 450 nm; the peak absorption is centered
at 380 nm as determined by Compound Action Potential recordings
from the optic nerve of rainbow trout ,Q. mykiss (Beaudet et al.,
1991).

It is to be realized that whatever errors were made in the
previous chapter in predicting radiances are also part of this
chapter’s calculations. However, because percent polarization is the
quotient of two radiance values, the errors in previous calculations
will cancel out (provided the previous correction for threshold
distance as a function of wavelength is valid).

o | rafinal stimulai

The cone aperture (30°, or 1 steradian) corresponds approximately
to one half of the maximum angle separating two light rays that
would stimulate a specific region of the retina (Fig. 5.1). To
calculate this, 10 pupil diameters from five fish averaging 18.71g in
weight (s.e.= 3.61g) were averaged to give 3.84 mm (s.e.= 0.76mm).
This slightly curved distance (denoted P) can be regarded as part of
a circle centered at a point in the retina having radius r (Fig. 5.1, r
had an average of 6.79 mm (s.e.= 0.56 mm) for the five fish). It
follows that P= r | sinQ, where Q is the angle between the two most
distant rays that are able to reach the center of the circle, and the
integration limits are from 0 to Q. Inserting the previous averaged
values into the equation and solving for Q, this angle can be found to

be equal to 63.89°. The restriction of outside light stimulation



imposed by this angle may be important for the mechanics of

polarization sensitivity in young salmonids (see discussion).

Results

The polarized components and calculated percent polarizations for
each wavelength are shown in Table 5.1. At each depth only
wavelengths with scattered radiances above 10-4
umoles/(m2*sec*sr) were used in the calculation (this value
corresponds to the minimum ‘available irradiance' needed for
stimulation of UV cones in salmonids, Beaudet et al., 1991). The
calculated values show that the light is sufficiently polarized at a
scattering angle of 49°, for 440 and 480 nm, to drive salmonid
visual behaviour (Hawryshyn et al.,1990). Percent polarized light
values are lower in the sun direction (131° angle), results which
have been shown by Timofeyeva (1969) for polarized light in the
plane of the sun. In general, percent polarization decreases with
depth, which may be a consequence of increased multiple scattering.

Polarization results in the plane of the sun are very different
from similar results in the plane perpendicular to the sun’s plane
(the plane of the sun cuts the sun in two in the direction of the
incident light, Timofeyeva, 1969). Percent polarization in the plane
perpendicular to the sun approximates two Bell-curve distributions
symmetrical with respect to the sun’s plane and having maxima at
90° to it. The uniformity in horizontal polarized light visual fields
with orientation along the sun’s plane may be a further advantage

for fish orienting in this plane, as suggested in chapter 1. A uniform
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background irradiance and hue distribution for both eyes may be

more apt for detecting minute changes in the visual field.
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Table 5.1. Predicted polarization components and polarization percentages for the
various wavelengths studied as a function of time and depth. The abbreviations s and as
stand for the angles 131° (horizontal sun reading) and 49° (horizontal antisun
reading). All radiance values (Imax and Imin) should be mutiplied by 1072 to give the
predicted polarized light components in pmoles (of photons)/(mz*sec'sr). Note that
various polarization percentages at 49° are over 65%, a value which is sufficient for

salmonid orientation using plane polarized light (Hawryshyn et al., 1990).
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Depth (m)
February 0.3 3
a(nm) 2 Imin Imax %pol Imin
360 s 0.009 0.017 31 - -

as 0.022 0.0302 18

Imax %pol Imin

Imax %pol Imin Imax %pol

380 s 0.111 0177 21 - - - - - - . - .
as 0.019 0.039 34 - - - - . . » 5 i
400 s 0.501 0.718 18 0.02 0.03 20 - - - - - -
as 0.061 0.126 35 - - - z s = . -
440 s 0.854 1.34 22 0.163 0.196 9 0.0036 0.0039 4 - - -
as 0.054 0.254 65 0.057 0.25 63 - - - . .
480 s 119 1.27 3 0.161 0.1795 0.059 0.062 3 0.015 0.016
as 0.178 0.461 44 0.0079 0.031 59 0.003 0.007 40 - -
March
360 s 0.013 0.014 1 - - - - . . . - -
as 0.0048 0.016 54 - - - - . - - - -
380 s 0.028 0.083 7 - - - - . . . s i
as 0.088 0.243 47 - - - - = - - - -
400 s 0.1 0.132 14 0.0054 0.0102 31 - - 5 = . 5
as 0.131 0.444 54 0.0168 0.025 20 - - . - - -
440 s 0.905 1.035 7 0.053 0.067 12 0.028 0.047 25 0.01 0.013 11
as 0.154 1.23 78 0.034 0.171 67 0.0049 0.015 51 - - -
480 s 1.76 1.94 6 0195 0234 9 0.123 0.142 7 0.05 0.06 9
as 0612 212 55 0.103 0.31 50 0.02 0.051 43 0.004 0.01 44



Figure 5.1. Drawing of a fish's eye showing the biggest angle of incoming radiation

that can stimulate a given point in the retina. Different parts of the retina will be

stimulated by parts of the sky with different total % polarizations.

W, Vitreous fluid
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Discussion

The predicted percent polarizations show that fish navigation
using polarized light should be possible near surface waters
(Hawryshyn et al., 1990). It is important to realize that these values
could be higher for the angles measured (see methods) and should be
higher at an angle of 90° to the incident light (Rayleigh, 1889).
Percent polarization reaches a maximum around 440 nm and seems
to decrease towards longer wavelengths, as would be expected from
the inverse dependence of scattered light with increasing
wavelength (Rayleigh, 1889). Instead, the highly scattered short part
of the UV spectrum may show percent polarizations that are close to
being significant for visual processes (Table 5.1, March, 360 nm
value), but they are also highly attenuated by the water. Based on
these results, the hypothesis is proposed that polarized light vision
in salmonids and other pelagic animals living in mesotrophic or
eutrophic waters uses mainly wavelengths between 390 and 450 nm,
i.e. wavelengths towards the short wavelength part of the spectrum.
Interestingly, the B absorption band of the long wavelength cone
mechanism of salmonids absorbs maximally around 400 nm. It may
be that this band and the long wavelength side of the UV alpha band
provide the necessary information for polarized light navigation in
nursery lakes and coastal areas, while the B band of the middle
wavelength mechanism (which absorbs at lower UV wavelengths)
may be used with the UV alpha band for navigation in clear waters of
the open ocean and for contrast enhancement in all environments. If
such is the case, polarized light experiments should detect a

variation in the fish's sensitivity to the plane of most polarized



light when isolating the UV and long wavelength cone mechanisms
and testing for wavelengths between 390 and 450 nm; shorter
wavelengths are highly attenuated in the water column and therefore
of limited use in meso-eutrophic waters.

The realization that each point in the retina receives input from
a particular region of the outside environment at any instant in time
(a cone of 63.89° approximate apex for young salmonids, Fig. 5.1)
may have important implications for hypotheses regarding
mechanisms behind polarization vision. Because salmonids exhibit
behavioural responses only if a minimum number of photons are
polarized (Hawryshyn et al., 1990), neural signals from the cones to
higher nervous centers must depend on the percent polarization of
the light stimulus from the portion of the outside environment
illuminating them. It follows that, since each point in the retina is
illuminated by regions of the environment that differ in polarization
levels, comparison of neural outputs from cones in different parts of
the retina would pérmit detection of the band of most polarized
light. This, especially, if the cones are found across the retina, so
that inputs from all parts of the outside environment are processed.
It is worth noticing that this hypothesis for the detection of the
plane of most polarized light does not require neural outputs from
more than one type of cone mechanism sensitive to polarized light
(Hawryshyn, 1992), nor that the cones in one section of the retina be
aligned in specific directions to those in others (Cameron and Pugh,
1991). All that is required is sufficient polarized light in the
environment to drive one type of cone sensitive to the polarized

wavelengths and another type of cone that is insensitive to
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polarized light for brightness compensation (Ribi, 1980). The visual
field of both types of receptors would have to be equal so that mean
intensity and degree of polarization would not vary for a given
region of the retina containing them (i.e. a unit in the retinal
mosaic).

The above model for detection of the plane of most polarized
light does not conform to Kirschfeld’s (1972) model based on
simultaneous inputs from three cones (of which all may be
polarization sensitive or two polarization sensitive and one
polarization insensitive, Wehner, 1983, 1989). Thus, an animal with
only one cone type sensitive to polarized light would not be able to
detect unambiguously the E-vector of the incident light, unless it
sampled temporaly the outside light cue by moving its eyes (Ribi,
1980). The possibility therefore exists for such a system to be used
in nature.

Behavioural and electrophysiology studies have shown that
goldfish and juvenile rainbow trout can detect the E-vector of
polarized light even if the animal is immobile (Hawryshyn and
McFarland, 1987; Parkyn and Hawryshyn, In Press). It would
therefore seem that for these fish species, polarization detection
based on temporal displacement of one cone mechanism would be
redundant. However, the observed loss of cones during development
of rainbow trout may suggest that a one cone mechanism could be
active.

Large rainbow trout (>30g) lose their accessory corner cones
(believed to be the carriers of UV opsin) at all sites except along the

Embryonic Fissure and periphery of the retina (Beaudet et al., In
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Press). It is interesting to note at this point that the Embryonic
Fissure runs from the optic nerve head anteriorly, to the periphery
of the retina, in a curvilinear fashion. It is also interesting to note
that it is during this time in the fish’s life history (open ocean
dwelling for various Pacific salmonids) that navigation by polarized
light would be most beneficial as there are few other cues in the
environment to be guided by. A line of UV receptors (such as that
found along the Embryonic Fissure) is all that is needed
geometrically to detect a portion of the band of most polarized light
using only the UV receptor. Electrophysiology studies on the other
hand have shown that large rainbow trout (<30g) are insensitive to
the vertical E-vector of polarized UV light, and this has been linked
to the loss of UV cones from the retina (Parkyn and Hawryshyn, In
Press). Could it be possible that adult rainbow trout are merely
detecting differences in percent polarization using one type of
polarization sensitive photoreceptor (either the UV cones along the
Embryonic Fissure or the double cones in the rest of the retina, along
with short wavelength sensitive cones) to guide their movements?
This would also explain the inability of large rainbow trout to orient
during behavioural experiments (Hawryshyn et al., 1990).
Alternatively, the Compound Action Potential technique used to
record from the ganglion cells used by Parkyn and Hawryshyn (In
Press) may not be sufficiently sensitive to detect polarization
responses in large fish (Coughlin and Hawryshyn, In Press).
Hawryshyn et al. (1990) showed that when illuminated by
polarized light of wavelengths longer than 450 nm, young salmonids

were less able to orient to the E-vector of polarized light, than
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when illuminated by wavelengths smaller than 450 nm. However, in
these experiments, none of the cone mechanisms were adapted prior
to stimulation with UV polarized light. The results therefore do not
show that the observed fish behaviour could not be achieved with
only one cone mechanism sensitive to the UV polarized wavelengths.
Furthermore, because of the different scattering patterns, produced
by water molecules and dissolved “Rayleigh-type” particles, with E-
vector direction, it is conceivable that the fish were orienting to
differences in intensity distributions impinging on non-ventral parts
of the retina (i.e. receiving scattered light). This possibility should
also be evaluated in future research. Finally, the fact that 3 out of
11 fish “statistically” oriented to the E-vector under non UV
conditions leaves unanswered questions to the use of other
wavelengths for orientation (it is to be noted that this ratio
represents more than 25% of the sample size tested). Behaviour
orientation experiments of the type performed by Hawryshyn et al.
(1990) under a middle and long wavelength adapting background
should determine whether two cone outputs are needed for salmonid
orientation to plane polarized light.

Although there is evidence to support a polarized light
mechanism based on two inputs (a member of the double cone and
the UV cone) for rainbow trout (Hawryshyn, 1992), further research
needs to erase other possibilities while continuing to assert this
model. One may also ask from an evolutionary perspective what are
the advantages of investing in a two polarized light sensitive input
system when a one input system (and a brightness detector) may

“theoretically” do the job for orientation and contrast enhancement.
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From a biophysical perspective, a structural mechanism must also
be found that would explain laboratory observations. With respect to
this issue, structures such as the cristae of mitochondria occurring
in the ellipsoids of cones may be aligning in a particular direction
and acting as polarizers. Other structural elements present in great
quantities in retinal tissue such as microtubules (Matesic et al.,
1992) could also form polarizing filters. Yet other mechanisms for
creating polarized light like interference reflectors and wave-

guides should also be considered.



Chapter 6
Photopigment analysis of spectral sensitivity curves from

light-adapted rainbow trout and goldfish

Introduction

Colour vision in vertebrates is a result of differential excitation
of retinal photoreceptors absorbing at common wavelengths. Under a
white light background of moderate intensity (i.e. a background
within the active range of intensity for operation of all pigments),
the resulting spectral sensitivity of the animal will be a function of
the absorbance of all pigments and neural interactions taking place
at the photoreceptor level (Scholes, 1975; Normann et al., 1984) and
at higher processing layers in the retina and the brain (Neumeyer,
1984). Pigment absorption spectra (obtained from
microspectrophotometric measurements, Liebman and Entine, 1964,
Harosi, 1976) have been used to model spectral sensitivity curves of
isolated cone mechanisms (DeMarco and Powers, 1991), zones of
interaction between mechanisms (Yager, 1969, Normann et al.,, 1984;
Neumeyer, 1984, De Marco and Powers, 1991) and "full-spectrum"
(400-750 nm) spectral sensitivity curves from light-adapted
animals (Yager, 1967, Powers, 1978, DeMarco and Powers, 1991).
The main results from these studies show that the spectral
sensitivity curves obtained under white adaptation conditions can be
approximated by linear models of the form:

R= K1 (As) + K2 (Am) + K3 (AL) (Yager, 1967, 1969)
R= Ki (As) + K2 (Am) - K3 (AL) (Powers, 1978)

where R= spectral sensitivity response,
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K1,2,3= coupling coefficients, and
As m,L= absorbance of the short, middle and long wavelength
cones.

Although these models may conform to the general shape of spectral
sensitivity curves in general, they are not very accurate in regions
of intensive cone interaction. In such regions, substractive models
have been used to model the interaction between the two highest
absorbing pigments in the region of the spectrum examined (Naka and
Rushton, 1966, Sperling and Harwerth, 1971, Neumeyer, 1984).
However, in such studies, the contribution of a photopigment to the
spectral sensitivity curve in different regions of the spectrum is
often assigned opposite signs to match the data, which is counter-
intuitive to a single and consistent function of each type of
photoreceptor accross the spectrum (Sperling and Harwerth, 1971,
Hawryshyn and Harosi, 1991). Furthermore, such models, although
accurately fitting the response in the cone interaction region, may
not be accurate in the remaining region of the action spectrum
studied (see Hawryshyn and Harosi, 1991).

In a theoretical treatment of photopigments, Sirovich and
Abramov (1977) showed that any "pseudopigment"” curve had to
conform to the equation:

R=(X Bi APi(f))"P M
where R is the response curve, Ai(f) is the absorbance of pigment i
at light of frequency f, and p is an exponent resulting from the
mathematical requirement that the function describing the spectral
sensitivity curve is differentiable at the origin (see Sirovich and

Abramov, 1977). This last requirement would not be met if the curve



were a "spike" (i.e. the response was independent of wavelength);
given the shape of spectral sensitivity curves, this is not a rigorous
restriction. The B; coefficients are the differential coefficients
resulting from the previous requirement, they are the coupling
coefficients derived from the best fit of the model to the data.
Equation 1 is non linear. The coupling coefficients and the exponent p
describe the contribution of each photopigment to the spectral
sensitivity curve (which can be regarded as a combination of
"pseudopigments") and the complex interactions occurring between
cones and at higher processing levels.

In order to model the spectral sensitivity curves of light
adapted goldfish and rainbow trout, equation 1 was inserted into a
computer program that used the Simplex algorithm (Caceci and
Cacheris, 1984). The coupling coefficients generated by the model
were analyzed in terms of the intensity of the background adaptation
used. The results showed the contribution of each cone type to the

visual response with varying radiance.

Materials and methods
S | e

The data for the goldfish curves were obtained from Hawryshyn
(1991). The spectral sensitivity values were normalized to expand
the same range as the absorption curves for the pigments. These
were generated from Bernard's (1987, pers. comm.) eighth order
polynomial template for vertebrate cone absorption.

The measurements of spectral sensitivity for light-adapted

rainbow trout were obtained using compound action potential
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recordings from the optic nerve of young rainbow trout (<15 g in
weight). The surgical and recording procedure used was similar to
the one appearing in DeMarco and Powers (1991); however, platinum
electrodes were inserted dorso-laterally forward through the optic
tectum into the optic nerve, instead of using a suction electrode in
which to draw the optic nerve. Also a third order polynomial was
fitted to the plot of log response amplitude vs. wavelength (Beaudet
et al., 1991). A third order fit is more accurate than the first degree

fit used by DeMarco and Powers (1991).

rve-fitti

The Simplex algorithm optimizes the model fit to the data by
minimizing the sum of the squared residuals: . (ri-ri')2, where the
r; are the spectral sensitivity response values observed, and the rj'
refer to the predicted response values according to equation 1. This
optimization is achieved by assigning weights to each residual
square (ri-ri)2 so that the sum of square residuals (depicting the
entire spectral sensitivity curve fit) is a minimum. To do this, the
algorithm creates a 6th dimensional simplex (a simplex is a
geometric figure with one more vertex than the space in which it is
defined has dimensions) and "moves" it through the data points
according to four mathematical mechanisms (reflection, expansion,
contraction and shrinkage) (Nedler and Mead, 1965, Caceci and
Cacheris, 1984). The coupling coefficients and exponent (p) were

obtained using this technique.
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Results

The fits of equation 1 to the rainbow trout and goldfish data are
very good (Figs. 6.1 and 6.2); in every case the sums of squares (SS)
is less than 1.04. Because the goldfish data was obtained using a
behavioural technique, as opposed to the electrophysiology procedure
used for obtaining the rainbow trout data, the scatter is somewhat
higher for goldfish data.

The coefficients in Figure 6.1 are highest for the UV and short
wavelength cones, which is consistent with the two peaks in
sensitivity shown on the curve. Similarly, the decrease in
sensitivity in the middle and long wavelength parts of the spectrum
is depicted by the smaller coefficients found for the highest
absorbing cones in these parts of the "visual" spectrum. The model
curve is also seen to accurately follow depressions in the spectral
sensitivity curve where antagonistic interactions between cones
have been postulated by various authors (Powers and Easter, 1978,
Hope and Dawson, 1979, Neumeyer, 1984).

Analysis of the goldfish data using equation 1 shows that the UV
cones are most sensitive at intermediate intensities (UV=0.92,
curve 3, Fig. 6.2). The same conclusion had been reached by
Hawryshyn (1991) matching nomograms to the data. However, the
contribution of each photopigment was unknown. In these series of
curves, the long wavelength cones appear to dominate the spectral
sensitivity curves at all times. This may result from the fact that
the long wavelength cone expands the broadest action spectrum and

can therefore dominate in photon catch.
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It is interesting to note that intermediate intensities correspond
to light conditions during crepuscular periods (Hawryshyn, 1991), a
time when polarization of UV wavelengths in the sky may be a

navigational tool used by salmonids (Hawryshyn, 1992).
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Figure 6.1. Characteristic spectral sensitivity curve from light-adapted rainbow

trout (8S=0.011). The coupling coefficients are indicated on top of the figure.
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Figure 6.2. Spectral sensitivities of goldfish under backgrounds of varying light

intensity. Data points from Hawryshyn (1991).
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Discussion

The accuracy of the fits obtained using equation 1 shows that
this non linear summation model describes best the cone mechanism
interactions making up the spectral sensitivity curves. These are
observed to be antagonistic as described by various authors
(Newmeyer, 1984). Linear models were also attempted, but the fits
using these models were less satisfactory. The non linearity of
equation 1, and the fact that the p parameter does not appear to
follow a smooth trend with increasing wavelength (Fig. 6.2),
suggests that complex signal interactions are taking place to make
up the signal recorded from the optic nerve. Further research using
more accurate electrophysiological recordings should determine if
this is an artifact of the scatter in the data of Figure 6.2, or
whether the parameters in equation 1 are indeed unpredictable.
Whatever the case, Equation 1, or any other curve-fitting model,
cannot reveal the visual processing taking place. Only a thorough
understanding of the signal processing at every level from the
photoreceptor cell layer to the optic tectum, would permit an
accurate prediction of the spectral sensitivity given an incident

light stimulus.
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Chapter 7
General Discussion
The light measurements presented in this work clearly show that
in meso-eutrophic waters, all the photoreceptor cones can be
stimulated to significant depths (15 meters or more). Thus, a wide
arrangement of visually-mediated behaviours are possible provided
the animal has the retinal capabilities of processing the light cues.

The presence of UV light in surface waters indicates that UV
sensitivity observed in laboratory conditions (Browman et al., 1992,
Hawryshyn et al., 1990) may be relevant in nature. Whether this is
the case will be extremely difficult to show, the reason being the
impossibility of dissociating visual light cues from all other cues
(magnetic, chemical, thermal and salinity dependent, Quinn, 1980,
Westerberg, 1982, Quinn and Dittman, 1991) present in nature.
Perhaps statistical treatment of data from tagged salmon wearing
non-UV-transmissive lenses (or some other mechanism to prevent
the use of UV light) would show that UV visual cues play a
significant role in salmon feeding performance and/or orientation
during migration. In any case, large scale experiments in natural
conditions are required to test whether the postulated behaviours
are practiced by wild salmon.

One of the subjects presented in this work that needs field
measurements is polarized light. To date, there are no measurements
of UV polarized light, yet the entire orientation hypothesis relies on
such visual cues being present in nature. | suspect, from the
theoretical results presented in chapter 5 that sufficient polarized

UV light for visual cues will be restricted to near surface depths
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(less than 9 m) for meso-eutrophic waters. However, because of the
many assumptions made in these calculations, only field
measurements will show exactly what is available for visual
processing.

Perhaps one of the interesting avenues for further research is
work in the open ocean, because transmission of UV wavelengths
would be more favourable in this environment (Smith and Baker,
1979). The overwhelming presence of small ("Rayleigh-type")
particles in this environment would further increase the
polarization of UV light and, as a consequence, the chances of it
being used by salmon. Topographically, the absence of land marks and
derived cues from river outflows (such as salinity gradients and
chemical odours), would favour the use of other senses (such as
polarized light navigation) by adult salmonids returning from the
ocean to their home streams. Interestingly, as outlined in chapter 5,
adult salmonids retain corner cones along the Embryonic Fissure
(Kunz, 1987, Beaudet et al., In Press), which may be functional
during home migration.

The detection of UV light by animals living in coastal waters of
Vancouver lIsland, where penetration of this light is considered low,
suggests that this sensory capability may be wide spread in tropical
oceans where waters are oligotrophic (Jerlov, 1976). The great
diversity in colours of corals and reefs in these environments may
be appropriate for extensive use of UV light (reflection off sands
and corals, contrast enhancement against bright colours..etc).
Temperatures and sunlight conditions are also favourable to

researchers studying UV light!
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The data collected in this project will hopefully serve not only
vision researchers but also the entire community of marine
biologists, oceanographers and meteorologists working with some
aspect of light. For instance, Photosynthetic Available Radiation
(PAR) can be calculated using the values presented. The light values
can also be used as accurate indicators of the turbidity of meso-
eutrophic waters. Finally, in an era when ozone depletion may have a
significant impact on biological life, these values may be used along

with others to detect possible impacts on aquatic ecosystems.
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