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Visual Biology of Hawaiian Coral Reef Fishes. III. Environmental Light
and an Integrated Approach to the Ecology of Reef Fish Vision
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In the previous two papers in this three-part series, we have examined visual
pigments, ocular media transmission, and colors of the coral reef fish of Hawaii.
This paper first details aspects of the light field and background colors at the microhabitat level on Hawaiian reefs and does so from the perspective and scale of
fish living on the reef. Second, information from all three papers is combined in
an attempt to examine trends in the visual ecology of reef inhabitants. Our goal is
to begin to see fish the way they appear to other fish. Observations resulting from
the combination of results in all three papers include the following. Yellow and blue
colors on their own are strikingly well matched to backgrounds on the reef such as
coral and bodies of horizontally viewed water. These colors, therefore, depending
on context, may be important in camouflage as well as conspicuousness. The spectral
characteristics of fish colors are correlated to the known spectral sensitivities in reef
fish single cones and are tuned for maximum signal reliability when viewed against
known backgrounds. The optimal positions of spectral sensitivity in a modeled dichromatic visual system are generally close to the sensitivities known for reef fish.
Models also predict that both UV-sensitive and red-sensitive cone types are advantageous for a variety of tasks. UV-sensitive cones are known in some reef fish, redsensitive cones have yet to be found. Labroid colors, which appear green or blue
to us, may be matched to the far-red component of chlorophyll reflectance for
camouflage. Red cave/hole dwelling reef fish are relatively poorly matched to the
background they are often viewed against but this may be visually irrelevant. The
model predicts that the task of distinguishing green algae from coral is optimized
with a relatively long wavelength visual pigment pair. Herbivorous grazers whose
visual pigments are known possess the longest sensitivities so far found. ‘‘Labroid
complex colors’’ are highly contrasting complementary colors close up but combine,
because of the spatial addition, which results from low visual resolution, at distance,
to match background water colors remarkably well. Therefore, they are effective
for simultaneous communication and camouflage.

T

HE way humans see the world is very different from the way it appears to other animals (Lythgoe, 1979; Endler, 1990; Marshall,
2000a). Nowhere is this difference likely to be
more dramatic than in aquatic and marine environments (Loew and McFarland, 1990; Chiao
et al., 2000a). The selective filtering and scattering of light by water is a dominant process in
determining the nature of both underwater visual systems (Partridge, 1990; Bowmaker, 1990;
McFarland, 1991) and the colors used in marine
signaling systems (Lythgoe, 1968a; Levine et al.,
1980; Marshall, 2000b), and therefore, it is examined here in some detail. Underwater light
measurements are common (Kampa, 1970; Jerlov, 1976; Kirk, 1983); but with few exceptions
(Levine and MacNichol, 1979; McFarland, 1986;
Marshall, 2000a), they were not made at the microhabitat level. This fine scale of measurement
is particularly important on a coral reef because
the light field changes rapidly not only with
depth but also with immediate surroundings

(Levine and MacNichol 1979; Chiao et al.,
2000a,b).
In addition to controlling general aspects of
the light field at any location on the reef, the
intervening water between observer and target
has a dramatic effect on the way colors and patterns appear (Lythgoe 1979, 1988; Vorobyev et
al., 2001). To simplify analyses, we presume that
the visual interactions occur over relatively short
ranges and in clear waters. This is common for
interactions on the reef where predators, prey,
and conspecifics are often close to one another.
In combination with ambient light measurements, three other bits of information are needed to attempt a good description of the way the
world appears to any animal: the visual system
(described in Losey et al., 2003), the colors of
possible signals (described in Marshall et al.,
2003) and backgrounds (described here) and
the behavior of the animal in relation to all other factors (e.g., Hailman, 1977a,b; Lythgoe,
1979). What we lack mostly in this series of pa-
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pers is the behavioral information, but the measurements we have made can aid in making predictions and hypotheses around which nonsubjective behavioral tests can be constructed on a
species by species basis. Previous attempts to do
this in fishes using some or all of the four elements needed include Barry and Hawryshyn
(1999a,b) and Marshall (2000b) and in birds
Vorobyev et al. (1998).
MATERIALS

AND

METHODS

Spectrophotometric light measurements.—Light in
the ocean was measured with a 10 or 30 m UVtransmitting fiber with a radiometric head (58
or 158 acceptance angle) or irradiometric head
(1808 acceptance angle) on the end. This was
lowered to the desired depth or held at the desired location by a diver to avoid shading the
sensor. For most spectral measurements, an
Ocean Optics S2000 spectrometer was used to
allow fast averaging of 10 samples per measurement. For visual considerations, light is best
quantified in photons or relative photons rather
than in units of energy (McFarland and Munz,
1975), hence, all readings are converted to this
scale.
Model of reef fish vision.—A mathematical model
is used here to predict which two visual pigments in a supposed dichromatic system are the
best pair for detection of a variety of fish colors
viewed against natural backgrounds, the backgrounds in some instances being other areas of
the same fish. The tasks given to the model were
chosen from visual problems covering a wide
spectral range. All are real detection problems
faced by fish trying to eat or mate with each
other, compete for territory or food and fish
looking for algal based foods. They are as follows: (1) Yellow fish against horizontal deep-water background light; (2) Blue fish against average coral; (3) Red fish against horizontal deepwater space-light; (4) Blue/UV fish against average reef color; (5) Blue/UV fish against horizontal
deep-water space-light; (6) Blue/UV fish against
yellow fish; (7) Blue fish against yellow fish; (8)
Yellow fish against average reef color; (9) Algae
(the average of the five algae measured for average reef color) against average coral; (10) Yellow
fish against horizontal shallow water space-light.
Color nomenclature here follows that of Marshall et al. (2003) in which specific color categories appear in italics and general descriptions
of colors or groups of colors (i.e., all yellow categories) are written in standard font.
The color vision model was modified from
ones previously used (Lythgoe and Partridge,

1991; Vorobyev and Osorio, 1998; Chiao et al.,
2000b) with some simplifications and assumptions. It is based on estimating the number of
photons that the two different cones capture as
they view the world. Comparison of the subsequent output from these cones is the basis of
all color vision. It uses the following data: I, irradiance or incident light (measured in quanta)
that follows a cosine function of the angle of
incidence; S, the spectral sensitivity function
(expressed as a proportion) of the cones; and
R, the spectral reflectance (expressed as a proportion) of the surfaces being viewed. The
number of photons q captured by cone type 1
within the range 300—800 nm is then:

O
800

q1 5

l5300

(I 3 S1 3 R)

(1)

Rather than encoding total photon catch, visual systems usually work on contrast signals
(Lythgoe, 1979) so the response to a target (t),
or the color being examined, is relative to the
background (b) against which it is viewed. The
response (r) of cone 1 to the target, assuming
that cone 1 is adapted to, or within the lighting
context of, the background, is given by:
r1 5 (q1(t) 2 q1(b))/q1(b)

(2)

The colors of objects are decoded by all known
dichromatic systems as a chromatic signal (C),
the difference between cone responses:
C 5 r1 2 r2

(3)

The larger the value of C, the stronger the
chromatic signal or contrast between fish and
background. Our model compares all possible
pairs of visual pigments, in 5 nm steps, with
peak values (l-max) between 350 and 600 nm,
and calculates C for each pair.
There are four assumptions and differences
from previous similar models. First, possible
cone spectral sensitivities are calculated using
the method of Hart et al. (1998) but use visual
pigment a-band or primary long wavelength absorption only and not the b-band or secondary
absorption peak at short wavelengths. This is a
reasonable estimate of most reef fish cone spectral sensitivities known, because the light reaching the photoreceptors is filtered by the eye’s
ocular media (Losey et al., 2003), which reduces
much of the short wavelength b-band sensitivity
of the cones. Second, visual interactions occur
in the top few meters of water where the full
spectrum is abundantly available (we use the
surface data from Fig. 1A), so that the cones will
show a linear response to photon catch (Wyszecki and Stiles, 1982; Vorobyev and Osorio,
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Fig. 1. Light habitat and water color in a variety of habitats and microhabitats near Kaneohe bay, Oahu,
Hawai’i. All values are in relative photons/sr/nm for radiance and relative photons/cm2/nm for irradiance.
(A) Depth series in a channel 400 m west of Coconut Island, using an upward-pointing 1808 irradiance collector
on a cloudless day close to 1200 h (Station 3 below). Values are presented for surface irradiance (dashed line
with sensor just submerged) and depths 3, 6, and 10 m in decreasing thickness. (B) Horizontal radiance
(collection angle of sensor 5 68) at Stations 1, 2, and 3 shown in the map below. All were taken at a depth of
1 m with the detector directed out to sea. The bottom depth at each position was (1) 30 m; (2) 4 m; and (3)
7 m. (C) Radiance at 1 m depth over 30 m of water in 3 directions: up, thick line; horizontal, medium thickness;
and down, thin (Station 1 below). (D) Radiance at 1 m over 4 m depth on a reef flat. Horizontal, thick line;
down, medium, thickness. Thin line, radiance from the back of a cave/hole on the reef at 4 m depth. The
hole was recessed approximately 1 m (Station 2 below). (E) Map showing station locations in Kaneohe Bay
where light measurements were taken.
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1998; Chiao et al., 2000b). Third, the target is
situated in clear reef water at a distance of only
1—2 m, where the attenuation of intervening
reef water is negligible. The second and third
assumptions allow the model to examine only
colors and visual sensitivities, with no influence
of external light conditions that change rapidly
in relatively deep or turbid waters or over distances greater than a few meters. Recent evidence suggests that many reef fish are not capable of seeing their own color patterns clearly
beyond 5 m (Collin and Pettigrew, 1989; Marshall, 2000b). Finally, target and background
are equally bright (Osorio, 1997, 1998; Vorobyev and Osorio, 1998) so that only the chromatic or hue component of signals is considered, not brightness (Barry and Hawryshyn,
1999a,b).
RESULTS
General conditions.—Light in the ocean, including that around Hawai’i, has been measured on
a number of occasions ( Jerlov, 1976; Kirk, 1983;
Barry and Hawryshyn, 1999a) but never in respect to difference among microhabitats. With
increasing depth, light in Kaneohe Bay is attenuated strongly at long and short wavelengths
(Fig. 1A) but particularly beyond 600 nm (Barry
and Hawryshyn, 1999a). This pattern of attenuation is typical for shallow coral reef habitats,
close to large land masses (McFarland, 1991).
In the Jerlov ocean water classification system
( Jerlov, 1976), it is approximately ‘‘Jerlov 1
coastal’’ type. Shallow, near-shore water is
greener than the waters around deeper oceanic
atoll reefs or barrier reefs far from shore
(McFarland, 1991). This is chiefly because of
phytoplankton and dissolved organic matter
from freshwater river run-off. Hawaiian waters
close to Kaneohe Bay are also perhaps now
greener than they used to be before the bay
became heavily populated (Banner, 1974; Smith
et al., 1981) but are similar to non-populated
waters around Heron and Lizard Island in Australia (Marshall, 2000a). The ‘‘greening’’ of water from deep offshore to shallow inshore sites
can be seen in transect measurements taken
from the Kaneohe Bay, Sampam Channel (Fig.
1B, E). Changes in water color are also affected
by reflection from the bottom substratum in
shallower waters (Lythgoe et al., 1994; McFarland and Munz, 1975).
Irradiance here measures light over the 1808
upper hemisphere from the sensor as a cosine
function. It is useful for measuring the ambient
light conditions surrounding a fish and predicting the light that will be reflected from a diffuse

reflector like much fish skin. Radiance measures narrow down the acceptance angle of the
sensor (here to 58 or 158) and look at differences in light from different directions (McFarland, 1991). It is also a valuable indicator of
the light that will be captured from specific target areas by an observer’s eye. Radiance at 1 m
with the sensor pointed up, horizontally and
down in deep and shallow water, respectively, is
shown in Figure 1C–D. This provides a measure
of light entering the eye from different angles
and an indication of the color of the background in three directions. Over deep water, as
might be found looking out from reef edge
drop-offs, there is an increase in short wavelengths, especially the UV (wavelength , 400
nm), as the sensor is rotated from pointing
down to up (Fig. 1C). At wavelengths beyond
500 nm, horizontal and downward measurements are essentially identical and drop close to
zero beyond 600 nm. Downward radiance (entering the upward-pointing sensor) at 1 m is
identical to that of blue sky in air and contains
substantial long-wavelength radiation (all measurements were taken in noncloudy conditions;
for details of differences between cloudy and
clear days, see McFarland and Munz, 1975).
Downward radiance (upward pointing sensor) over shallow water is not plotted because it
is identical to the measurement over deep water
(they are both 5–158 angular measurements of
the sky through shallow water). Horizontal- and
downward-pointing measurements over shallow
water, in this case over a shallow reef flat, are
strongly affected by two factors, the proximity
of the substratum and increased organic matter
in shallow waters, as seen in transect measurements (Fig. 1B). As a result, there is a ‘‘greening’’ shift with maximum radiance lying close to
or beyond 500 nm in shallow water. There is
also a general increase in long wavelength radiance, beyond 600 nm, probably the result of
reflection of sky light from the reef substratum
and the color of the reef itself. This is particularly notable in the downward-pointing measurement where a strong chlorophyll signature
is seen in the sharp peak just beyond 700 nm.
Microhabitat measurements and viewing backgrounds.—The horizontal and upward-pointing
measurements of Figure 1C–D and the downward-pointing measurement of Figure 1C are
background light against which fish up in the
water column will be seen, depending on the
position of the observer (Fig. 2a–b; Longley,
1915, 1916a,b). Bottom-dwelling fish and fish
seen from above will appear against the reef
substratum when viewed from above. In this in-
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Fig. 2. Fish colors (thin lines) as normalized reflectance and backgrounds against which they may be viewed
(thick lines). For (A), (B), (E), and (F), the background is normalized radiance in relative photons/sr/nm
(Fig. 4). For (C) and (D), the backgrounds are normalized reflectance. Each graph shows a selection of similar
colors and known natural backgrounds to which they are well or approximately matched. (A) Blue, Blue/UV
and Blue/UV hump colors (Table 1; for color category explanation, see Marshall, 2000a) and background,
radiance measured upward at a 1 m (thick solid line) background radiance measured horizontally at 1 m in
deep (30 m) water (thick gray line). (B) Green, green/UV, and labroid green colors normalized to green
peak and background, radiance measured horizontally at 1 m in shallow (3 m) water over a reef flat. (C)
Yellow colors and background of ‘‘average reef’’ reflectance (average of seven coral and 10 algae, Marshall,
2000b). This curve has been normalized to its green peak to emphasize similarity in the 500 nm change in
the reflectance of average reef (the green we see in chlorophyll) and fish yellows (Fig 3). (D) Blue/red, blue/
far red, and labroid green colors and average reef reflectance (same as in C) normalized to the far red
component of chlorophyll which we do not see. (E) Red of the cave/crevice-dwelling fish holocentrids and
Priacanthus sp. and the radiance from the back of a cave at 3 m. (F) Blue/red, blue/far red, and labroid green
colors and cave radiance.

stance, the color of the reef can also be estimated by direct reflectance. An estimate of average reef color has been made from an average
of 15 reflection measurements of different coral
species and 10 reflection measurements of species of algae chosen to represent those commonly found on Hawaiian reefs (Figs. 2c—d, 3).
A second average coral color (average of 250 reflection measurements of a variety of corals) is
also used in some of the model calculations detailed later. Average reef color is largely the result
of reflection from chlorophyll contained in
both the free-living coral and the zooxanthellae

or symbiotic algae within coral polyps. These average spectra are very similar to the individual
spectral reflectance of most spectra taken and
probably represent a good estimate of the backgrounds many fish are seen against. It should
be noted, however, that a fish may incidentally
or purposefully be seen against certain reef
backgrounds that differ substantially from the
averages.
As many reef fish spend substantial amounts
of time in deep recesses in the reef, a measurement of irradiance toward the back of a cave, 1
m from the entrance and at 3 m depth, was tak-
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Fig. 3. Yellow of the yellow phase of the flutemouth, Aulostomus chinensis, compared to two backgrounds against which it may appear, average reef color
and blue water viewed from a reef edge (i.e., over 30
m Fig. 2C). (A) Normalized reflectance of A. chinensis,
gray curve; average reef color (Fig. 3C–D), thick black
curve; normalized irradiance (relative photons/cm2/
nm) at 3 m depth (Fig. 2A), thin black curve. (B)
Three calculated radiances from a reef scene containing A. chinensis. Aulostomus chinensis at 3 m, gray curve
(the result of multiplying irradiance and Yellow color
in A); average reef color at 3 m, thick black curve (the
result of multiplying the average reef color and irradiance curves in A) and background space-light blue
water, thin black curve (Fig. 2C) as might be seen
near the edge of a reef.

en to characterize this microhabitat. Up to 500
nm this is a dim version of light outside the cave
and is the result of scattered light entering the
cave entrance. Beyond 500 nm, however, cave
light is strongly dominated by a chlorophyll signature (as seen in upward radiant light from the
reef outside the cave; Fig. 1D), a broad peak
from 500—680 nm and a sharp peak just beyond 700 nm (Kirk, 1983). This is probably because of the encrusting red algae often found
lining the walls of reef caves but could also be
the result of light filtering through coral above
or even because of fluorescence from coral and
algae.
In all these light habitats, even those at 10 m
or in cave habitats, violet/UV light (below 420
nm in Fig. 2) is still present in visually usable
quantities. In clear open oceanic water, UV may
penetrate to 400 m (Frank and Widder, 1996)
and is certainly visually relevant in shallow water
(Loew et al., 1996; Losey et al., 1999; Siebeck
and Marshall, 2001).

Visual modeling.—Combining the results for the
wavelengths of coloration pigments (Marshall et
al., 2003) with the wavelength of maximum sensitivity of Hawaiian reef fish visual pigments
(Fig. 4C; data from Losey et al., 2003) suggests
some degree of interrelationship in their placement. Step-shaped colors have an abrupt increase in reflectivity that persists through long
wavelengths (Fig. 4A). For these step-shaped
colors, the observed visual pigment maximum
sensitivities tend to be offset on either side of
the coloration step. Peak-shaped colors show a
pronounced maximum reflectivity and then decrease to a minimum at the long and short
wavelength ends of the visible (to fish) spectrum. For these peak-shaped colors, the observed visual pigment sensitivity peaks associate
more closely with the coloration peaks (Fig.
4B). The overall visual sensitivity peaks achieved
when considering both the visual pigments and
transmission of light through the ocular media
(from Losey et al., 2003; Fig. 4D) are slightly
shifted to longer wavelengths and agree well
with the range of visual sensitivities predicted by
our model.
Four ranges of spectral sensitivity were predicted by consideration of the various natural
tasks (Fig 5D): 355—380 nm, 410—430
nm,455—520 nm, and 580—610 nm. Three of
these, including UV sensitivity, are relatively well
matched by known sensitivities (Fig. 4A). The
fourth sensitivity predicted lies at very long
wavelengths, around 600 nm.
Samples (Fig. 5) of the individual results from
the model for three specific tasks are representative of the entire set (Table 1). For detection
of a yellow fish against blue open water, a blue
to green (optimum 520 nm) visual pigment
should be paired with a short-wavelength-sensitive pigment that could range between 360—
450 nm (Fig. 5A). For detection of a blue fish
against an average coral background (Fig. 5B),
two solutions were found: a short-wavelengthsensitive pigment (approximately 435 nm)
could be paired with a green-sensitive pigment
(approximately 525 nm) or a UV-sensitive pigment (approximately 370 nm). Detection of a
red fish against a blue midwater background
could pair a wide range of pigments (350—520
nm) with a long-wavelength-sensitive pigment
(approximately 580 nm). Results from additional tasks all fit one of these three solutions (see
Discussion).
DISCUSSION
Fish colors and background: Camouflage and conspicuousness.—The colors of Hawaiian reef fish
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Fig. 4. Comparison of visual pigment l-max-values (Losey et al., 2003), visual sensitivities (calculated using
Losey et al., 2003; ocular media data and visual pigments), predicted visual pigments from the model (Fig. 5)
and fish color peak and R50 points for color steps (see Discussion). All histograms are data in 5 nm bins
scored on the y-axis. (A) Histogram of R50 points for steplike reflectances from all fish measured. From 4–6
clusters exist (Marshall et al., 2003). Vertical, lightly shaded boxes indicate the l-max ranges of known or
predicted cone types as shown in (C). The darkly shaded horizontal box indicates the l-max ranges of known
rods. (B) Histogram of maximum wavelengths for peaklike colors from all fish measured. Three or four clusters
exist. Bars are the same as those in (A). Shaded boxes are as in (A). (C) l-max peaks of known single cone
visual pigments (McFarland et al., 2003) plotted as a histogram for ease of comparison with (D). (D) Sensitivity
peaks of single cones calculated from cone absorptions and, where known, ocular media transmission (Losey
et al., 2003). Cones from fish for which no ocular media data exist are not plotted. Gray bars, in this case, are
the ranges of predicted sensitivity peaks from model calculations for 10 natural discrimination tasks on the
reef.

(Marshall et al., 2003) can now be compared to
radiance or reflection measurements that quantify the backgrounds against which fish are seen
(Fig. 2). Five points are notable.
First, blue fish are often a good match to
background light radiant from above or horizontally over relatively deep water (Fig. 2A). As
has been noted qualitatively before (Longley,
1917; Lorenz, 1962; Lythgoe, 1979), this will
render the fish, or blue parts of fish, well camouflaged against these backgrounds (Marshall,
2000b).
Second, green fish are an approximate
match, at least up to 700 nm, against shallow,
horizontally viewed space-light above a reef top
(Fig. 2B). Many predominantly green fish are
members of the labrid or scarid families, and
these species are often found in the shallow waters over reef flats. Longley (1917) noted subjectively that green reef fish were often found
living over green (algal) substrates.

Third, Yellow fish are a very good match to
average reef color (relative to its green peak) up
to 550 nm (Fig. 2C). Two further observations
mean that this match may be especially good for
reef fish. First, the spectral sensitivities of reef
fish are mainly short-wavelength sensitive (Lythgoe, 1966, 1980; Losey et al., 2003); thus, differences in reflection beyond 550 nm will be
less detectable, certainly compared to a human
observer, than those occurring below 550 nm.
Second, at moderate depth, light beyond
600nm is heavily filtered by reef waters (Fig. 1).
As a result, the differences in reflection between
average reef color and yellow become negligible
(Fig. 3).
The spectrum of light reflected from any yellow fish and from average reef color at 3m is in
fact the product of irradiant light at 3 m (Fig.
2) and the reflectance of each object. Figure 3
shows the result of this calculation for the yellow
phase of the trumpetfish, Aulostomus chinensis,
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Fig. 5. Model predicting ideal visual pigment pairs for an imagined dichromatic visual system in a number
of natural situations on a reef. Three examples of the natural tasks chosen are shown here. Data for each
example is shown as a best visual pigment pair density plot on the left (see Materials and Methods) and a
graph on the right with normalized colors being discriminated (thick black and gray curves) and the visual
pigment pair predicted (thin curves). Numbers for density differences from black (best) to light (worst)
stippled are on an arbitrary scale for each graph, the black areas encompassing visual pigment pairs of equal
and highest efficiency. Best visual pigment pair density plots are mirror symmetrical about the diagonal from
the bottom left corner to upper right; however, for clarity only the lower right half is plotted. In all cases, the
task is to distinguish two colors, one of which may be a region of fish or a natural background. In some
instances (e.g., A and C), one of the predicted visual pigments has a range of good sensitivity either side of
the optimum. These are seen as a dark streak in the left side density plots, and the range is then indicated
on the right by a double-headed arrow from the optimum peak. (A) A yellow fish (gray curve, from Fig. 2)
against blue open water (black curve, from Fig. 4). (B) A blue fish (black curve from Fig. 2) against an average
coral background (gray curve as an average of 210 measurements of coral). In this example, a third UVsensitive visual pigment is predicted almost as good as the 525 nm peak pigment to go with the 435 nm peak
pigment. This is shown as a thin dotted black curve on the left. (C) A red fish (gray curve from Fig. 2) against
open blue water (black curve).

and illustrates the resultant colors’ contrast to
average reef and horizontal background spacelight off a reef edge. Aulostomus chinensis, and
other yellow reef fish, are therefore, a remarkably good match to the reef and will seem camouflaged when viewed against it (Marshall,
2000b). This is particularly counterintuitive for

human observers as yellow fish such as Zebrasoma flavescens are among the most obvious on the
reef. Our visual system, however, is especially
good at distinguishing yellow from green backgrounds (Osorio, 1997). Should these yellow
fish move up in the water and appear against
the backdrop of blue water, they will become
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TABLE 1. BEST VISUAL PIGMENT PAIRS FROM ALL MODELED VISUAL TASKS ON THE REEF. Some examples have a
second best possible combination. Each task, although constructed by us, is a real potential visual problem for
piscivorous or algivorous fish or for fish assessing each other for other reasons. Figure 5D compares these
model results with known reef fish sensitivities.

Task

Yellow fish against ‘‘deep’’ blue water background
Blue fish against average coral background
Red fish against ‘‘deep’’ blue water background
Blue/UV fish against average reef background
Blue/UV fish against ‘‘deep’’ blue water background
Blue/UV part of fish against yellow part of fish
Blue part of fish against yellow part of fish
Average algae against average reef background
Yellow fish against shallow reef water background

very conspicuous to other fishes as they are now
seen against their complementary color (Fig.
5A). Similarly, blue fish colors are highly contrasting (complementary) against yellow fish
colors and therefore against average reef color.
Fourth, colors such as Labroid green, Blue/Red,
and Blue Far Red, generally only seen in the labroids (wrasse and parrotfish) are complex colors with a secondary step in reflection at or near
700 nm (Fig. 2; Marshall, 2000a). This secondary step is well matched, in some cases almost
exactly, to the long wavelength chlorophyll reflectance step of average reef color (Fig. 2D) and
average coral (indeed against any chlorophyll
spectrum). Such matching may have significance in terms of camouflage from other fish
or even birds. The very long wavelength placement of this ‘‘red-edge’’ in chlorophyll would
limit such a putative adaptive mechanism to the
top 5 m of water (where light exists to allow
discrimination of such long wavelength colors),
and therefore, well within the bird-fish zone of
interaction.
Finally, red reef fish, such as holocentrids and
priacanthids are often found in recesses and
caves during the day. This color is a poor match
to the light in their microhabitat (Fig. 2E). The
success of camouflage, however, depends on the
spectral sensitivities of the observer. To the relatively red-insensitive eyes of Hawaiian reef-fish
(Losey et al., 2003; below) the red of squirrelfish, soldierfish and big-eyes may render them
well camouflaged in these dim red recesses. As
red is also rapidly attenuated with depth (Fig.
2A), red fish at moderate depth will appear
black or dark in the dark holes in which they
are hiding (Longley, 1917; Smith, 1972). Light
in reef caves is in fact best matched to the long
wavelength reflective component of the labroid
colors of Figure 2D (Fig. 2F), and these fish of-

Best
sensitivity
pair

410,
430,
470,
380,
355,
380,
455,
510,
360,

520
520
585
495
420
510
505
580
480

Second best
sensitivity
pair

370, 430
420, 500
410, 510
480, 610

ten hide in such microhabitats. During crepuscular or nighttime hours, remaining daylight or
weak moonlight will be particularly weakly reflected based on rapid red attenuation by water,
and red fish will appear dark against the dark
disruptive pattern of the reef. Many reef fish,
that feed and roam at night, interact socially
and sexually during the day (Thresher, 1984),
and little is known about the significance of
their colors under these circumstances.
Spatial resolution and camouflage.—In understanding the use of color, it is important to consider examples of interaction of colors within a
fish color scheme as well as comparing fish and
background. For instance, the angelfish, Centropyge potteri, is colored with fine interleaved yellow and blue stripes, a striking color pattern to
human eyes, and probably reef fish eyes, at close
proximity. Yellow and blue is a common theme
in reef fish (Lythgoe, 1968a; Marshall, 2000a,b)
and visually striking to humans in part because
of our spectral sensitivities that match these colors (Wyszecki and Stiles, 1982; Osorio, 1997).
To reef fish, other color combinations may be
more conspicuous. UV, violet, and blue, for instance, are colors that are invisible or hard to
distinguish for human color vision, but patterns
consisting of these colors may be highly contrasting to the short-wavelength biased visual
world of reef fish (Losey et al., 2003; see color
vision model below).
Reef fish color patterns change their appearance over distance in water because of the spatial resolving power of the fish viewing the pattern (Cott, 1940; Marshall, 2000b). Some fine
color patterns that appear contrasting both
within fish and between fish and background
may be drab or even camouflaged through
background matching, over distances beyond 5
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Fig. 6. The complementary colors labroid green
and labroid purple/pink of the parrotfish Chlororus
sordidus (thin dashed and thin black curves, respectively). When these two colors are combined (thick
black curve), the resulting color is a good match to
background water radiance over a reef flat (gray
curve, Fig. 2D, scaled to summed colors), the habitat
in which this fish is frequently found.

m (Marshall, 2000a,b). The relatively poor resolving power of many reef fish eyes (Collin and
Pettigrew, 1989) results in perceptual blending
of two colors into a new one. Many colorful fish
patterns may become invisible to reef fish at distances as short as 1—2 m.
Some complex labroid colors (Fig. 6; Marshall, 2000a,b) appear to take advantage of this
‘‘pointilliste’’ or small dot-merging characteristic of fish colors. The Labroid green and Labroid
purple of a terminal male Chlororus sordidus, for
example, are striking to humans and may be
even more conspicuous to fish at close range
(fig. 1 in Marshall et al., 2003). Over distance,
however, these colors will combine, because of
poor resolution blurring (Collin and Pettigrew,
1989). The combination of these two otherwise
complementary colors is an almost perfect
match to the background space-light of horizontal shallow reefs, where this species spends
much of its time (Fig. 6). For the fish themselves, however, it allows close range social interaction while avoiding the eavesdropping
(sensu McGergor and Peake, 2000) eyes of
predators looking on.
Overall trends in colors and visual sensitivities.—In
the same way, we describe visual pigments or
sensitivities in terms of their maximum sensitivity (l-max, Losey et al., 2003), colors with a peak
of reflectance can be described according to
where their peaks lie (Marshall et al., 2003; Fig.
4). Step-like colors can be quantified by the position of the R50 wavelength at which reflectivity
exceeds 50% (Marshall et al., 2003; Fig. 4). Visual sensitivity can also be indicated by T50 values or the wavelength at which 50% of the incident light is transmitted to the retina through

the various ocular media filtering elements (Losey et al., 2003).
The spectral position of color peaks and R50
of step reflectances mark positions of substantial chromatic change that are easily encoded by
color vision systems (Chittka and Menzel, 1992;
Menzel and Shmida, 1993). Two spectral sensitivities placed on either side of a reflectance
step will register a large difference in neuronal
output and, thus, potentially indicate high contrast. Similarly, cells with spectral sensitivities
placed congruent with a peak-shaped color and
to the side of this will also generate a large chromatic signal. As there are clusters in positions
of both step-shaped R50s and peak-shaped colors (Marshall et al., 2003; Fig. 4), it is worth
examining the positions of visual sensitivities
relative to these clusters (Losey et al., 2003).
The l-max positions of single cones of Hawaiian reef fish lie principally in three groups:
350–380, 390—430 nm and a large group from
440—500 nm. These lie offset from three of the
main R50 clusters for step-shaped colors that
are centered on 347, 385, and 515 nm (Fig. 4A).
Peak-shaped colors lie in three main clusters
close to 355 nm, 400 nm, and 450nm. Each is
approximately overlain by the ranges of a single
cone visual pigment l-max (Fig. 4B).
These positions of color peaks and R50s and
the positions of visual pigments fulfill the predictions about placement of visual sensitivity relative to prevailing light. For example, a peakshaped color in the cluster around 400 nm will
be best detected by a visual pigment overlying
it, from the cluster between 390 and 430 nm,
compared to one visual pigment from either of
the flanking clusters. A color with R50 around
385 nm will be conspicuous to a visual pigment
pair in the 350—380 nm and 390—430 nm clusters. The R50 and peak values of the colors of
many Hawaiian fish are, therefore, often ideally
placed for detection by the known visual systems.
As can be seen in the widths of the clusters
of Figure 4, there are likely to be many individual exceptions to this general trend. A similar
pattern for R50 of flower color spectra and bee
spectral sensitivities has received previous comment (Chittka and Menzel, 1992). A further obvious R50 cluster lies at 575 nm and another less
obvious one at 730 nm, apparently with no
closely associated spectral sensitivities.
The l-max for double cones (connected cone
cells containing different visual pigments), twin
cones (doubles containing the same visual pigment), and those of single cones are considered
separately since they may be functionally different (see Losey et al., 2003). Double/twin cones
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may be better designed for luminance or brightness discrimination, whereas single cones mediate color vision. A variety of anatomical and
behavioral evidence supports this conclusion
(Levine and MacNichol 1979). We have poor
knowledge of the subphotoreceptor interconnections and color vision signal processing in
reef fish, however, so the possibility remains that
double/twin cones contribute to color vision.
Indeed a significant proportion of species examined possess only one type of single cone
(Losey et al., 2003). Since color vision results
from a comparison of two different types of
cone cells with different visual pigments, color
vision in these species would require singlecone double-cone interaction and to our knowledge this has yet to be convincingly demonstrated in any fish. Perhaps these fish do not have
color vision as we understand it.
Environmental light and colors.—Previous studies
have noted the strong influence of environmental light conditions on the placement of visual
pigments (McFarland and Munz, 1975; Lythgoe,
1979; Losey et al., 2003). The relatively restricted spectral window of much of the ocean may
indeed be the most important factor in driving
reef fish toward dichromacy or the use of only
two visual pigments to implement color vision.
Many reef fish, however, spend most of their
time in very shallow waters where broad-spectrum sunlight is available. It remains to be seen
whether such species possess a greater diversity
of visual pigments than their deeper living relatives.
Fish colors are also influenced by the light
environment, and this is most often illustrated
by the difference between general color
schemes in freshwater and ocean dwelling fish
(Lythgoe, 1968a). Red and green are transmitted well in fresh water where dissolved organic
matter shifts the water’s maximum transmission
to long-wavelength compared to the sea. As a
result, freshwater fish often use green and red
body colors for signaling. In reef waters, UV violet, blue, and green wavelengths dominate the
ambient light spectrum (Fig. 1; McFarland,
1991). Colors used on the reef are biased toward this spectral region as can be judged from
Figure 4A–B, where 90% of R50 and peak values
lie between 325 and 580 nm.
Models of dichromatic vision in reef fish.—Our model
examined the interrelationship of background,
colors, and visual capability of Hawaiian reef fish
(Fig. 5). It presumed dichromacy, sufficient light
for photopic vision over the entire spectrum and
photoreceptors adapted to their local background
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(Vorobyev and Osorio, 1998). The broadest spectrum of microhabitat illumination described (Fig.
1A) was used throughout to maintain sufficient
illumination over the entire spectrum. Thus, results are limited to interactions in the top few meters of water.
Similar models, based on known fish spectral
sensitivity mechanisms, have been used elsewhere to examine the appearance of aquatic
substrata and other visual scenes (Lythgoe and
Partridge, 1991; Osorio et al., 1997; Chiao et al.,
2000a). Here we looked at several possible visual tasks on the reef, most of which are discriminating fish colors against different backgrounds (Fig. 2) and asked which two spectral
sensitivities are best for each task. Two ideal visual pigments were usually predicted for each
task although in some instances there is a range
of possibilities for one of the spectral sensitivities that function almost as well (i.e., Fig. 5C).
Except for the red-sensitive pigment predicted by the model, pigments found by Losey, et
al. (2003) agree well with the predictions of the
model. Steplike color spectra were generally
best detected by the model when spectral sensitivities were offset on either side of the step’s
R50 values and peaklike colors by one spectral
sensitivity congruent with, and one offset from,
the color peak (Fig. 5).
Tasks requiring discrimination of green from
average reef and average coral backgrounds or other
greens were best achieved with at least one relatively long-wavelength-sensitive visual pigment
(sensitivity between 500 and 550 nm), suggesting
that herbivorous fish may benefit from longwavelength-biased systems. Herbivorous species
whose visual systems are known, such as the acanthurids in Losey et al. (2003), possess among the
longest wavelength sensitivities of the reef fish
examined. Lythgoe and Partridge (1989) looked
at similar problems for terrestrial visual systems
and reached the same conclusion regarding the
utility of long wavelength sensitivity.
Combining visual pigments and ocular media
data.—Light reaching the retina of any eye is
filtered by the ocular media: corneal elements,
lens, and humors (Thorpe and Douglas 1993;
Losey et al., 2003). For some of the species examined here, we have data on both the visual
pigments (measured in dissociated retina and,
therefore, without the influence of the ocular
components of the eye) and ocular media (Losey et al., 2003). For these species, the actual
spectral sensitivity, rather than just the cone lmax, can be estimated from the product of the
two (Fig. 4C–D) and this is a more accurate representation of the visual capabilities of these
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species. The result is a slight shift toward longer
wavelengths of the two shorter sensitivity cones.
This is detailed further in Losey et al. (2003).
Previously (Fig. 4) we considered the complete set of single cone l-max data (Losey et al.,
2003) and where its three clusters lie relative to
the color peak and R50 clusters. The model predictions (Figs. 4D, 5), which take into account
contrast relative to background, place the short
wavelength sensitivity clusters at slightly longer
wavelengths than found for the visual pigments
alone. This shift is similar to that observable
when visual pigment l-max data are converted
to cone sensitivities by inclusion of ocular media
data. Because we have relatively few data on
both ocular media and visual pigments in reef
fish, however, this trend should be viewed with
some caution. Also those fish in which a shift in
sensitivity occurs because of ocular media filtering are confined to a few families (the balistiforms and labrids) and are perhaps best considered separately (Losey et al., 2003). Note that
the data plotted in Figure 4D are the result of
10 models of natural situations, whereas Figure
5 shows only three examples of these.
Very long wavelength sensitivities in reef fish?—The
model predicts, and several lines of evidence
suggest, that very long wavelength sensitivity
around 600nm would be advantageous to some
reef fishes. The model looks for regions of rapid
chromatic change in the stimuli available to it,
and many fish colors do have steps or even
some peaks in reflectance beyond 500 nm (Figs.
2, 4; Marshall, 2000a; Marshall et al., 2003). It
is intriguing that many of these long wavelength
steps are well matched to the long wavelength
reflection/fluorescence component of chlorophyll (Fig. 2D,F).
This match of possible backgrounds (average
reef or algae) and colors could function as camouflage. Most fish colors that look green to us
also have a secondary reflectance in the red or
far red (Marshall, 2000a; Marshall et al., 2003).
If crypsis and crypsis-breaking arms races exist
on reef tops, it is likely that red sensitivities would
have evolved. Although the visual sensitivities of
relatively few species are known, such sensitivities
have yet to be discovered. Shand (1993) describe
relatively long wavelength sensitivity (584 nm) in
preadult goatfish, but this is lost when they settle
on the reef. Barry and Hawryshyn (1999b) also
noted long wavelength sensitivity in wrasses.
None of these examples, however, come close to
the long wavelength step in chlorophyll. Lythgoe
(1979:143–145) made the intriguing suggestion
that a combination of the spatial and neural
combination of two cones within fish retinae may

result in ‘‘ghost cones’’ with long wavelength sensitivity. We are not aware of any follow up to this
suggestion. Freshwater fish often possess sensitivities well beyond 600 nm (Lythgoe, 1968b, Kusmic and Gualtieri, 2000) and, despite the usual explanation of this (match of photic environment;
see ‘‘Environmental light and colors,’’ above;
Lythgoe, 1979), it is worth asking why these are
not found in some marine species.
Long-wavelength sensitivity is only possible if
there is sufficient illumination for vision (Lythgoe and Partridge, 1989; Chiao et al., 2000a,b).
All models and indeed visual systems rapidly fail
beyond 600 nm, or shorter, if the illumination is
changed to that at 10 m in the ocean for instance
( Jerlov, 1976; McFarland, 1991). Many reef structures and occupants are within the top 10 m of
water, however, and such water is often quite
clear (McFarland and Munz, 1975); hence in
principle there is plenty of red light for vision in
these microhabitats (Fig. 1). We cannot answer
why reef fish species that live primarily in this
photic world (Fig. 2; Marshall et al., 2003) appear to have sensitivities with peaks reaching at
maximum around 550 nm (Losey et al., 2003).
Light in caves and crevices (Figs. 1–2) is dominated by long wavelengths caused by reflection
and transmission through the chlorophyll in
coral and algae (Fig. 1D). Many of the species
that occupy these habitats, such as the holocentrids, look predominantly red to us and may use
this microhabitat and their body colors to
achieve maximum reflectance and brightness
for signaling as well as, or even instead of, camouflage, as is usually suggested for this fish color
scheme (Longley, 1917; Lorenz, 1962).
If color signals of animals and visual sensitivities are coevolved as we suggest (Figs. 4–5) an
interesting question remains. Are colors distributed according to where preexisting sets of visual sensitivities are found (Losey et al., 2003)
or vice versa? We suspect the former, both in reef
fish and indeed any animal. Detection of color
signals is only one function of visual systems and
is, in fact, not essential. Many animals are colorblind but survive perfectly well. Other visual
tasks also influence visual sensitivity (Osorio,
1997). For example, color vision of bees was
presumed adapted to flower colors. Recent evidence, however, suggests that trichromacy is an
ancient system for bees, predating the evolution
of flowering plants (Chittka, 1996, 1997). Flower colors are, therefore, adapted to bee vision
rather than the reverse. What is clear in fish is
that their spectral sensitivities are highly variable and even changeable (Loew and Lythgoe,
1978, 1985; Bowmaker, 1990); hence, this question will probably be hard to resolve.

MARSHALL ET AL.—HAWAIIAN REEF FISH VISION ECOLOGY
ACKNOWLEDGMENTS
Many thanks to U. Siebeck for useful discussions and data, J. Zamzow and P. Nelson for
ideas and fish. N. Hart and two anonymous reviewers supplied helpful suggestions on an earlier draft. This work was funded by the ARC in
Australia, National Science Foundation
(OCE9810387) in the United Sstates, and
NERC and the BBSRC in the United Kingdom.
Work was conducted in accordance with the
University of Hawai’i IACUC protocol 95–012.
Fishes were captured in accordance with the
Hawai’i Institute of Marine Biology collection
permit. This is contribution 1161 of the Hawai’i
Institute of Marine Biology.
LITERATURE CITED
BANNER, A. H. 1974. Kaneohe Bay, Hawaii: urban pollution and a coral reef ecosystem. Proc. 2nd Int.
Coral Reef Symp., Brisbane Australia, 1974 2:685–
702.
BARRY, K. L., AND C. W. HAWRYSHYN. 1999a. Effects of
incident light and background conditions on potential conspicuousness of Hawaiian coral reef fish.
J. Mar. Biol. Assn. U.K. 79:1–14.
———, AND ———. 1999b. Spectral sensitivity of the
Hawaiian saddle wrasse, Thalassoma duperrey, and
implications for visually mediated behavior on coral
reefs. Environ. Biol. Fish. 56:429–442.
BOWMAKER, J. K. 1990. Visual pigments of fishes, p.
81–108. In: The visual system of fishes. R. H. Douglas and M. B. A. Djamgoz (eds.). Chapman and
Hall, London.
CHIAO, C. C., M. VOROBYEV., T. W. CRONIN, AND D.
OSORIO. 2000a. Spectral tuning of dichromats to
natural scenes. Vision Res. 40:3257–3271.
———, T. W. CRONIN, AND N. J. MARSHALL. 2000b. Eye
design and color signaling in a stomatopod crustacean Gonodactylus smithii. Brain Behav. Evol. 56:
107–122.
CHITTKA, L. 1996. Does bee color vision predate the
evolution of flower color. Naturwissenschaften 83:
136–138.
———. 1997. Bee color vision is optimal for coding
flower color, but flower colors are not optimal for
being coded. Why? Israel J. Plant Sci. 45:115–127.
———, AND R. MENZEL. 1992. The evolutionary adaptation of flower colors and the insect pollinators’
color vision. J. Comp. Physiol. A 171:171–181.
COLLIN, S. P., AND J. D. PETTIGREW. 1989. Quantitative
comparison of the limits on visual spatial resolution
set by the ganglion cell layer in twelve species of
reef teleosts. Brain, Behav. Evol. 34:184–192.
COTT, H. B. 1940. Adaptive coloration in animals. Methuen and Co. Ltd., London.
ENDLER, J. A. 1990. On the measurement and classification of color in studies of animal color patterns.
Biol. J. Linn. Soc. 41:315–352.
FRANK, T. M., AND E. A. WIDDER. 1996. UV light in the
deep-sea: in situ measurements of downwelling ir-

479

radiance in relation to the visual threshold sensitivity of UV-sensitive crustaceans. Mar. Fresh. Behav.
Physiol. 27:189–197.
HAILMAN, J. P. 1977a. Communication by reflected
light, p. 184–210. In: How animals communicate. T.
A. Sebeok (ed.). Indiana Univ. Press, Bloomington.
———. 1977b. Optic signals: animal communication
and light. Indiana Univ. Press, Bloomington.
HART, N. S., J. C. PARTRIDGE, AND I. C. CUTHILL. 1998.
Visual pigments, oil droplets and cone photoreceptor distribution in the European starling (Sturnus
vulgaris). J. Exp. Biol. 201:1433–1446.
JERLOV, N. G. 1976. Marine optics, p. 231. In: Elsevier
oceanography series. Vol. 14. Elsevier, Amsterdam,
The Netherlands.
KAMPA, E. M. 1970. Underwater daylight and moonlight measurements in the eastern North Atlantic.
J. Mar. Biol. Assn. U.K. 50:397–420.
KIRK, J. T. O. 1983. Light and photosynthesis in aquatic ecosystems. Cambridge Univ. Press, Cambridge.
KUSMIC, C., AND P. GUALTIERI. 2000). Morphology and
spectral sensitivities of retinal and extraretinal photoreceptors in freshwater teleosts. Micronology 31:
183–200.
LEVINE, J. S., AND E. F. J. MACNICHOL. 1979. Visual
pigments in teleost fishes: effects of habitat, microhabitat, and behavior on visual system evolution.
Sens. Proces. 3:95–131.
———, P. S. LOBEL, AND E. F. J. MACNICHOL. 1980.
Visual communication in fishes, p. 447–475. In: Environmental physiology of fishes. M. A. Ali (ed.).
Plenum Press, New York.
LOEW, E. R., AND J. N. LYTHGOE. 1978. The ecology of
cone pigments in teleost fishes. Vision Res. 18:715–
722.
———, AND ———. 1985. The ecology of color vision.
Endeavour 14:170–174.
———, AND W. N. MCFARLAND. 1990. The underwater
visual environment, p. 1–43. In: The visual system
of fishes. R. H. Douglas and M. B. A. Djamgoz
(eds.). Chapman and Hall, London.
———, F. A. MCALARY, AND W. N. MCFARLAND. 1996.
Ultraviolet sensitivity in the larvae of two species of
marine atherinid fishes, p. 195–209. In: Zooplankton sensory ecology and physiology. P. H. Lenz, D.
K. Hartline, J. E. Purcell, and D. L. Macmillan
(eds.). Gordon and Breach. Sydney, New South
Wales, Australia.
LONGLEY, W. H. 1915. Coloration in tropical reef fishes. Year Book Carnegie Inst. 14:208–209.
———. 1916a. Observations upon tropical fishes and
inferences from their adaptive coloration. Proc.
Nat. Acad. Sci. 2:733–737.
———. 1916b. The significance of the colors of tropical reef fishes. Year Book Carnegie Inst. 15:209–
212.
———. 1917. Studies upon the biological significance
of animal coloration I. The colors and color changes of West Indian reef-fishes. J. Exp. Biol. 1:533–
601.
LORENZ, K. 1962. The function of color in coral reef
fishes. Proc. R. Inst. Gt. Brit. 39:282–296.
LOSEY, G. S., T. W. CRONIN, T. H. GOLDSMITH, D. HYDE,
N. J. MARSHALL, AND W. N. MCFARLAND. 1999. The

480

COPEIA, 2003, NO. 3

UV visual world of fishes: a review. J. Fish Biol. 54:
921–943.
———, W. N. MCFARLAND, E. R. LOEW, J. P. ZAMZOW,
P. A. NELSON AND N. J. MARSHALL. 2003. The visual
biology of Hawaiian coral reef fishes. I. Ocular
transmission and retinal sensitivity. Copeia 2003:
433–454.
LYTHGOE, J. N. 1966. Visual pigments and underwater
vision, p. 375–391. In: Light as an ecological factor.
R. Bainbridge, G. C. Evans, and O. Rackham (eds.).
Blackwell, Oxford.
———. 1968a. Red and yellow as conspicuous colors
underwater. Underwater Assn. Rept. 1:51–53.
———. 1968b. Visual pigments and visual range underwater. Vision Res. 8:97–1012.
———. 1979. The ecology of vision. Clarendon Press,
Oxford.
———. 1980. Vision in fishes: ecological adaptations,
p. 431–445 In: Environmental physiology of fishes,
Vol. 35. M. A. Ali (ed.). Plenum Publishing, London.
———. 1988. Light and vision in the aquatic environment, p. 57–82. In: Sensory biology of aquatic animals. Springer Verlag, New York.
———, AND J. C. PARTRIDGE. 1989. Visual pigments
and the aquisition of visual information. J. Exp.
Biol. 146:1–20.
———, AND ———. 1991. The modelling of optimal
visual pigments of dichromatic teleosts in green
coastal waters. Vision Res. 31:361–371.
———, W. R. A. MUNTZ, J. C. PARTRIDGE, J. SHAND,
AND D. M. WILLIAMS. 1994. The ecology of the visual
pigments of snappers (Lutjanidae) on the Great
Barrier Reef. J. Comp. Physiol. 174:461–467.
MARSHALL, N. J. 2000a. The visual ecology of reef fish
colors, p. 83–120. In: Animal signals. Signalling and
signal design in animal communication. Y. Espmark, T. Amundsen, and G. Rosenqvist (eds.). Tapir, Trondheim, Norway.
———. 2000b. Conspicuousness and camouflage with
the same ‘‘bright’’ colors. Colors for concealment
and camouflage in reef fish. Philos. Trans. R. Soc.
Lond. B. Biol. Sci. 355:1243–1248
———, K. JENNINGS, W. N. MCFARLAND, E. LOEW, AND
G. S. LOSEY. 2003. The visual biology of Hawaiian
coral reef fishes. II. the colors of Hawaiian coral
reef fish. Copeia 2003:455–466.
MCFARLAND, W. N. 1986. Light in the sea—correlations with behaviors of fishes and invertebrates.
Am. Zool. 26:389–401.
———. 1991. The visual world of coral reef fishes, p.
16–38. In: The ecology of fishes on coral reefs. P.
F. Sale (ed.). Academic Press, Inc., San Diego, CA.
———, AND F. W. MUNZ. 1975. Part II. The photopic
environment of clear tropical seas during the day.
Vision Res. 15:1063–1070.
MCGREGOR, P. K., AND T. M. PEAKE. 2000. Communication networks: social environments for receiving
and signalling behaviour. Acta Ethologica 2:71–81.
MENZEL, R., AND A. SHMIDA. 1993. The ecology of flower colors and the natural color vision of insect pollinators: the Israeli flora as a study case. Biol. Rev.
68:81–120.
OSORIO, D. 1997. A functional view of cone pigments

and color vision, p. 483–489. In: John Dalton’s color vision legacy. C. Dickinson, I. Murray, and D.
Carden (eds.). Taylor and Francis, London.
———, N. J. MARSHALL, AND T. W. CRONIN. 1997. Stomatopod photoreceptor spectral tuning as an adaptation for color constancy in water. Vision Res.
37:3299–3309.
PARTRIDGE, J. C. 1990. The color sensitivity and vision
of fishes, p. 167–184. In: Light and life in the sea.
P. J. Herring, A. K. Campbell, M. Whitfield, and L.
Maddock (eds.). Cambridge Univ. Press, Cambridge.
SHAND, J. 1993. Changes in the spectral absorption of
cone visual pigments during the settlement of the
goatfish Upeneus tragula: the loss of red sensitivity as
a benthic existence begins. J. Comp. Physiol. 173:
115–121.
SIEBECK, U. E., AND N. J. MARSHALL. 2001. Ocular media transmission of coral reef fish—can coral reef
fish see ultraviolet light? Vision Res. 41:133–149.
SMITH, C. L. 1972. A revision of the American groupers: Epinephelus and allied genera. Bull. Am.
Mus. Nat. Hist. 146:71–241.
SMITH, S. V., W. J. KIMMERER, E. A. LAWS, R. E. BROCK,
AND T. W. WALSH. 1981. Kaneohe Bay sewage diversion experiment: perspectives on ecosystem responses to nutritional perturbation. Pac. Sci. 35:
279–395.
THORPE, A., AND R. H. DOUGLAS. 1993. Spectral transmission and short-wave absorbing pigments in the
fish lens. II. Effects of age. Vision Res. 33:301–307.
THRESHER, R. E. 1984. Reproduction in reef fishes.
T.F.H., Inc. Ltd., Neptune City, NJ.
VOROBYEV, M., N. J. MARSHALL, D. OSORIO, N. HEMPEL
DE IBARRA, AND R. MENZEL. 2001. Colourful objects
through animal eyes. Color Res. Appl. S26:S214–
S217.
———, AND D. OSORIO. 1998. Receptor noise as a determinant of color threshold. Proc. R. Soc. Lond.
B. Biol. Sci. 265:351–358.
———, ———, A. T. D. BENNETT, N. J. MARSHALL,
AND I. C. CUTHILL. 1998. Tetrachromacy, oil droplets and bird plumage colors. J. Comp. Physiol. A
183:621–633
WYSZECKI, G., AND W. S. STILES. 1982. Color Science:
concepts and methods, quantitative data and formulae. 2d ed. John Wiley and Sons, New York.

(NJM) VISION, TOUCH AND HEARING RESEARCH
CENTRE, UNIVERSITY OF QUEENSLAND, BRISBANE, QUEENSLAND, AUSTRALIA; (WNM)
SCHOOL OF FISHERIES AND FRIDAY HARBOR MARINE LABORATORY, UNIVERSITY OF WASHINGTON,
FRIDAY HARBOR, WASHINGTON 98250; (ERL)
DEPARTMENT OF BIOMEDICAL SCIENCES, VETERINARY COLLEGE, CORNELL UNIVERSITY, ITHACA,
NEW YORK 14853; AND (GSL) HAWAI’I INSTITUTE OF MARINE BIOLOGY, UNIVERSITY OF HAWAI’I, P.O. BOX 1346, KANEOHE, HAWAI’I 96744.
(NJM) E-mail: justin.marshall@mailbox.uq.
edu.au. Address reprint requests to NJM. Submitted: 13 Feb. 2001. Accepted: 1 Feb. 2003.
Section editor: W. L. Montgomery.

