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Cryptic coloration and mirrored sides as camouflage strategies in near-surface pelagic
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Abstract

Mirrored and colored surfaces are common adaptations for crypsisin pelagic habitats. Although highly successful
when optimized for a particular situation, either may become less successful if it is then viewed in a different
situation. In this study we examine the relative robustness of these two strategies by determining how visible an
organism becomes when viewed under optical conditions different from those under which the camouflage is
optimal. Underwater radiance distributions were calculated using inherent optical properties measured in coastal
waters 80 km off the coast of New Hampshire. These radiance distributions were then used to calculate optimally
cryptic diffuse and specular reflectance spectra as a function of depth, solar elevation, viewing angle, and azimuth.
Then the visibilities of organisms cryptic in one situation viewed in a different situation were calculated, using the
Atlantic Cod, Gadus morhua, as the viewer. In contrast to benthic organisms, pelagic organisms cryptic under one
set of optical conditions were quite visible under a different set, particularly when viewed from a different azimuth.
The crypsis afforded by mirrored surfaces was generally more robust than that resulting from colored surfaces.
However, because mirrored surfaces could never be perfectly cryptic when viewed in the azimuth of the sun, neither
strategy clearly outperformed the other. In general, crypsis by colored or mirrored surfaces was not robust in near-
surface water, which may help explain both the predominance of transparent species in near-surface pelagic habitats
and the vertical migration of many colored and mirrored species. The results also show that three common foraging
strategies—circling, crepuscular activity, and driving prey toward the surface—all increase the visibility of crypti-

caly colored or mirrored prey.

Although establishing an evolutionary link between atrait
and its adaptive function is notoriously difficult, it is gen-
erally accepted that tissue transparency, counterillumination,
mirrored sides, and countershading are all major adaptations
for crypsis in the pelagic environment (Denton et al. 1972;
Herring and Roe 1988; Johnsen 2001). All are highly suc-
cessful when the organism is viewed under the conditions
for which the strategy is optimized. However, the different
strategies may vary in their ability to accommodate to a
different set of optical conditions. Though not well studied,
the importance of changing optical conditions on aquatic
crypsis has been previously noted (e.g., Barry and Hawry-
shyn 1999; Marshall 2000).

A transparent organism accommodates trivially to chang-
ing conditions by simply transmitting the background light
(Johnsen 2001). Many counterilluminating organisms are
known to alter the intensity, angular distribution, and spec-
trum of their emitted light to remain cryptic over a wide
range of optical environments (Denton et al. 1972). Certain
colored and mirrored pelagic organisms are known to change
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color in an apparent cryptic response to changing optical
conditions (e.g., Denton 1970; Herring and Roe 1988; Endler
1991), but cryptic color changes and the potential need for
them remain poorly understood for pelagic species.

The current study examines how robust cryptic coloration
and mirroring are under varying optical and viewing con-
ditions. First, the ideally cryptic reflectances for organisms
in coastal water are calculated for a variety of optical con-
ditions. Then, using the Atlantic Cod Gadus morhua as the
viewer, the sighting distances of organisms optimally cryptic
in one condition, but viewed in another, are determined. The
overal goa is to determine the relative success of the two
cryptic strategies when faced with a varying optical envi-
ronment and to determine the potential importance of the
ability to change color.

Materials and methods

Modeling underwater visibility—According to Johnsen
(2002), the maximum distance at which a large organism
can be detected (referred to hereafter as the sighting dis-
tance) is
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where C,()A) is the contrast of the organism when viewed
from a short distance (referred to hereafter as the inherent
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contrast), C.,,(A) is the minimum contrast for large object
detection for a given visua system, c(A) is the beam atten-
uation coefficient of the water, and K (A) is the attenuation
coefficient of the background radiance. Note that K, (A) de-
pends strongly on viewing angle, being greatest for down-
ward viewing and zero for horizontal viewing (Johnsen
2002). However, when an organism subtends an angle less
than a certain critical angle on the viewer’s visua field, its
visibility also depends on its apparent area A, which is in-
versely proportional to the sguare of distance (Anthony
1981; Aksnes and Utne 1997). This factor can be included
in the standard contrast attenuation equations by making the
minimum contrast threshold a function of distance:

Co®  ifd=d. and

Cmin(/\! d) = O d?2 (2)
c.WS ifd>d,
0 dz

where d, is the distance at which the organism subtends the
critical angle on the viewer’s visual field (i.e., the distance
at which it becomes “small’’) and C,;,(A) is the minimum
contrast threshold for objects closer than d.. Therefore, for
“small” organisms:

el dz
Cmin()‘) dZ(A)
c(d) — K.(A)

which cannot be solved analytically, but which is easily
solved by iteration. Note that Eq. 3 is only valid when d >
d.. When d = d,, Eg. 1 must be used.

Although the background radiance is relatively easy to
model or measure, the radiance of an arbitrary object is a
complex function of the light field incident on it and its
reflectance properties. The reflectance of light from objects
ranges from being completely diffuse (lambertian) to highly
ordered (specular or mirrorlike). In this study, we examine
these two extremes. Although no biological surface is per-
fectly lambertian or specular, they can be considered as op-
posing strategies toward which organismal reflectances can
evolve. For clarity, lambertian reflection will be referred to
hereafter as diffuse reflection for the remainder of this arti-
cle.

The radiance of an organism that reflects light diffusely
is equal to [R(A)E(MN)]/a, where R()) is reflectance and E(A)
is the irradiance at the surface of the organism (Johnsen
2002). This radiance matches the background radiance L, (A)
when

d(a) = ©)

7L, (A)
E()

Non-lambertian diffuse reflectors generally reflect less light
over large angles than true lambertian reflectors (Palmer
1995). Therefore, the non-lambertian nature of actual organ-
isms will mostly influence the predictions for lateral surface
crypsis at high solar elevations, because less light from the
overhead sun will reflect to the viewer than predicted. In this
case, the predicted cryptic reflectance will likely underesti-
mate the correct value. For organisms that reflect light spec-
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Fig. 1. Two surfaces viewed horizontally. @) A diffusely reflec-
tive (colored) surface. The radiance of the surface, L,, is equal to
RE/, where R is the diffuse reflectance and E is the irradiance at
the surface (depicted by the cluster of inward pointing arrows). b)
a specularly reflective (mirrored) surface. The radiance of the sur-
face is equal to RL;, where L} is the radiance in the opposite azi-
muth from the line of sight (depicted by the small arrow).

ularly and are viewed horizontally, their radiance matches
the background when the specular reflectance equals

L,V
L) ®)

where L;(A) is the background radiance in the opposite az-
imuth of L,(A) (Fig. 1b).

In the current study, three different viewing angles were
examined: (1) viewing from directly above, (2) viewing hor-
izontally in the solar azimuth, and (3) viewing horizontally
opposite the solar azimuth. Because the dorsal surfaces of
aguatic organisms are rarely mirrored, the first viewing angle
was only examined for diffusely reflecting surfaces. In ad-
dition, viewing from below was not studied because prelim-
inary results showed that the downwelling light was far too
bright for any coloring or mirroring of the ventral surface to
have any significant cryptic benefit (as was aso found in
Johnsen [2002]).

For each viewing angle, the viewed surface was assumed
to be perpendicular to the viewing angle. Obviously, no or-
ganism is shaped like a cube. However, pelagic nekton, with
the exception of top predators such as sharks, large scom-
brids, and cetaceans, are generally compressed, with flat lat-

Rsnecular(/\) =



Camouflage strategies in the pelagic

eral surfaces and limited regions of curvature (Denton 1970).
Nevertheless, curvature can play an important role, particu-
larly in mirrored organisms near the surface (see Discus-
sion).

Calculation of underwater radiances and irradiances—
The underwater light field was modeled using measured in-
herent optical properties of the water (I0Ps) and radiative
transfer software (Hydrolight 4.1, Sequoia Scientific) (see
Mobley et a. [1993] and Johnsen [2002] for further details
and justification). Depth profiles of inherent optical proper-
ties were measured using a dual path, multiband absorption/
attenuation meter (ac-9, WETLabs) and backscattering me-
ters (a-Beta and HydroScat-2, HOBILabs) at a site 80 km
from the coast of Portsmouth, New Hampshire (42°47'N
70°05'W, 1106 h local time, 30 June 2000). Measurements
were corrected for temperature and salinity, and absorption
measurements were corrected for scattering errors (Zaneveld
et a. 1994; Pegau et a. 1997). The backscattering meters
were calibrated by the manufacturer, and the ac-9 was cali-
brated on its deployment frame using water generated with
a Milli-Q purification system (Millipore Corp.). Absorption
and beam attenuation coefficients (at 440, 488, 510, 532,
555, and 650 nm) and backscattering coefficients (at 442,
470, 488, and 676 nm) were averaged over 1-m intervals to
a depth of 92 m. All data were collected on upcasts to limit
artifacts due to bubbles, etc. In addition, discrete samples
were collected from three depths (1, 20, and 40 m), filtered
onto Whatman GF/F filters, and extracted overnight in cold
90% acetone for standard fluorometric determination of
chlorophyll concentration.

Underwater radiance distributions were calculated from O-
to 50-m depth at 5-m intervals for two solar elevations, 10°
and 80°, chosen to approximate two extremes of skylight
radiance distribution. For each distribution, the sky and sea
were considered to be cloudless and calm, respectively. The
sky irradiance was calculated using the Radtran model
(Gregg and Carder 1990), and the sky radiance distribution
was calculated using the model given in Harrison and
Coombes (1988). Pure water absorption was taken from
Pope and Fry (1997). The scattering phase function was a
Fournier—Forand function chosen to fit the measured back-
scatter ratio (Mobley et al. 2002). Chlorophyll fluorescence
was calculated from chlorophyll absorption estimated ac-
cording to Prieur and Sathyendranath (1981) and a fluores-
cence efficiency of 0.02.

At each depth, radiance was calculated from 400 to 620
nm at 15-nm intervals with an angular resolution of 15° (az-
imuth) by 10° (elevation). G. Morhua has no significant vi-
sual sensitivity above 620 nm (Anthony and Hawkins 1983).
From the radiance distributions, irradiances were calculated
for the following vectors: downward, horizontal in the solar
azimuth, and horizontal opposite the solar azimuth. The ir-
radiances and radiances appropriate for the three viewing
angles were inserted in to Egs. 4 and 5 to determine the
optimally cryptic diffuse and specular reflectances.

Measurements of direct upward radiance and downwell-
ing irradiance—Downwelling irradiance and upward radi-
ance data were taken concurrently with the 10P profiles de-
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scribed above. Three profiles were obtained using a
multispectral radiometer (SPMR, Satlantic) that simulta-
neously measured downwelling irradiance and upward ra-
diance (at 412, 443, 490, 510, and 554 nm). The bandwidth
of the filters was 10 nm (full width, haf maximum). The
measurements that were above the noise level of the instru-
ment were inserted into Eg. 4 to compare with the modeled
prediction for cryptic diffuse reflectance when viewed from
above.

Prediction of sighting distances of organisms cryptic in
one situation viewed in a different situation—Four mismatch
conditions were examined: (1) an organism cryptic in oce-
anic water that is viewed in coastal water, (2) an organism
cryptic near noon (solar elevation 80°) that is viewed near
sunset (solar elevation 10°), (3) an organism cryptic in one
azimuth that is viewed horizontally in the opposite azimuth,
and (4) an organism cryptic at 50 m depth that is viewed at
shallower depths. The viewer was chosen to be the Atlantic
Cod, G. morhua, because it is found at the studied depths
in New England coastal waters and because its spectral sen-
sitivity and contrast thresholds at the given range of light
intensities are known (Anthony 1981; Anthony and Hawkins
1983). Although adult cod are generally associated with the
seafloor, larval and juvenile cod are pelagic, with aprimarily
pelagic diet (Link and Garrison 2002).

The inherent contrast of a diffusely reflecting surface at a
wavelength A is

coy = o 1= ROEQ) _

L, oAk, 1 ©

where R(A) is the diffuse reflectance of the surface and E())
and L,(A) are again the irradiance and background radiance,
respectively (Johnsen 2002). Visual systems perceive two
forms of contrast; chromatic contrast (e.g., red on green) and
brightness contrast (e.g., red on dark red). This study limits
itself to brightness contrast because athough color vision is
known in many aquatic species, chromatic contrast is well
understood in only a few model systems, none of which are
pelagic. This limitation implies that the predicted sighting
distances may underestimate the true values, because hue
discrimination is not considered. However, hue discrimina-
tion becomes increasingly less useful with increasing depth,
even in clear water (Chiao et al. 2000). Also, note that a
color mismatch can result in brightness contrast, as can read-
ily be seen in black and white images. The perceived bright-
ness contrast for G. morhua is equal to Eq. 7 integrated over
and weighted by its photopic spectral sensitivity:

f ROVE(V)V()) dA
Co = -1 (7)
- J LV dA

where V(A) is the photopic spectral response curve of cod
taken from Anthony and Hawkins (1983) (the study depths
are all within the photopic region of the cod visual system).
The minimum contrast threshold of cod has been measured
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as afunction of the background illumination (Anthony 1981)
and at photopic intensities was closely approximated by:

Cpin = 0.0129.L ;01 ®

where L, is the background radiance integrated over the
photopic sensitivity of the cod (R? > 0.995 for regression).
Therefore, the minimum contrast threshold rises with in-
creasing depth.

To determine the sighting distance d exactly, one must
also include the spectral dependence of the beam and diffuse
attenuation coefficients of the water, which involves solving

J e—cd

for d, where L§(A) and L¢(A) are the background radiances
at distances zero and d from the organism (adapted from
Mertens 1970). This equation is generally not analytically
solvable and is certainly not easy to interpret. However, pre-
liminary results showed that the sighting distance for large
organisms was closely approximated by substituting Egs. 7
and 8 into Eg. 1 and using the beam and radiance attenuation
coefficients at 440 nm, the wavelength of peak visual sen-
sitivity (Anthony and Hawkins 1983) (see Results). The
sighting distance for small organisms was calculated by sub-
stituting Egs. 7 and 8 into Eg. 3 and solving for sighting
distance by iteration. The critical angle for cod is unknown,
so, following arguments from Anthony (1981), it was set at
200 min of an arc (approximately 3°). The “‘large’” organism
was chosen to be 1 m long, so its apparent size was above
the critical angle at viewing distances as long as 17 m. The
“small”’ organism was chosen to be 6 mm long; thus, its
apparent size fell below the critical angle at a viewing dis-
tance of 10 cm. The two size classes can be thought of as
predators and prey of pelagic cod, respectively.

All the previous calculations were performed for specu-
larly reflective surfaces by substituting L;(A) for E(A)/# in
Egs. 6 through 9. The reflectances of organisms that are
cryptic in oceanic water (condition 1) were taken from John-
sen (2002). All other reflectances were taken from the cur-
rent study. The beam attenuation coefficients, c(A), were ob-
tained from the measured attenuation profiles. The
coefficients of background radiance attenuation, K, (A), were
determined from the calculated radiance distributions.

Sighting distances were calculated at O-, 5-, 10-, 20-, 30-,
and 50-m depths, except for condition 1, where the 5-m
depth was excluded because of alack of oceanic data at this
depth. The downward and the two horizontal viewing angles
were examined in conditions 1 and 2 and 4, respectively.
Only the horizontal viewing angles were examined for spec-
ularly reflective surfaces.

— Lo V(A) da

R(A)E(A)
aa

Cmin =

9)
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Results

Modeled downwelling and upwelling irradiance—The cal-
culated irradiances and radiances in al four viewing angles
displayed a peak at approximately 570 nm, with significantly
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higher attenuation at both longer and shorter wavelengths as
a result of phytoplankton absorption (Fig. 2). The modeled
spectra near sunset (solar elevation of 10°) had values ap-
proximately 1/10 of those near noon (solar elevation of 80°).
In addition, the light field was more asymmetrical near the
surface, with higher radiance in the solar azimuth. The mea-
sured upward radiance and downwelling irradiance approxi-
mated the modeled radiance and irradiance (Fig. 2), athough
with a peak at a shorter wavelength. At all wavelengths, the
measured radiance and irradiance data displayed the same pat-
tern of discrepancies relative to the modeled data (e.g., mod-
eled radiance and irradiance at 555 nm are both higher than
what is measured). Therefore, the modeled ratios of radiance
to irradiance (which determine the predicted reflectances)
matched the measured ratios quite closaly.

The radiances weighted by the visual response curve of
G. morhua show that, near the surface, wavelengths near the
animal’s visual response peak contributed the most to bright-
ness perception (Fig. 2c,d). At greater depths, the wave-
lengths neighboring the 570-nm illumination peak dominat-
ed the brightness perception.

Predicted reflectance for maximal crypsis—For an organ-
ism viewed from above near noon, the predicted diffuse re-
flectance spectra from 400 to 575 nm increased slightly with
depth and had a broad double peak centered at 525 nm (Fig.
34d). For wavelengths greater than 575 nm, the predicted re-
flectance increased from a relatively low value at the surface
to approximately 0.27 at a depth of 50 m. The reflectance
spectra predicted from the profiles of downwelling irradiance
and upward radiance closely approximated those from the
modeled light field (Fig. 3b). The predicted reflectances near
sunset were similar to those predicted near noon (not
shown).

For organisms viewed horizontally near noon in the solar
azimuth, the predicted diffuse reflectances were relatively
high, with a broad peak centered at 575 nm (Fig. 3c). With
increasing depth, long wavelength reflectance increased to a
maximum of approximately 0.8. For organisms viewed op-
posite the solar azimuth (i.e., with the sun behind the
viewer), the pattern was similar to that noted for organisms
viewed from above, with the lowest predicted reflectance
measuring approximately 10-fold greater (Fig. 3d). Near
sunset, the predicted near-surface reflectances were higher in
the solar azimuth and lower opposite the solar azimuth be-
cause of the asymmetrical light field (not shown). At depth,
the differences were less pronounced.

For specularly reflective organisms viewed horizontally
near noon, the predicted reflectance was slightly greater than
one when viewed in the solar azimuth and slightly less than
one when viewed opposite the solar azimuth (Fig. 4a,b). The
reflectance was relatively independent of depth. Near sunset,
the predicted reflectances ranged from % to 4, depending on
depth and azimuth, with the greatest departures from 100%
reflectance seen at shallow depths (Fig. 4c,d).

Sghting distances of large organisms cryptic in one sit-
uation viewed in a different situation—The sighting distance
of a diffusely reflective, cryptic, oceanic organism viewed
in coastal water was relatively independent of depth and
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Fig. 2. @) Modeled and measured downwelling irradiance. b) Modeled and measured direct
upward radiance. ¢) Modeled downwelling irradiance weighted by the visual response curve of G.
morhua. d) Modeled direct upward radiance weighted by the visual response curve of G. morhua.
Depths are 0, 5, 10, 20, 30, and 50 m, and solar elevation equals 80°. Measurements were taken at
1106 h local time and adjusted so that surface irradiance matched the modeled surface irradiance.
Radiance and irradiance values below the noise level of the radiometer are not shown. There is no
measurement for direct upward radiance at 0 m. Due to the weighting factor, the y-axis in ¢ and d

has arbitrary units.

viewing angle, with an average value of approximately 10
m (Fig. 5a). The sighting distance of an organism cryptic at
noon viewed at sunset depended strongly on viewing angle
(Fig. 5b). When viewed from above, the sighting distance
was generaly negligible. When viewed horizontally in the
solar azimuth, the sighting distance ranged from 0 to 5 m,
depending on depth. When viewed horizontally opposite the
solar azimuth, the sighting distance decreased from 8 m at
the surface to anegligible value at a depth of 50 m. Diffusely
reflective organisms cryptic in one azimuth viewed in the
opposite azimuth at the same time of day had the longest
sighting distances of any mismatch condition (Fig. 5c,d).
The sighting distances at noon ranged from 8 to 20 m de-
pending on depth and viewing azimuth. The sighting dis-
tances near sunset were somewhat shorter but followed the
same general depth profile. At both times of day, organisms
cryptic opposite the solar azimuth viewed in the solar azi-
muth had somewhat shorter sighting distances overall, com-
pared to organisms cryptic in the solar azimuth viewed op-
posite the solar azimuth. Diffusely reflective organisms
cryptic at 50-m depth had sighting distances ranging from O
to 12 m at shallower depths (Fig. 5ef). The sighting dis-
tances were generally longer at shallower depths, though the
pattern for organisms viewed in the solar azimuth was com-
plex. The sighting distances at the two solar elevations were
generally comparable, with horizontal sighting distances be-
ing larger than downward viewing distances.

For specularly reflective organisms, the patterns were
quite similar to those determined for diffusely reflective or-
ganisms, but the magnitudes of the sighting distances dif-
fered (Fig. 6). The sighting distances for oceanic organisms
viewed in coastal water were significantly lower (Fig. 6d),
as were the sighting distances for organisms cryptic in one
azimuth viewed in the opposite azimuth (Fig. 6c¢,d). The
sighting distances for organisms cryptic near noon viewed
at sunset were higher, however (Fig. 6b). For organisms
cryptic at 50-m depth viewed at shallower depths, specularly
reflective organisms had lower sighting distances near noon
and higher sighting distances near sunset (Fig. 6ef).

Sghting distances of small organisms cryptic in one sit-
uation viewed in a different situation—The sighting distanc-
es of both diffusely and specularly reflective small organisms
were inversely proportional to depth, generally with alinear
relationship. Cryptic oceanic organisms viewed in coastal
water had relatively high sighting distances that were sig-
nificantly higher for diffusely reflective organisms than for
specularly reflective organisms (Table 1). Organisms cryptic
at noon viewed at sunset had relatively low sighting dis-
tances that depended strongly on viewing angle but were
relatively independent of the form of the reflectance. Organ-
isms cryptic in one azimuth viewed in the opposite azimuth
at the same time of day had the longest sighting distances
of any of the conditions, particularly in the diffusely reflec-
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Fig. 3. Predicted diffuse reflectance spectra of a maximally cryptic organism. a) Predicted re-
flectance of the dorsal surface of an organism viewed from above using modeled light field. b)
Predicted reflectance of the dorsal surface of an organism viewed from above using three vertical
profiles of downwelling irradiance and upward radiance. First depth is 5 m, rather than O m. Error
bars denote standard error. ¢) Predicted reflectance of the lateral surface of an organism viewed
horizontally in the solar azimuth using modeled light field. d) Predicted reflectance of the lateral
surface of an organism viewed horizontally opposite the solar azimuth using modeled light field.

Solar elevation is 80°.

tive cases. When viewed in the solar azimuth, sighting dis-
tances were independent of solar elevation and weakly de-
pendent on depth. When viewed opposite the solar azimuth,
the sighting distances were higher, and these values were
substantially higher at sunset. Organisms cryptic at 50-m
depth had sighting distances that were strongly dependent
on depth and longer at sunset. Specularly reflective organ-
isms viewed in the solar azimuth were not cryptic, even at
the 50-m depth for which they were optimized.

Discussion

General—The results of the current study support three
major conclusions. First, both colored and mirrored organ-
isms that are optimally cryptic under one set of viewing
conditions (i.e., having zero contrast) become quite visible
when viewed under different conditions. The sighting dis-
tances under different viewing conditions were on the order
of 5-10 m for large organisms and 0.5-1.0 m for smaller
organisms. This isin sharp contrast with benthic crypsis. A
benthic organism that has a reflectance spectrum matching
the substrate remains maximally cryptic under changes in

water type, depth, solar elevation, and viewing angle and
azimuth. Second, neither mirroring nor coloring was clearly
a more robust cryptic strategy under varying viewing con-
ditions. Mirrored organisms generally had shorter sighting
distances when viewed under nonoptimal conditions but also
could never be completely cryptic when viewed in the solar
azimuth, because the predicted reflectance for zero inherent
contrast was greater than one. Third, the depth-dependent
variation in the optical properties of the water [c(A) and
K. (A)] was important for large organisms but not for small
organisms, where the 1/d? term in Eq. 3 dominated the cal-
culation of the sighting distance. For example, the sighting
distances from the mismatch calculations were often pro-
portional to depth for large organisms, because of the clearer
water at depth, but generally inversely proportional to depth
for small organisms as a result of the increasing minimum
contrast threshold at lower levels of illumination.

It is important to note, however, that both strategies are
highly successful when viewed under the conditions for
which they have presumably been optimized. Either strategy
can result in an organism that is indistinguishable from the
background, even at very close range. The following dis-
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Fig. 4. Predicted specular reflectance spectra of a maximally cryptic organism using modeled
light field. a) Predicted reflectance of the lateral surface of an organism viewed horizontally in the
solar azimuth. b) Predicted reflectance of the lateral surface of an organism viewed horizontally
opposite the solar azimuth. Solar elevation in a and b is 80°. ¢) Predicted reflectance of the lateral
surface of an organism viewed horizontally in the solar azimuth. d) Predicted reflectance of the
lateral surface of an organism viewed horizontally opposite the solar azimuth. Solar elevation in ¢

and d is 10°.

cussion of the relative success of diffuse and specular re-
flection refers to their relative robustness under varying op-
tical conditions. If organisms can slightly alter their
coloration and reflective properties under changing optical
conditions, as counterilluminating organisms can, both strat-
egies can result in nearly perfect camouflage.

Effects of depth—The analysis predicted dark brown dor-
sal surfaces and either greenish-brown or highly reflective
but colorless lateral surfaces. This generally matches what
is observed in many coastal nekton (Cott 1940; Hardy 1959),
suggesting that the assumptions underlying the calculations
are reasonable. Unfortunately, aside from a few measure-
ments of mirrored fish showing high specular reflectance
(e.g., Rowe and Denton 1997), there appear to be no pub-
lished measurements of the spectral reflectance of pelagic
coastal organisms.

Both large and small organisms that were cryptic at 50-m
depth had significant sighting distances at other depths, re-
gardless of the viewing angle. As might be expected, the
visibility generally increased in proportion to how much
shallower the organism was compared to its optimal depth
of 50 m. Normalizing for body length, the large organisms

had roughly twice the sighting distances of the small organ-
isms, implying that crypsis is more chalenging for the for-
mer. Small mirrored organisms generally had slightly lower
sighting distances than did colored organisms, because ideal
reflectance was more or less independent of depth. However,
mirrored organisms viewed in the solar azimuth could not
be fully cryptic at any depth (because it required a reflec-
tance higher than one). For large organisms, the visibilities
of mirrored and colored organisms were roughly equally af-
fected by being viewed at a different depth.

Dorsal surfaces—Viewing from above appears to be most
constant of the three angles studied. The mismatch calcula-
tions showed that cryptic dorsal coloration was the least de-
pendent on time of day and depth. Thiswas not due to small-
er contrast mismatches but rather to three other factors. First,
the dorsal surface was viewed against the relatively dim up-
ward radiance, so the minimum contrast threshold for the
viewer was higher than it would be if it was viewing the
lateral surface. More importantly, the attenuation of contrast
in the downward viewing angle was higher than in the other
viewing angles. The attenuation coefficient for contrast is
c(A) — K (). Because the background radiance increases as
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Fig. 5. Sighting distances of a 1-m-ong, diffusely reflective organism cryptic in one situation
viewed in a different situation. @) Organism cryptic in oceanic water viewed in coastal water (both
near noon). b) Organism cryptic near noon viewed near sunset. ¢) Organism cryptic in one azimuth
viewed horizontally in the opposite azimuth near noon. d) Organism cryptic in one azimuth viewed
horizontally in the opposite azimuth near sunset. €) Organism cryptic at 50 m viewed at a shallower
depth near noon. f) Organism cryptic at 50 m viewed at a shallower depth near sunset. Dotted line
in d denotes the sighting distance determined using Eq. 9 rather than the simpler Eqg. 1. No data
are given at 0 m for the downward viewing angle, since this would place the viewer out of the

water.

the viewer moves upward and away from the organism,
K_(A) is negative, and so the contrast attenuation coefficient
is higher than it is at any other viewing angle (see Johnsen
2002). Finally, because the dorsal surface faces the entire
hemisphere of the sky, it is less affected by changes in the
position of the sun than are the lateral surfaces. The one
situation in which the dorsal surface does not have an ad-
vantage over the lateral surfaces is in the case of changing
water type. A dorsal surface that is cryptic in oceanic water
is just as vulnerable to detection in coastal water as are lat-
eral surfaces.

Lateral surfaces—As mentioned above, lateral surfaces
are more vulnerable to detection under changing conditions,

because the underwater light field at shallow depths is sel-
dom symmetric. Even mirrored lateral surfaces, which are
perfectly cryptic in a cylindrically symmetrical light field
(Denton 1970), are visible in an asymmetric field when
viewed at different azimuths. This is attributable to the fact
that viewing in the solar azimuth increases the background
radiance and decreases the organism'’s radiance, as a result
of the lower irradiance or radiance at its surface. The reverse
is true for viewing opposite the solar azimuth. Indeed, the
mismatch calculations showed that organisms cryptic in one
azimuth were quite visible when viewed in the opposite az-
imuth or at a different time of day.

Mirrored lateral surfaces were less vulnerable than colored
surfaces to azimuthal changes, but they are slightly more



Camouflage strategies in the pelagic

1285

20

sighting distance (m)

sighting distance (m)

30 40

50

20 30 40 50

20

20 30 40 50

sighting distance (m)

0 L T T T
20 30

depth (m)

40

50

T T T

20 30
depth (m)

40 50

Fig. 6. Sighting distances of a 1-m-ong, specularly reflective organism cryptic in one situation
viewed in a different situation. See Fig. 5 for further details.

vulnerable to changes in solar elevation. However, because
in actuality mirrored organisms will have curved surfaces,
they have an additional issue to contend with. As a result of
this curvature, there will be some position on the organism
that will specularly reflect direct sunlight to the eye of the
viewer, creating a bright flash. This is particularly important
near the surface, where sunlight is still quite directional. In-
terestingly, certain species of mirrored pelagic fish appear to
have compensated for this by organizing the reflective struc-
tures within the scales so that they are vertical regardless of
the orientation of the scale (Denton 1970). Thus, a curved
fish acts optically like a vertical mirror. It is unknown how
common this strategy is among fish and other specularly
reflective aguatic organisms.

Although upward viewing predominates at deeper depths
(Muntz 1990), horizontal viewing is the most common at
shallow depths. One reason for this may be the temporal and
spatial complexity of the overhead light field near the sur-
face. Wave-induced lensing of light results in rapid (1-100-

Hz), large-scale fluctuations in light intensity and distribu-
tion. Internal reflection at the air—water interface and the
possible presence of clouds also complicate the background
for viewers attempting to detect predators or prey from be-
low. A final reason may be the vulnerability of lateral sur-
faces to detection under changing viewing azimuths and so-
lar elevations.

The azimuthal issue is particularly difficult to overcome.
While organisms can control their depth, habitat, and the
time of day at which they are active, they generally cannot
control the azimuth from which they are viewed. As can be
seen from the current study, the light field is still not sym-
metrical at a depth of 50 m. One possible compensation
strategy is orientation parallel to the solar azimuth. In this
orientation, the relatively large flanks of the organism re-
ceive equal illumination and can be simultaneously cryptic.
This orientation also minimizes the effects of wave-induced
lensing on the lateral surfaces. Certain fish species are
known to orient and migrate using a solar compass (e.g.,
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Table 1. Ranges of sighting distances of a 6-mm-ong organism cryptic under one set of optical conditions but viewed under another
set. Ranges in parentheses are for specularly reflective organisms. Ranges without parentheses are for diffusely reflective organisms. Ranges
for one form of reflection that are significantly shorter than those for the other are in bold type.

Sighting distance

Mismatch condition Viewing angle (cm)
Cryptic in open ocean, From above 83-37
viewed near coast In solar azimuth 90-35 (38-27)
Opposite solar azimuth 110-35 (14-0)
Cryptic at noon, viewed at From above 150
sunset In solar azimuth 32-18 (50-23)
Opposite solar azimuth 66-10 (67-13)
Noon Sunset
Cryptic in one azimuth, In solar azimuth 65-46 (48-36) 65-37 (62-33)
viewed in another Opposite solar azimuth 130-70 (42-30) 160-55 (82—29)
Cryptic at 50-m depth, From above 52-0 65-0
viewed shallower In solar azimuth 290 (38-27) 490 (55-25)
Opposite solar azimuth 67-0 (27-0) 100-0 (71-0)

Levin et al. 1992), but it is not known whether any species
employ azimuthal orientation as a cryptic strategy.

Solar elevation—For colored organisms, the effect of so-
lar elevation on crypsis was relatively small compared with
other factors. Mirrored organisms were more affected, but
not to a dramatic extent. Thisis due to the fact that, although
the overall radiant intensity is strongly affected by solar €l-
evation, the radiance distribution is affected less than might
at first be suspected. This is primarily the result of three
optical factors. First, refraction at the air—water interface de-
creases the range of solar elevations from 0-90° to 42.5—
90°. Second, strong light absorption by the water implies
that, as depth increases, the brightest point in the underwater
light field migrates toward the zenith (which has the shortest
optical path length). Third, light scattering by particles and
the water itself results in a more diffuse light field. Because
it is the radiance distribution and not the total light intensity
that effects the predictions for crypsis, these three factors
limit the effects of solar elevation on the predictions.

Although the results of the current study appear to be at
odds with numerous studies describing the changing spec-
trum at twilight and its effects on visual predation (reviewed
by McFarland et al. [1999]), this is because these studies
involved light levels low enough to strongly affect contrast
thresholds and spectral sensitivities (Douglas and Hawry-
shyn 1990). The light levels in this study were all above the
photopic threshold of G. morhua. Below this threshold the
contrast threshold and spectral sensitivity of G. morhua
change dramatically (Anthony 1981; Anthony and Hawkins
1983).

Water type—The mismatch calculations showed that col-
ored organisms that were cryptic in oceanic water became
visible if they moved into coastal water. The effect was not
as dramatic as that seen in the mismatch of azimuth, but it
was more pronounced than the effect resulting from solar
elevation. Whereas some species are confined to either coast-
al or oceanic waters, many are found in both types at various
life stages, classic examples being salmonids and various

species of eels. Countless studies have shown that many
aguatic species change color to match various benthic back-
grounds. In pelagic systems, other studies have shown that
certain species change color depending on depth or time of
day (e.g., Herring and Roe 1988). In addition, eel, sea lam-
prey, and certain salmon develop mirrored sides before ven-
turing from freshwater into the ocean (reviewed by Herring
[1994]). However, no study has examined color changes in
pelagic organisms as a cryptic response to changes in water
type.

Even organisms that never leave coastal water are subject
to large variations in their optical environment because of
changing phytoplankton levels, influxes of freshwater and
sediment from rivers, eutrophication from agricultural run-
off, and numerous other factors. These variations have sig-
nificant effects on both visual predation and visual com-
munication and, eventually, on the species composition of
the ecosystem (e.g., Seehausen et al. 1997). These studies
have generally focused on the viewer. None have examined
whether the viewed species alter their coloration to compen-
sate for these variations.

Mirrors versus colors and general implications for cryp-
sis, foraging, and predator avoidance—Many pelagic or-
ganisms appear to be cryptically colored. Others, particularly
teleost fish, have mirrored lateral surfaces. Most likely have
reflectances intermediate between completely diffuse and
specular. By examining the two extremes, this study attempt-
ed to determine the relative advantages and disadvantages of
each strategic ideal. Mirrored surfaces appear to be cryptic
over awider range of optical environments than are diffusely
reflective colored surfaces. Changes in viewing azimuth and
water type had less effect on the crypsis of mirrored organ-
isms. Changes in depth also had little effect, but this advan-
tage was offset by the fact that mirrored surfaces could not
be fully cryptic when viewed against the sun because of the
high background radiance relative to the radiance incident
on the surface. Mirrored organisms were also more affected
by the time of day and are vulnerable to detection due to
glinting reflections. Neither strategy clearly outperforms the
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other. Perhaps the clearest result from the study is that both
strategies have serious weaknesses in shallow water, partic-
ularly when the light field is asymmetric.

The most obvious implication for a crypticaly colored or
mirrored organism is that in order to remain cryptic, it must
either have the capacity to change its color rapidly or it must
limit the optical conditions under which it is viewed. As
mentioned above, the latter is only possible at depths in
which the light field is more symmetrical. Below this depth,
the effects of depth, solar elevation, and viewing azimuth
are negligible, and the organism can optimize its reflectance
for different viewing angles, although the ventral surface is
problematic (Johnsen 2002). Above this depth, crypsis either
by colored or mirrored surfaces is limited, which may help
explain both the predominance of transparent species in
near-surface pelagic habitats (Johnsen 2001) and the vertical
migration of many colored and mirrored species (Lampert
1993).

For an organism attempting to detect a cryptic predator
or prey organism, severa search strategies present them-
selves. Firgt, the strong azimuthal effect indicates a circular
search strategy, particularly near sunset. An organism cir-
cling avolume of water is far more likely to detect a cryptic
organism within that volume, because at some angle the re-
flectance of the cryptic individual will be highly mismatched
for the viewing conditions. In general, searching at low solar
elevations is likely to be more successful than at high ele-
vations, despite the lower overall light levels. Finally, once
an organism is detected, it is likely to become more visible
if it is driven toward the surface. All three of these tactics
are commonly observed in pelagic predators (Gallo Reynoso
1991; Similae 1997; McFarland et a. 1999), but, of course,
al have additional benefits besides optical detection (Ikehara
et al. 1978; Gallo Reynoso 1991; McFarland et a. 1999).

Although mentioned above, it bears repeating that while
predicted cryptic reflectances are independent of the visual
system of the viewer, departures from these optima have
varying effects on an organism’s visibility, depending on the
species viewing it. For example, whereas the increase in pre-
dicted long-wavelength reflectance with depth may be irrel-
evant to cod, it may be critically important for a different
viewing species with excellent vision in the red. The pre-
dictions in this study form a physical background that must
be combined with particular visual parameters to make con-
clusions about specific cases.

However, the general robustness of mirrored versus col-
ored surfaces with respect to changing viewing conditions
and the inability of mirrored surfaces to be cryptic when
viewed against the sun are relatively independent of the
viewer. The first is attributable to the higher variability in
the predicted diffuse reflectance compared to the predicted
specular reflectance (Figs. 3, 4). The second is attributable
to the fact that the horizontal radiance in the solar azimuth
is always greater than the radiance opposite the solar azi-
muth. Although the magnitude of these effects depends on
the spectral and contrast sensitivity of the viewer, some ef-
fect will always be present.
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