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Abstract The use of transparency as camou¯age in the
epipelagic realm is complicated by the presence of ultraviolet radiation, because the presence of UV-protective pigments decreases UV transparency and may reveal
transparent zooplankton to predators and prey with UV
vision. During July 1999, September 1999, and June
2000, transparency measurements (from 280 to 500 nm)
were made on living specimens of 15 epipelagic (collection depth: 0±20 m, average: 11  1 m) and 19
mesopelagic (collection depth: 150±790 m, average:
370  40 m) species of transparent zooplankton from
Oceanographer Canyon and Wilkinson Basin in the
Northwest Atlantic Ocean. In addition, measurements
of downwelling irradiance (from 330 to 500 nm) versus
depth were made. The tissues from epipelagic zooplankton had lower UV transparency than those from
mesopelagic zooplankton, while the average visible
transparency (at 480 nm) of the two groups was not
signi®cantly dierent. Percent transparency was positively correlated with wavelength over most of the
measured range, with a rapid decrease below a certain
cuto wavelength. In mesopelagic tissues, the cuto
wavelength was generally 300 nm. In epipelagic tissues,
the cuto wavelength was between 300 and 400 nm.
Twelve out of 19 epipelagic tissues had transparencies at
320 nm that were half or less than their 480 nm transparency values, versus only 4 out of 21 mesopelagic
tissues. The eects of UV absorption on UV visibility
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and minimum attainable depth were modeled using
contrast theory and the physics of light attenuation.
Because UV absorption was generally signi®cantly
greater in the UVB than in the UVA spectrum (where
UV vision occurs), and because the highest UV absorption was often found in less transparent individuals,
its modeled eects on visibility were slight compared to
its eects on minimum attainable depth.

Introduction
Two striking characteristics of many oceanic zooplankton are their delicacy and their high degree of exposure
to visual predators and prey. Transparency is one of the
most common adaptations to this environment and appears to have evolved many times in parallel. All major
pelagic phyla have transparent representatives, and
many taxonomic groups (cnidarians, ctenophores,
chaetognaths, polychaetes, salps, doliolids, cranchid
squid, pseudothecosomate pteropods, heteropods, hyperiid amphipods) are dominated by transparent forms
(McFall-Ngai 1990; Hamner 1996; Johnsen and Widder
1998; Johnsen 2000). Many species achieve nearly
complete invisibility, and it has long been assumed that
transparency functions as camou¯age (Hobson and
Chess 1978; McFall-Ngai 1990).
Although transparent, mostly gelatinous zooplankton are poorly represented in trawls, research using bluewater diving techniques and submersibles has shown
that they are diverse, abundant, and play critical roles as
herbivores, predators and prey of zooplankton and
ichthyoplankton, and conveyers of organic mass to
deeper waters (e.g. Hamner et al. 1975; Alldredge and
Madin 1982; Alldredge 1984; Caron et al. 1989; Lalli
and Gilmer 1989; Pages et al. 1996; Madin et al. 1997;
Purcell 1997). All pelagic phyla contain numerous
transparent species that either prey on, or are preyed
upon by species with well-developed visual systems (reviewed by Johnsen and Widder 1998). In addition, many
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of these species (e.g. cnidarians, ctenophores, and
chaetognaths) prey upon copepods and larval crustaceans (Baier and Purcell 1997; Harbison et al. 1978),
which react defensively to shadows (Forward 1976;
Buskey et al. 1986) and thus may react to opaque or
translucent predators passing overhead.
Since the majority of transparent zooplankton are
more delicate and less agile than their visually orienting
predators or prey, their success in predator/prey interactions with these species depends critically upon their
visibility and, in particular, their sighting distance (the
maximum distance at which they are detectable by an
organism relying on visual cues) (Johnsen and Widder
1998). Because underwater sighting distances are short,
they are generally determined more by an object's
contrast than by its size (Mertens 1970). An object's
contrast depends on its distance from the viewer, its
transparency, and the transparency of the surrounding
water. Beyond the sighting distance, the object's contrast
drops below what the viewer can detect. Because the
sighting distance depends on the optical properties of the
zooplankton and the surrounding water, changes in either aect predator±prey relationships and possibly the
species composition of the ecosystem (Zaret and Kerfoot
1975; Greene 1983; reviewed by McFall-Ngai 1990).
The issue of ultraviolet (UV) transparency is particularly intriguing. Recent research has shown that UV
radiation is more abundant in epipelagic ecosystems
(de®ned in this paper as the depth range 0±20 m) than
previously supposed (Fleischmann 1989; Frank and
Widder 1996; reviewed by El-Sayed et al. 1996 and
Losey et al. 1999). This presents two problems for zooplankton that have evolved a concealment strategy
based on transparency. The ®rst involves UV vision
among potential predators and prey. UV vision has been
demonstrated in many marine species, and it has been
conservatively estimated that there is sucient UV light
for vision down to 200 m in clear ocean water (reviewed
by Shashar 1995 and Losey et al. 1999). Visual pigments
with UV sensitivity (though not necessarily peaking in
the UV) have been found in the Atlantic halibut (Helvik
et al., in preparation), 22 (out of 41 examined) species of
coral reef ®sh (McFarland and Loew 1994; McFarland
et al., in preparation), juvenile salmonids (Bowmaker
and Kunz 1987; Coughlin and Hawryshyn 1994), and
decapod and stomatopod crustaceans (Cronin and
Frank 1996; Marshall and Oberwinkler 1999). In addition, Siebeck and Marshall (2001) examined the lenses
and corneas of 211 species of coral reef ®sh and found
that 50% had high transparency at UV wavelengths.
Since the majority of the lenses and corneas in high UV
environments have high UV absorption (presumably to
protect the retina from radiation damage) (Thorpe et al.
1993), Siebeck and Marshall suggest that ocular UV
transparency often implies UV vision, particularly since
in their study it is correlated with UV body coloration.
Many researchers have suggested that further investigation will demonstrate that UV vision is widespread in
the marine environment (McFarland 1991; Shashar

1995; Losey et al. 1999). Indeed, among freshwater teleosts UV vision appears to be fairly widespread (reviewed by Jacobs 1992, Goldsmith 1994, and Shashar
1995; Carleton et al. 2000). Several researchers have
hypothesized that UV vision is primarily used to improve detection of planktonic prey (Loew et al. 1993;
Cronin et al. 1994; McFarland and Loew 1994), and
Browman et al. (1994) have shown that the presence of
UV light improves the search behavior of certain UVsensitive zooplanktivorous ®sh. The presence of UV
sensitivity in planktivorous but not in non-planktivorous life stages of salmonids (reviewed by Tovee 1995),
the correlation between UV vision and planktivory in
coral reef ®sh (McFarland et al., in preparation), and
the correlation between ocular UV transparency and
planktivory (Siebeck and Marshall 2001) all suggest that
UV vision is often used to increase the contrast of
planktonic prey.
The second problem related to UV radiation is potential radiation damage. Numerous studies have shown
that pelagic organisms are damaged by UV radiation in
various ways, including deleterious eects on DNA,
proteins, tissue, activity, growth, reproduction, and
chemical defenses (Damkaer et al. 1980, 1981; Worrest
1982; HaÈder and Worrest 1991; Smith et al. 1992; Cronin and Hay 1995; El-Sayed et al. 1996; Hay 1996).
Dierential levels of these eects have been shown to
in¯uence biomass, sex ratios, and species compositions
of both terrestrial and marine ecosystems (Bogenrieder
and Klein 1982; Bothwell et al. 1994; Chalker-Scott
1995; WaÈngberg et al. 1996; Odmark et al. 1998). These
eects are primarily due to UVB radiation (280±
320 nm), and in clear polar water have been observed to
depths of 20±25 m (reviewed by El-Sayed et al. 1996). At
lower latitudes, where surface UV irradiance is higher,
these eects are likely to be observed even deeper.
One of the primary defensive mechanisms against UV
radiation damage is the use of UV-absorbing pigments
(Dunlap et al. 1991; Douglas and Thorpe 1992; Thorpe
et al. 1993; Karentz 1994; Carroll and Shick 1996;
Hannach and Sigelo 1998). However, because UV-protective pigments must attenuate UV light to be eective,
their presence reduces an organism's transparency in the
UV, and thus increases its sighting distance for predators and prey with UV vision. This presents a potential
dilemma for transparent epipelagic zooplankton:
protection or concealment. This con¯ict is particularly
dicult to resolve in clear, oceanic waters, where UV
radiation levels are high and camou¯age is especially
challenging. Reports of decreasing ozone levels at polar,
temperate, and tropical latitudes (Solomon 1990; Stolarski et al. 1992) create an additional complication,
because transparent zooplankton may face concomitant
increases in UV radiation. A responsive increase in UVprotective pigmentation (at either an individual or
population level) increases UV visibility, resulting in
potentially increased predation or decreased feeding
success. A responsive increase in depth may decrease
access to prey, phytoplankton, or warm water.
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The present study measures the UV and visible
transparency of zooplankton and the waters they inhabit
and relates these data to the ecologically relevant parameters of sighting distance and minimum attainable
depth. Tissues from 15 epipelagic and 19 mesopelagic
species of zooplankton from ®ve phyla (Cnidaria, Ctenophora, Crustacea, Chaetognatha, and Chordata) were
collected from three sites in the Northwest Atlantic
Ocean. The transparency of various tissues was measured at wavelengths ranging from 280 to 500 nm. In
addition, in situ measurements of downwelling irradiance from 330 to 500 nm were made at the site where all
but two species of the epipelagic zooplankton were
collected. These data were then related to sighting distance and minimum attainable depth using mathematical models based on contrast theory and the physics of
light attenuation.

Materials and methods
Source of zooplankton and description of tissues examined
Zooplankton were obtained from the following three locations:
Oceanographer Canyon (48°19¢N; 68°08¢W, on the southern edge
of Georges Bank), Wilkinson Basin (42°30¢N; 69°32¢W, in the Gulf
of Maine), and Woods Hole, Mass., USA. Zooplankton from
Oceanographer Canyon and Wilkinson Basin were obtained during
three cruises of the R.V. ``Edwin Link'' (July 1999, September
1999, June 2000). Approximately two-thirds of the mesopelagic
zooplankton obtained during these cruises were collected at depth
using the ``Johnson Sea-Link'' research submersible. These
zooplankton were captured in 11-l plexiglass cylinders with
hydraulically activated, sliding lids. The remaining mesopelagic
zooplankton were collected using an opening/closing Tucker trawl
(4.3 m2 opening, 1/4 inch knotless nylon mesh) ®tted with a thermally insulated collecting container that could be closed at depth.
Over three-quarters of the epipelagic zooplankton were collected in
glass jars using blue-water diving techniques (Hamner 1975;
Johnsen and Widder 1998). The remaining zooplankton were collected using a surface plankton net (0.5 m2 opening, 335 lm mesh).
The lobate ctenophore Mnemiopsis maccrydi was obtained from the
Aquatic Resources Division at the Marine Biological Laboratory
(dipnetted from the surface in Woods Hole harbor). It and the
cydippid ctenophore Pleurobrachia pileus (collected at the surface
in Wilkinson Basin) were the only two epipelagic zooplankton not
collected at Oceanographer Canyon. Although M. maccrydi and
P. pileus were collected in water with considerably higher UV
absorption than that found in Oceanographer Canyon, their
location at the surface justi®es their placement in the ``high UV''
epipelagic group.
Zooplankton were identi®ed based on descriptions by Godeaux
(1998) for salps, Kramp (1959) for medusae, and Wrobel and Mills
(1998) for ctenophores. Table 1 lists the zooplankton collected,
their dimensions, and depth of collection. All zooplankton were
alive and in good condition at the time of measurement. Those
collected on cruises were measured within an hour of collection.
The ctenophore M. maccrydi was measured upon arrival.
Apparatus and procedure for measurement
of UV and visible transparency
The apparatus used for measuring tissue transparency was modi®ed from the one described by Johnsen and Widder (1998). The
light source was a stabilized deuterium lamp (D-1000, Ocean Optics, Dunedin, Fla., USA) coupled to a 0.4 mm diameter ®ber optic
cable. The light exiting the ®ber optic cable was collimated by a

fused silica lens and reduced to a diameter of 3 mm by a ®xed
aperture. The beam passed through the specimen [held in a cuvette
built from UV-transparent acrylic (Acrylite OP4, Cyro Industries,
Mt. Arlington, N.J., USA)] and was focused onto a 1 mm diameter
®ber optic cable by a second fused silica collimating lens. The light
exiting the 1 mm cable was coupled to the detector of an optical
multichannel analyzer (OMA-detector model 1420, detector interface model 1461, EG & G Princeton Applied Research) via a
25 lm slit. A ®xed 3 mm diameter aperture was placed in front of
the collection optics to limit the half-angle of acceptance of scattered light from the sample to 1°. The collimation and collection
optics were kept in alignment using a precision metal frame designed for this purpose (74-ACH adjustable collimating lens holder,
Ocean Optics). For further details on apparatus design, calibration,
and operation, see Johnsen and Widder (1998).
Each specimen to be measured was placed in seawater in the
UV-transparent cuvette. Five measurements through a given tissue
were taken, followed by a reference measurement through the
water. Each measurement consisted of an average of 50 consecutive
0.01 s exposures. The specimen was moved slightly between measurements to get an average value for the tissue measured. Percent
transparency values for each wavelength were calculated by dividing the spectrum of the beam after passing through the tissue by
the spectrum of the reference beam (that had passed through an
equivalent distance of water).
In general, measurements were taken through the thickest nonopaque portion of the body (generally through extracellular matrix). All measurements were taken along an axis perpendicular to
the longest axis of the specimen. Therefore, measurements of ctenophores were taken perpendicular to the oral±aboral axis; measurements of medusae were taken perpendicular to the plane of the
bell; tunicate, crustacean, and chaetognath measurements were
taken perpendicular to the anterior±posterior axis. More than one
tissue was measured in several species that had large areas of different tissue types. All measurements were made on intact zooplankton, so a measurement through the muscle band of a salp, for
example, was also through the test.
In order to compare more easily the degree of UV absorption
among species, the transparency spectrum for each specimen was
sometimes normalized by the percent transparency at 480 nm. This
normalization also increased precision, because, while the transparency of dierent specimens of conspeci®c zooplankton varied
with size, the relationship between the transparency values at two
dierent wavelengths for a given measurement was quite constant
(Johnsen and Widder 1998; present study). The transparency value
at 480 nm was chosen because it usually approximated the average
transparency in the visible range (Johnsen and Widder 1998) and
because 480 nm is approximately the wavelength of peak sensitivity
for many marine visual systems (Lythgoe 1972; Kirk 1983; Frank
and Case 1988; Partridge et al. 1992). Finally, it also approximates
the wavelength of maximum transmission in the ocean (Jerlov 1976).
In situ measurement of the penetration
of downwelling UV irradiance
Depth pro®les of the downwelling irradiance spectrum in Oceanographer Canyon were taken using a portable multichannel spectrometer (PS1000, Ocean Optics) operated from the rear dive
chamber of the submersible. The spectrometer was optimized for
maximum sensitivity by factory removal of the clad stripper and
installation of a collection lens. The external ®ber optic cable was a
1000 lm diameter silica ®ber terminated with SMA connectors
with O-ring seals. Two optical collectors were designed and tested:
a diuser with cosine response and an optically ¯at window. For
the results reported here, only the ¯at window collector was used,
because the poor ¯ux transfer eciency of the diuser reduced
sensitivity to such a degree that UV measurements were not possible. The ¯at window collector with the ®ber optic had an in-water
angular acceptance of 13°. The ®ber optic light collector was
mounted on a pan and tilt on top of the submersible along with an
intensi®ed video camera that ensured the ®eld of view was free of
obstructions such as ship shadow, ballast bubbles, etc.
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Table 1 Dimensions of the
collected zooplankton and the
depth of collection (all given as
mean  SE). ``Thickness'' is
the length of the light path
through the individual. The salp
Cyclosalpa anis was an
aggregate of seven individuals.
Multiple conspeci®c individuals
caught at one depth were
included only once in the depth
averages (aaggregate form,
b
bracts, ddiameter of bell,
n
nectosome, ssolitary form,
u
nurse)

Species

Thickness (mm)

Length (mm)

Depth (m)

Hydromedusae
Aequorea forskalea ForskaÊl (2)
Botrynema brucei Browne (2)
Calycopsis sp. (typa and gara) Fewkes (2)
Cunina globosa Eschscholtz (3)
Halicreas minimum Fewkes (3)
Orchistoma pileus Lesson (3)
Pandea conica Quoy & Gaimard (2)
Ptychogena crocea Kramp & Damas (1)
Solmissus incisus Fewkes (2)

16  1
15  1
20  0
6.7  1
7.7  2
11  0.7
16  0.5
17
18  4

53 
21 
20 
17 
26 
33 
29 
20d
60 

Siphonophores
Agalma okeni Eschscholtz (4)
Nanomia cara Agassiz (1)
Rosacea plicata Quoy & Gaimard (2)

12  2b/17  3n
10b/10n
18

81  16
45
120

10  2
340
280  20

Scyphomedusae
Aurelia aurita LinneÂ (2)
Pelagia noctiluca ForskaÊl (1)

13  0
15

78  3
50

12  2
12

Beroids
Beroe mitrata Moser (1)

8.0

15

15

Cestids
Cestum veneris Lesueur (1)

3.0

300

15

Cydippids
Euplokamis sp. Chun (2)
Pleurobrachia pileus VanhoÈen (2)

5.0  0
13  1

21  0.5
17  2

260
Surface

Lobates
Bolinopsis infundibulum Muller (1)
Mnemiopsis maccrydi Mayer (11)
Ocyropsis maculata Rang (1)

20
13  1
35

45
25  1
40

500
Surface
150

Hyperiid amphipods
Cystisoma sp. Guerin-Meneville (1)

10

55

300

Decapods
Pasiphaea multidentata Esmark (2)

20

35  3

200

Chaetognatha
Sagitta hexaptera D'Orbigney (4)
Sagitta maxima Conant (2)

3.3  0.3
3.0  0

46  2
31  2

170  80
250

Salps
Cyclosalpa anis Chamisso (2)s
Cyclosalpa anis Chamisso (1)a
Cyclosalpa polae Sigl (6)a
Iasis zonaria Pallas (4)a
Pegea confoederata ForskaÊl (13)a
Salpa aspera Chamisso (3)s
Salpa cylindrica Cuvier (1)s
Salpa fusiformis Cuvier (10)a
Thalia democratica ForskaÊl (2)s

24  1
60
16  0.5
9.3  0.3
11  0.6
20  1
20
13  0.6
5.5  0.5

78
60
37
30
30
78
60
41
15

95
15
14
300
7.6  4
400  60
15
280  20
3

Doliolids
Doliolina intermedium Neumann (1)u

10

25

Cnidaria
3d
1d
0
3d
4d
3d
1
20d

15
790
530
270
550
15
11
280
730






10
80
3
200

 20

Ctenophora

Crustacea

Chordata

The spectrometer was wavelength calibrated using a low pressure mercury spectrum lamp (HG-1 Mercury Argon Calibration
Source, Ocean Optics) and intensity calibrated using an NIST
(National Institute for Standards and Technology) referenced calibration source designed for the calibration of detectors from 350 to
800 nm (model OL310, Optronics Laboratories, Orlando, Fla.,
USA). Absolute intensity calibration was then performed by comparing the PS1000 value at 480 nm with the 480 nm value obtained
using a self-calibrating radiometer (LoLAR; Widder et al. 1992)
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2
1
0.9
4

1
 0.5

500

operated at the same depth (230 m) and time. Note that, although
absolute irradiance values are not possible below 350 nm (due to
the limits of the calibration source), relative irradiance levels (i.e.
fraction of surface irradiance at a given depth) are possible, since
the division creates dimensionless values. The noise limits of the
spectrometer, however, limited relative irradiance levels to 330 nm
and above. Relative irradiance at 320 nm was obtained by extrapolation, but values farther into the UVB range were unfortunately
not possible. Because, the ®ber optic light collector is not a true
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cosine collector, it did not collect the increased oblique light present
at deeper depths. Therefore, the calibration at 230 m slightly
overestimates the downwelling irradiance at shallower depths.
Because the PS1000 spectroradiometer did not have the dynamic range to measure both deep and shallow spectra during the
same dive, deep spectra were taken during midday dives, and
shallow spectra were taken during sunset dives. The attenuation
coecients from the sunset, shallow measurements were then used
to estimate the shallow values for midday dives.
Eight vertical pro®les were taken during July 1999, and ®ve
were taken during June 2000. Due to Hurricanes Floyd and Gert,
no pro®les were taken during September 1999. Because all but two
species of the epipelagic zooplankton were collected at Oceanographer Canyon, and because the two exceptions were collected at
the surface (see above), depth pro®les of UV radiation were only
taken at this site.

is only known for a small number of species, and no currently
available transmissometer measures c at UV wavelengths. Therefore, the above method provides the best estimate given current
data and technology.
Estimation of eects of UV absorption
on minimum attainable depth
An organism's exposure to UV radiation at a given depth and
wavelength depends on the surface UV irradiance Us(k), the diuse
attenuation coecient K(k) of the water, and the fraction P(k) of the
irradiance that reaches the upper surface of the organism that passes
through to critical UV-sensitive tissues. Let Umax(k) equal the
maximum tolerable continuous intensity of UV radiation of wavelength k for a given UV-sensitive tissue within an organism. Then,
Umax k  Us k  e

Estimation of eects of UV absorption on sighting distance
The primary method of analysis in this and the following section
compares the eect due to the measured UV transparency spectra
to the eect due to a hypothetical ¯at spectrum T(k)  T(480) for
all k. Because the transparency spectra were commonly ¯at except
for possible absorption in the UV range, this analysis estimates the
eect of any UV absorption. The transparency value at 480 nm was
chosen for the ¯at spectrum for the reasons previously described.
The sighting distance of an object is the distance at which its
contrast drops below what a given viewer can detect. Because the
sighting distance of a transparent zooplankter from an arbitrary
viewpoint depends on its light scattering properties and the characteristics of the underwater light ®eld (Chapman 1976), it is dif®cult to model exactly. In general, however, pelagic objects are
most visible when viewed from below, and are often viewed from
this angle (Mertens 1970; Munz 1990). For this viewing angle,
Johnsen and Widder (1998) showed that the sighting distance at a
wavelength k is well approximated by:
!
ln
dsighting k 

Cmin k
T k
100

1

K k

c k

where Cmin(k) is the minimum-contrast threshold for the viewer,
and K(k) and c(k) are the diuse and beam attenuation coecients
of the water. Note that, since c(k) is always greater than K(k), if
Cmin k  1 T100k, then dsighting  0, implying that the object is
undetectable at any distance.
The sighting distance due to the measured transparency spectra
(dsighting) is compared to that due to the hypothetical ¯at spectra
(d¯at) by forming the quotient:
!
dsighting k

dflat k

ln
ln

Cmin k
T k
100

1

!

Cmin k
T 480
1
100

Note that this quotient is independent of K(k) and c(k), and therefore independent of the optical characteristics of the water. The
quotient was calculated for Cmin values of 0.005 (best value reported
for ®sh), 0.02 (human underwater vision under ideal conditions),
0.1, and 0.2 (an example of poor contrast vision) (Douglas and
Hawryshyn 1990). The wavelength k was set to be 360 nm, because
almost all known UV visual pigments have sensitivity peaks
360 nm (reviewed by Douglas and Hawryshyn 1990 and Jacobs
1992). Because transparency was generally positively correlated
d
with wavelength, using k  360 nm places an upper limit on sighting
dflat :
While integrating contrast over the spectral range of a given UV
visual pigment would theoretically provide a more accurate estimate of the eect on sighting distance than the value at one
wavelength, this method requires knowledge of the wavelength
dependence of c, K, and Cmin. The wavelength dependence of Cmin

K kdmin k

 P k

where dmin(k) is the minimum continuously tolerable depth for a
given Umax(k). Solving for dmin(k) gives:


k
ln UUs max
kP k
dmin k 
K k
The minimum attainable depth due to the measured transparency
spectra (dmin) is compared to that due to the hypothetical ¯at
spectra (d¯at) by forming the dierence:






k
k
max k
ln UsUkP
ln UUs max
ln PP480
480
kP k
dflat k dmin k 

K k
K k
K k
Note that the dierence is independent of Umax(k) and Us(k), and
therefore independent of both the UV sensitivity of the tissue and
the surface UV irradiance. Independence from these two parameters is important, because the ®rst parameter is not known in
general and the second varies over a large range. Factoring both
out increases the generality of the results, but does not provide
information on the minimum depths that the zooplankton can
tolerate. The coecient K(k) is taken from the vertical pro®les of
downwelling UV irradiance in Oceanographer Canyon. The fraction P(k) was estimated by the measured transparency T(k). Because P(k) is the fraction of irradiance (direct and oblique light)
that reaches a given point, while the measured transparency T(k) is
the fraction of radiance (direct light only) that reaches a given
point, this approximation underestimates P(k) and thus puts an
upper bound on the depth dierence d¯at(k) ± dmin(k). In this situation, however, oblique light likely contributes only a small
fraction of the total irradiance. This is due to several factors. First,
most of the light is contained in a small angular cone centered at
some point between the location of the sun and the zenith (Jerlov
1976). Therefore, most of the light reaching the zooplankter arrives
from one direction. Second, the majority of the tissues sampled
attenuated only a moderate fraction of the light. This, coupled with
the fact that most of the UV attenuation is likely due to absorption
rather than scattering, implies that only a small fraction of photons
within the tissue will be scattered into large oblique angles. The
above factors allow one to roughly approximate P(k) with T(k).
Note that the above analysis assumes that the critical UV-sensitive
tissues are below the bulk of the zooplankter and thus places an
upper limit on the decrease in minimum attainable depth.
Depth dierences were calculated at wavelengths of 320 and
360 nm. The 360 nm wavelength was chosen because it is the
central wavelength of the UVA range. The 320 nm wavelength was
chosen because it was the only UVB wavelength for which good
estimates of K(k) were available. While integrating radiation
damage over a given damage action spectrum (e.g. Setlow, Robertson-Berger) theoretically provides a more accurate estimate of
the eects on minimum attainable depth than the value at two
wavelengths, this method is limited in practice for reasons similar
to those described in the previous section.
The transparencies, sighting distances, and depth dierences
between mesopelagic and epipelagic tissues were compared using
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Fig. 1 Transmission spectra of tissues from epipelagic zooplankton.
The transparency values of Beroe mitrata and the aggregate of
Cyclosalpa anis are too low to be shown on the graph and are
omitted (sph siphonophore; slp salp; b bracts; ctn ctenophore; m
muscle band; med medusa; n nectosome; p pigmented portion of test).
The tissues are divided into two graphs and error bars are omitted for
clarity
Student's t-test when the data were normally distributed with equal
variances, and the Mann±Whitney rank sum test when either
condition was not met. All statistics were performed using Sigmastat (Jandel Scienti®c).

Results
The epipelagic and mesopelagic zooplankton were collected at average depths of 11  1 m (n  15) and
370  40 m (n  19), respectively (all data are given as
mean  SE). The averaged percent transparency was
plotted against wavelength for the epipelagic and mesopelagic tissues (Figs. 1, 2). Usually, percent transparency
was approximately constant over most of the measured
range, with a rapid decrease below a certain wavelength.
In mesopelagic tissues, the cuto wavelength was generally 300 nm, except for the hyperiid amphipod Cystisoma
sp. In epipelagic tissues, the cuto wavelength ranged
from 300 to 400 nm. A few epipelagic tissues (e.g. Agalma
okeni bracts, Thalia democratica, Pelagia noctiluca) and
mesopelagic tissues (e.g. Cunina globosa, Nanomia cara
bracts) did not have an obvious cuto wavelength, but
instead showed a steady and marked decrease in transparency with decreasing wavelength. Several epipelagic
zooplankton (Aequorea forskalea, Orchistoma pileus,

Fig. 2 Transmission spectra of tissues from mesopelagic zooplankton
(b bracts; cht chaetognath; ctn ctenophore; dec decapod crustacean;
dol doliolid; e endostyle; hyp hyperiid amphipod; med medusa; n
nectosome; slp salp; sph siphonophore)

Pandea conica, Pegea confoederata) but no mesopelagic
zooplankton had a secondary transparency maximum or
shoulder at approximately 300 nm.
The average percent transparencies of the measured
tissues from epipelagic and mesopelagic zooplankton at
480 nm were 38  6 (n  19) and 50  6 (n  21), respectively, and not signi®cantly dierent (P > 0.1). The
UV transparencies normalized by the 480 nm values
were dierent, however, with epipelagic tissues showing
lower transparency at UV wavelengths (Table 2; Fig. 3).
Twelve out of 19 epipelagic tissues versus 4 of 21 mesopelagic tissues measured had normalized transparencies
at 320 nm of £50%.
UV spectrum of downwelling light
in Oceanographer Canyon
During a typical midday dive in July 1999, integrated
downwelling UV irradiances (350±400 nm) were:
Depth (m)

Irradiance (photons cm)2 s)1)

30
44
66
81
92

2.3
6.9
5.4
1.9
6.5

´
´
´
´
´

1015
1014
1013
1013
1012
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Table 2 Transparency values of zooplankton at 480 nm and
normalized transparencies at 400, 360, 320, and 280 nm. T(480) is
the percent transparency at 480 nm. T(k)/T(480) is the
transparency at wavelength k normalized by the transparency at
480 nm. When n > 1, the reported value is the average of the
average values for each individual. When n = 1, the reported value
is the average of the ®ve measurements for that individual. The
normalized transparency values [i.e. T(k)/T(480)] are normalized
before they are averaged [aaggregate of 7 individuals, bbracts,
e
endostyle, mmuscle band, nnectosome, ppigmented portion of test;
T(480) (%)

T(400)/T(480) (%)

superscripts preceding each species refer to references con®rming
their placement as epipelagic or mesopelagic zooplankton: 1Biggs
(1976), 2Madin (personal communication), 3Margonski and
Horbowa (1995), 4Russell (1953), 5Wrobel and Mills (1998),
6
Frank and Widder (personal communication), 7Alvarino (1971),
8
Madin (1991), 9Mayer (1912), 10Kehayias et al. (1994), 11Madin
et al. (1996), 12Deibel (1998), 13Wiebe et al. (1979)]. Where a
documented distribution includes both ranges, the range where the
zooplankter was collected in the current study was chosen
T(360)/T(480) (%)

T(320)/T(480) (%)

T(280)/T(480) (%)

Cnidaria
Epipelagic
1
Agalma okenib
1
A. okenin
2
Aequorea forskalea
3
Aurelia aurita
2
Orchistoma pileus
4
Pandea conica
5
Pelagia noctiluca

65
51
65
14
54
23
6









6
9
3
4
11
0.3
1

89
91
91
81
91
75
55









2
3
5
2
2
1
2

80
84
81
64
84
55
33









3
4
10
1
3
1
1

62
70
50
17
65
12
6









6
6
19
5
6
1
0.4

26
27
34
3
39
6
1









4
7
11
1
6
0.4
0.1

Mesopelagic
5
Botrynema brucei
2
Calycopsis sp.
2
Cunina globosa
5
Halicreas minimum
6
Nanomia carab
6
N. caran
4
Ptychogena crocea
7
Rosacea plicata
4
Solmissus incisus

83
47
56
70
48
70
97
24
54











19
16
7
4
3
7
2
8
9

99
86
84
97
97
101
93
80
93











3
8
4
3
1
1
0.4
13
1

95
74
67
92
87
96
89
65
86











3
12
5
4
2
0.5
1
16
1

88
61
44
85
58
87
83
48
75











5
16
4
5
5
1
1
17
1

55
23
13
57
14
44
65
15
26











8
13
2
9
4
1
1
7
5

83
97
75
92






1
1
2
2

44
93
58
77






4
1
2
9

6
87
31
32






4
2
2
13

3
60
26
21






3
3
2
12

Ctenophora
Epipelagic
5
Beroe mitrata
5
Cestum veneris
8
Mnemiopsis maccrydi
8
Pleurobrachia pileus
Mesopelagic
5
Bolinopsis infundibulum
5
Euplokamis sp.
9
Ocyropsis maculata

0.078  0.03
83  2
92
45  11
64  2
51
14  2

93  0.5
78  1
80  1

86  1
64  0.2
68  1

76  1
46  0.2
55  1

34  1
5  0.2
81

22  4
16  2

90  2
83  0.3

78  3
71  0.03

38  2
51  2

3  0.1
20  7

53  10
19  6

91  6
91  2

84  9
84  2

74  13
75  3

48  19
51  5

99
84
99
98
94
80
82
95










1
3
1
1
0.3
3
1
3

97
65
98
93
83
27
28
88










1
4
1
2
0.3
4
1
4

50
10
93
75
43
4
3
66










27
1
2
7
5
1
0.1
18

25
3
67
55
25
5
4
33










15
0.2
3
7
3
1
0.1
22

104
93
98
97
98







0.3
2
1
1
1

101
87
95
95
95







0.1
3
3
1
1

96
71
90
89
88







0.2
4
4
1
1

70
24
52
49
50







6
5
6
1
4

Crustacea
Mesopelagic
2
Cystisoma sp.
6
Pasiphaea multidentata
Chaetognatha
Mesopelagic
10
Sagitta hexaptera
10
Sagitta maxima
Choradata
Epipelagic
11
Cyclosalpa anis
11
C. anisa
11
Cyclosalpa polae
5
Pegea confoederata
5
P. confoederatap
11
Salpa cylindrica
11
S. cylindricam
5
Thalia democratica
Mesopelagic
12
Doliolina intermedium
5
Iasis zonaria
13
Salpa aspera
11
Salpa fusiformis
11
S. fusiformise

43  8
0.38  0.08
80  7
60  7
28  1
27  9
32  3
35  11
82
52
63
67
43







1
7
14
3
1
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The irradiance values below 370 and 380 nm at 81 and
92 m, respectively, were below the noise level of the
spectrometer, and so were not included in the totals at
those depths (Fig. 4A).
Using the midday spectra at 30 m and the sunset
attenuation coecient from 15 to 30 m, the midday
downwelling UV irradiance at 11 m was estimated to
be 9.2 ´ 1015 photons cm)2 s)1. Approximately 40% of
the surface downwelling irradiance at 330 nm and
80% at 400 nm remained at 11 m depth (Fig. 4B).
Over 10% of the surface downwelling irradiance at
360 nm remained at 30 m, but <1% remained at
60 m.
The visible and UV diuse attenuation coecients
were higher in June 2000 than in July 1999 (Fig. 5). The
average attenuation coecients at 360 nm in the 0±30 m
depth interval were 0.08  0.02 (n  8) and 0.2 
0.02 m)1 (n  7) during July 1999 and June 2000, respectively. The spectra were ®t to polynomials to obtain
values at 320 nm of 0.13 and 0.26 m)1 during July 1999
and June 2000.

The eects of UV absorption on sighting
distance and minimum attainable depth
The eect of UV absorption on sighting distance was
complex but generally correlated with increased visible
transparency of the individual and decreased contrast
sensitivity of the viewer (Fig. 6). With the exception of
the highly transparent medusa Ptychogena crocea, the
increases in sighting distance were uniformly small for
viewers with good-contrast vision (2.8  0.4% for
Cmin  0.005, 4.1  0.6% for Cmin  0.02). For viewers
with poorer contrast vision, the increases were large in

Fig. 4 A Downwelling irradiance in Oceanographer Canyon
(dive 4141, 1053±1055 hours, 11 July 1999). There are no readings
below 350 nm, because the spectrometer was not radiometrically
calibrated below this wavelength. B Penetration of downwelling
irradiance in Oceanographer Canyon (dive 4145, 1842±1855 hours, 12
July 1999). The relative spectra are normalized by a spectrum taken at
0 m (directly below the surface), where the downwelling UV
irradiance was 2.8 ´ 1014 photons cm)2 s)1. The relative spectra at
11 m (the average collection depth of the epipelagic zooplankton)
were calculated based on the attenuation coecient in the 0±15 m
depth interval

Fig. 3 Normalized UV transparency spectra of tissues from epipelagic and mesopelagic zooplankton (given as mean  SE). Spectra are
normalized by percent transparency at 480 nm and then averaged.
**P < 0.005. Note that while the dierence at 360 nm is not
signi®cant, the P-value is quite low (P  0.056)

Fig. 5 Average diuse attenuation coecients in the 0±30 m depth
interval calculated from vertical pro®les of downwelling irradiance in
Oceanographer Canyon during July 1999 and June 2000. Lines are
polynomial ®ts to the data (R2  0.97 for July 1999 ®t; R2  0.99 for
June 2000 ®t)
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some instances (e.g. Aequorea forskalea, Cunina globosa,
Botrynema brucei, Halicreas minimum, Ptychogena
crocea, the bracts of Aglama okeni, Cestum veneris,
Cyclosalpa polae, and Salpa cylindrica). When
Cmin  0.2, the increases in sighting distance for B.
brucei, P. crocea, C. veneris, and C. polae could not be
calculated because d¯at  0. In these cases, UV absorption rendered the zooplankton detectable, where before
they were undetectable at any distance. The doliolid
Doliolina intermedium had a slightly higher transparency
at 360 nm than at 480 nm, and so exhibited a small
decrease in sighting distance. The tissues from the epipelagic and mesopelagic zooplankton did not have signi®cantly dierent sighting distances for any of the
minimum-contrast thresholds tested (P > 0.5 for all
Cmin values).

There was a marked and signi®cant dierence in
decrease in minimum attainable depth between the
tissues of epipelagic and mesopelagic zooplankton
(P < 0.0025
for
k  320 nm;
P < 0.05
for
k  360 nm) (Fig. 7). The decrease in minimum attainable depth was greater at 320 nm than at 360 nm
(P < 0.025).
The zooplankton with the lowest increase in sighting
distance (lowest cost) and highest decrease in minimum
attainable depth (greatest bene®t) had low visible
transparency and high UV absorption and were generally epipelagic (Table 3). The zooplankton with the
highest increase in sighting distance (highest cost) and
lowest decrease in minimum attainable depth (lowest
bene®t) had high visible transparency and moderate UV
absorption and were generally mesopelagic.

Fig. 6 Percentage increase in sighting distance due to measured
transparency at 360 nm over that due to the hypothetical ¯at
transparency spectrum T(k)  T(480) (rÐc, Cmin  0.005; j,
Cmin  0.02; m, Cmin  0.1; *, Cmin  0.2). Arrows indicate where
percentage increase could not be calculated; this occurs when the
sighting distance for the hypothetical spectrum is zero, due to the fact
that the inherent contrast (contrast at zero distance) of the target is
below the minimum-contrast threshold of the viewer. In these cases,
UV absorption renders the zooplankton detectable, where before they
were not at any distance

Fig. 7 Dierence between minimum attainable depth due to measured transparency at 320 or 360 nm and that due to the hypothetical
¯at transparency spectrum T(k)  T(480) (j, dierence when calculated at 320 nm; m, dierence when calculated at 360 nm). The left
and right squares/triangles for each tissue denote the depth dierence
determined using the averaged diuse attenuation coecients in the
0±30 m depth interval during June 2000 and July 1999, respectively
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Table 3 Summary of cost/bene®t analysis of UV absorption.
Tissues are scored from 1 (best) to 3 (worst) on the eects of the
measured UV absorption on UV visibility and minimum attainable
depth. Visibility scores were determined by ranking the average
sighting distance increases for each tissue. Depth scores were
determined by ranking the average dierence in minimum
attainable depth at 320 nm for each tissue. Ranks 1±13 (lowest
sighting distance increase or greatest depth dierence) were given a
score of 1, ranks 14±26 were given a score of 2, and ranks 27±40
(highest sighting distance increase or least depth dierence) were
given a score of 3. Total scores were determined by averaging the
visibility and depth score and then ranking from 1 (best) to 5
(worst). Tissues within each total ranking are in alphabetical order.
Boldface type indicates tissues from epipelagic zooplankton. Plain
type indicates tissues from mesopelagic zooplankton

Aurelia aurita bell
Beroe mitrata body
Cyclosalpa anis (a) test
Cystisoma sp. thorax
Euplokamis sp. body
Mnemiopsis maccrydi body
Pelagia noctiluca bell
Cyclosalpa anis test
Ocyropsis maculata body
Pandea conica bell
Pasiphaea multidentata thorax
Pegea confoederata pigmented test
Agalma okeni nectosome
Cunina globosa bell
Doliolina intermedium nurse
Iasis zonaria test
Nanomia cara bracts
Pleurobrachia pileus body
Rosacea plicata bracts
Sagitta maxima body
Salpa cylindrica muscle band
Salpa cylindrica test
Salpa fusiformis endostyle
Thalia democratica test
Agalma okeni bracts
Aequorea forskalea bell
Calycopsis sp. bell
Cyclosalpa polae test
Nanomia cara nectosome
Orchistoma pileus bell
Pegea confoederata test
Sagitta hexaptera body
Salpa aspera test
Salpa fusiformis test
Solmissus incisus bell
Bolinopsis infundibulum body
Botrynema brucei bell
Cestum veneris body
Halicreas minimum bell
Ptychogena crocea bell

Visibility
score

Depth
score

Total
score

1
1
1
1
1
1
1
2
1
2
1
2
2
3
1
2
2
3
2
1
3
3
1
2
3
3
3
2
2
3
2
3
2
2
2
3
3
3
3
3

1
1
1
1
1
1
1
1
2
1
2
1
2
1
3
2
2
1
2
3
1
1
3
2
2
2
2
3
3
2
3
2
3
3
3
3
3
3
3
3

1
1
1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5

Discussion
Visibility cost of UV absorption
in epipelagic zooplankton
Relative to their transparency at 480 nm, many of
the epipelagic zooplankton in this study were often
considerably less transparent in the UV spectrum than
were the mesopelagic zooplankton. While this absorption

could potentially increase visibility to predators and prey
with UV vision, the actual increases in sighting distance
were generally minor. The reasons for this were twofold.
First, with few exceptions, the UV absorption in the UVA
range was small compared to the absorption in the UVB
range. Because all known UV visual pigments operate in
the UVA range (reviewed by Douglas and Hawryshyn
1990 and Jacobs 1992), the UV absorption measured in
the present study generally had little eect on visibility.
The minor eect of UV absorption on visibility was also
due to the fact that most of the zooplankton with high UV
absorption also had low transparency at visible wavelengths. The quotient dsighting/d¯at depended on UV absorption and visible transparency in a complex fashion.
For less transparent zooplankton [low T(480)], dsighting/
d¯at was linearly proportional to the degree of UV absorption and small even in cases of strong UV absorption.
Therefore, zooplankton with high UV absorption did not
necessarily have high increases in sighting distance (e.g.
Pandea conica, Beroe mitrata).
For more transparent zooplankton [high T(480)],
dsighting/d¯at was proportional to UV absorption, but in a
non-linear fashion, with most of the cost incurred with
slight absorption. Therefore, in highly transparent
zooplankton even moderate UV absorption had a large
eect on sighting distance. Because some highly transparent zooplankton had an inherent contrast (contrast
at zero distance) less than the minimum-contrast
threshold of a viewer with poor-contrast vision (Johnsen
and Widder 1998; present study), they remained undetectable at any distance. For these zooplankton, the cost
of UV absorption is potentially quite high because it can
make them visible to species with poor-contrast sensitivity to which they would otherwise be undetectable.
Depth bene®t of UV absorption
in epipelagic zooplankton
Because many of the epipelagic zooplankton had signi®cant UV absorption, their relevant UV exposure for a
given depth may have been reduced. This implies that
these species may tolerate shallower depths, thus increasing their depth range and access to prey, phytoplankton, or warmer water. The increases in depth range
in Oceanographer Canyon were relatively high. While a
decrease in minimum depth of 10±30 m is likely to be
insigni®cant at mesopelagic depths, near the surface it
potentially allows zooplankton to exploit regions with
substantially dierent temperatures, salinities, and concentrations of predators, prey and phytoplankton. The
eects may be more signi®cant if UV-protective pigments
are concentrated around critical tissues. If the critical
tissues are small relative to the size of the zooplankter, the
eect on visibility would be slight. This possibility is
currently being addressed using UV video analysis.
The analysis in this study assumed that the critical
UV-sensitive tissues were found on the ventral side of
the organism. While this was true in certain cases (e.g.
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certain medusae), it was certainly not true in general.
Therefore, the estimated depth changes were upper
limits. However, they can be generalized in the following
way: suppose that P(k) and P(480) are the fractions of
light of wavelength k and 480 nm that pass through an
entire organism of thickness T. From the appendix:
t

p k; t
2 2 P kT

p 480; t 2 2 P 480Tt
where t is the distance of the UV-sensitive tissues from
the upper surface of the zooplankter and p(k, t) and
p(480, t) are the fractions of incident light at wavelengths
k and 480 nm passing through to that distance. The ratio
p(k, t)/p(480, t) ranges from unity when t  0 (giving a
depth dierence of zero) to P(k)/P(480) (giving the depth
dierence presented in this study) when t  T. The form
of the curve, however, depends on the transparency of
the zooplankter. In highly transparent zooplankton [high
P(480)], p(k, t)/p(480, t) is approximately linear in t. In
less transparent zooplankton [low P(480)], p(k, t)/
p(480, t) is non-linear in t, decreasing very slowly until t
approaches T. In an inhomogeneous tissue, the relationship is more complex, but can be approached by
mathematically dividing the tissue into regions of
diering absorption.
Because UV absorption was invariably higher in
the UVB than in the UVA range, the decrease in
minimum attainable depth was greater for the former
wavelength range. Both UVA and UVB are implicated
in UV radiation damage (reviewed by Worrest 1982;
El-Sayed et al. 1996; Meyer-Rochow 2000). However,
although some forms of radiation damage (e.g. macular degeneration) appear to be caused primarily by
UVA (Jacobs 1992), the majority of documented effects are due to UVB. Given this, and the fact that
UV vision occurs in the UVA range, it is tempting to
conclude that the high UVB absorption and lower
UVA absorption measured in the epipelagic tissues in
this study re¯ect an evolved compromise between the
competing selective pressures of UV protection and
UV concealment, particularly since certain transparent
structures not used for camou¯age (e.g. teleost ocular
lenses) exhibit strong absorption across the entire UV
range (Douglas and Thorpe 1992; Thorpe et al. 1993).
This is premature, however, until more is known
about the function and capabilities of marine UV visual systems and about the action spectra of UV radiation damage in transparent zooplankton, and until
additional data on the diurnal, seasonal, and regional
variation in depth ranges of zooplankton are available.
Due to the limits of the PS1000 spectrometer, the
depth estimates are limited to k  320 nm. Because UVB
extends from 280 to 320 nm, this study only examined
the upper limit of this range. However, the data and the
formulae from this study can be applied to in situ data
from more sophisticated spectroradiometers to more
fully examine the UVB spectrum.

Cause of decreased UV transparency
in epipelagic zooplankton
The spectra of the epipelagic zooplankton strongly
suggest that the decreased UV transparency was primarily due to increased absorption rather than increased
scattering (see Johnsen and Widder 1998). The transparencies of the epipelagic and mesopelagic zooplankton
at 280 and 480 nm were not signi®cantly dierent, suggesting that the increased UV absorption in at least
some the epipelagic zooplankton was not due to
increased organic material, but to the presence of UVprotective compounds. While much is known about
UV-protective compounds in phytoplankton, benthic
organisms, and the lenses of teleosts (Yentsch and
Yentsch 1982; Dunlap et al. 1991; Douglas and Thorpe
1992; Thorpe et al. 1993; Carroll and Shick 1996;
Hannach and Sigelo 1998; Siebeck and Marshall 2001),
little is known about such compounds in zooplankton
(reviewed El-Sayed et al. 1996). Because dierent
UV-protective pigments have characteristic spectra, the
measured UV absorption spectra may be a valuable ®rst
step in identifying the compounds responsible (e.g.
mycosporine-like amino acids, carotenoids, melanin).
It is likely that the UV absorption in some of the
epipelagic zooplankton was not due to UV-protective
pigments but to damage-inducing absorption by tissue.
This had no eect on the visibility analysis, because
visibility was increased by the same amount regardless
of the source of the absorption. However, it may have
aected the depth analysis if the damage-inducing absorption in the measured tissues represented a signi®cant
cost to the organism. The measured tissues were generally extracellular matrices, so the cost was likely to be
small relative to the cost of UV absorption in cellular
tissue and gonads. However, long-term exposure to UV
radiation damage is known to reduce tissue transparency
(reviewed by Meyer-Rochow 2000), adding yet another
dimension to an already complex subject.
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Appendix
Consider a tissue of thickness T that transmits fractions
P(k1) and P(k2) of the incident light at wavelengths k1
and k2. Let p(k1, t) and p(k2, t) be the estimated fractions
of a smaller thickness t of the same tissue. The problem
is to ®nd p(k1, t)/p(k2, t) as a function of t, T, P(k1) and
P(k2). First,

728

p k1 ; t  1

a k1 ; t

1

where a(k1,t) is the fraction of light that has been
removed from the beam. In a uniform tissue, light is
attenuated exponentially. At zero thickness, the attenuation is nil. At thickness T, the attenuation is
A(k1)  1 ) P(k1). Therefore,
a k1 ; t  ekt

1

2

1

3

and
A k1   eKT

Solving Eq. 3 for k gives,
lnA k1   1
T
Substituting this into Eq. 2 gives,

k

t

a k1 ; t  eT  lnA k1 1

t

1  A k1   1T

Substituting this into Eq. 1 gives,
h
i
t
 1 P k1   1T 1  2
p k1 ; t  1

1
2

t

P k1 T

Since all the preceding arguments are valid for k2,
p k2 ; t  2

t

2

P k2 T

2

P k1 T

2

P k2 T

and
p k1 ; t 2

p k2 ; t 2

t
t
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