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ABSTRACT. Trilobites had a unique visual system in which the focusing component of their compound
eyes were calcite crystals. Biogenic calcite emits photoluminescence (PL) in the blue-green part of the
visual spectrum in all directions when excited by long-wavelength ultraviolet (UV-A) radiation. This PL had
no information about the image being formed by the incident light from objects (such as other animals
and rocks) near the trilobite and would have acted as stray light, thereby obscuring its vision. The PL
spectrum from biogenic calcite from extant red algae is used to model the PL emitted by the calcite in
the eyes of trilobites. The visible range and the wavelength sensitivity of the extant marine crustacean
Squilla empusa (a distant living relative of the trilobites) is used to model the vision of trilobites. In the first
theoretical calculation, the magnitude of this PL is estimated using data from extant red algae (including
the concentration of its PL centers) and is compared to the expected photon noise in the visible sunlight
directly from the illuminated objects. Due to the differences in the transmission of visible and UV-A
light by seawater, PL stray light obscuration is expected to lessen with depth. A second more general
calculation determines the dependence of this obscuration effect on ocean depth, independent of the
concentration of PL centers in the calcite, showing that the obscuring effect of PL diminishes with depth.

This PL is insignificant at 10 meters deep and, possibly, at all depths.
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INTRODUCTION

Trilobites were successful marine arthropods that
lived throughout the Paleozoic Era. Their fossils are
readily collected by both scientists and amateurs
all around the world. For example, the Ohio state
fossil is the Ordovician trilobite Isotelus maximus
which belongs to some of the largest trilobites in
the world (Rudkin et al. 2003; Brandt and Davis
2007). Trilobites first appear in the fossil record
about 520 million years ago (MYA) and survived
until the end-Permian Extinction 251 MYA (e.g.,
Whittington 1992; Schoenemann 2021). Most
trilobites are considered to havelived on the bottom
of the ocean (Bergstrom 1973; Fortey 2004)
(Fig. 1) within the shelves of ancient continents, at
almost every depth (even beyond the light range),
resulting in a plethora of morphotypes and sizes
(Fortey 2004). Some trilobites even had a pelagic
or planktonic mode of life (McCormick and Fortey
1998; Schoenemann et al. 2010). Trilobites are
believed to have fed mostly on edible detritus
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and organic particles extracted from sediment
or suspension; however, both predatory and
scavenging habits have been noted (Fortey and
Owens 1999). The high preservation potential
of trilobite fossils comes from the fact that their
dorsal (back) exoskeleton was mineralized with
calcite (set in an organic base). It is commonly
considered that the trilobite cuticle was composed
of low-magnesium calcite (Wilmot and Fallick
1989), although there is also evidence that some
trilobites may have simultaneously crystallized
high-magnesium calcite (Lee et al. 2012).
Though a few species of trilobites were blind,
having lost eyesight due to evolution (see
Schoenemann 2021 for overview), the vast majority
had compound eyes. The most common trilobite
eye was the holochroal type (Lindstrom 1901;
Clarkson 1979), characterized by a large number of
lenses (up to several thousand) covered by a single
cuticular cornea. The schizochroal eye (Lindstrom
1901), with fewer and much larger lenses separated
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FIGURE 1. The blind Cryptolithos moving along the sea
floor. Art by Jakub Zalewski (Warsaw, Poland) and used
with permission.

by cuticular material, developed within only 1
family, the Phacopina (see Fig. 2 for an example).
A third type, the abathochroal eye (Jell 1975) has
been noted only in the small Cambrian eodiscids.
This eye had small, less ordered lenses which were
clearly separated from each other and each covered
by a thin cornea.

In all 3 trilobite eye types, the focusing elements
of trilobite eyes were calcite crystals (Clarkson et al.
20006). The very high refractive indices of calcite are
1.486 and 1.658 for the extraordinary and ordinary
rays, respectively, at 590 nm (Bragg 1924). The
structure of the calcite crystal in trilobite eyes was
such that the light rays experience the ordinary
index of refraction (Horvath 1989). This is a great
advantage for a marine creature since the light rays
can be brought to a focus at a short distance. This
is superior to the chitin focusing component found
in the eyes of all the other arthropods since the
refractive index of chitin is 1.56 when dry and lower
when hydrated (Horvath 1989). The birefringence
of calcite could lead to double images, but the optic
axis of the calcite in trilobite eyes was always normal
to the visual surface (Horvath 1989). Consequently,
normally-incident light that entered the eye
experienced the ordinary index of refraction. For
more information, an interested reader can refer to
anumber of studies that have characterized trilobite
vision (Horvath 1989; Fordyce and Cronin 1993;
Schoenemann et al. 2015, 2021; Schoenemann
2021). Trilobites eyes had a very large depth-of-
field, which has inspired modern optical devices
with similar properties (Fan et al. 2022).
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Eyes allow an animal to perceive its environment
by focusing light from objects in its surroundings
onto its light-detecting apparatus. A cone of
light rays from an object point is focused by the
lens (and cornea) to form an image point, which
contributes information about the object. This
focusing effect causes the light within the cone
to travel in specific directions. Any light not
contributing to the foci on the light-detecting
apparatus can arise from an object source when
the ray from that source follows a path different
from that intended, or more often, it can arise
from a different source (Coleman 1947; Lytle
and Morrow 1977).

Calcite is the stable polymorph of CaCOj; under
ambient conditions. With a band gap of 6.0 +
0.4 eV (electronvolts) (Baerand Blanchard 1993),
calcite is transparent in the visible spectral range.
Naturally occurring (both biogenic and geogenic)
calcite crystals display photoluminescence (PL)
from 400 to 700 nm when illuminated by
ultraviolet (UV) light. When a UV-A photon—
corresponding to a wavelength within the range
300 to 400 nm and a photon energy in the range
3.1 eV to 4.1 eV—is absorbed, an electron can be
elevated from an initial state in the filled valence
band to a second empty defect state within the
bandgap having an energy above the initial state
equal to that of the absorbed UV-A photon.
Alternatively, the photon can excite an electron
from a filled defect state to the empty conduction
band. In either circumstance, this excited electron
emits a number of phonons (quantized lattice
vibrations), losing sufficient energy until it
reaches a third state within the band gap of the
calcite, which serves as the initial state of the PL
transition. After a lifetime in the range of tens of
nanoseconds to milliseconds, depending on the
nature of the defect and the radiative rate, the
electron transitions to an empty state generated
by the initial excitation and emits a photon in the
visible range (Gaft et al. 2008, 2015). Because of
the energy distribution of defect or conduction
band states associated with the excitation process,
a range of UV wavelengths can excite PL in
the sample. The current study considers the PL
induced by UV-A wavelengths from 300 nm to
400 nm and its effect on the trilobite’s vision.
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States within the bandgap associated with both
intrinsic and extrinsic defects can exist in calcite.
Intrinsic defects include point, linear, and planar
defects with their accompanying lattice distortions,
examples being vacancies and interstitials,
dislocations, and stacking faults, respectively.
Extrinsic defects include impurities that can be
substitutional or interstitial, together with their
distortions. In calcite, the PL centers can be impurity
ions (such as Mn*) substituting for Ca®* ions, other
chemical impurities (including organic matter),
oxygen vacancies, and lattice imperfections and
distortions (including dislocations of the CO;*
anion group) (Toffolo et al. 2019).
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The calcite components of the eyes of trilobites
are very rarely present in recovered fossilized
specimens (Schoenemann et al. 2015). Also,
chemical modifications of the calcite during the
long burial for at least 250 million years could
have changed the calcite crystals in unknown ways.
Consequently, the nature of the PL process and the
identity and concentration of the PL centers in the
calcite of trilobites during their lifetime are both
unknown. Extant red algae produce calcite crystals
containing organic carbon 1.6% by weight and 54
ppm of Mn**, as shown by Pedone et al. (1990).
These authors provided strong evidence that the
associated residual organic matter is responsible for

A

FIGURE 2. The cranidium (head) of the Upper Ordovician phacopid trilobite Dalmanitina socialis from Hostra Gora in the
Prague Basin, Czech Repubilic, in dorsal (A) and side (B) views with eyes indicated by red arrows, a close-up of the right eye
(C), and a close-up of the individual ommatidia (D). Specimen MWGUW 002541 on display in the Stanistaw Jézef Thugutt
Museum of the Faculty of Geology, University of Warsaw, Poland. Photographs made by Mariusz Niechwedowicz (University
of Warsaw) and used with permission.
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the PL centers observed within this form of biogenic
calcite. The organic matterisassumed to be cellular
components incorporated into the calcite crystals
during their growth. Since both trilobites and red
algae are marine organisms, it is assumed that they
incorporated this organic matter within their calcite
in similar manners. Because the spectral shape of
the PL provides a signature of the PL centers, it is
also assumed that the spectral shape from red algae
calcite is the same as that from trilobites. Note
that the typical plant (such as red algae) cell is 10
to 100 um in diameter while the typical animal
(such as a trilobite) cell is about 10 to 20 pm in
diameter. This difference in cell size might have
created a density of PL centers in trilobites different
from that in red algae. In addition (because the
magnitude of the PL signal is proportional to the
concentration of PL centers in the crystal) this
concentration in red algae and trilobites were,
most likely, not identical; however, their values are
assumed to be within an order of magnitude of each
other. Without an understanding of the nature of
the PL excitations and PL transitions, as well as
an accurate measurement of the concentration of
PL centers in trilobite calcite, the magnitude of
its PL is unknown.

The trilobite species Dalmanitina socialis
(specimen MWGUW 002541 at Stanistaw Jézef
Thugutt Museum of the Faculty of Geology,
University of Warsaw, Poland), a member of the
order Phacopida, is considered in the current
study. UV-A sunlight penetrated some distance
down into the Paleozoic seas and excited PL in the
calcite crystals of the trilobite eyes, since biogenic
calcite displays photoluminescence when exposed
to UV-A radiation. In the current study, the PL
light excited by the UV-A band is assumed to
have the same characteristics as that observed by
Pedone et al. (1990) using 363 nm UV radiation.
This PL was emitted in all directions, some of
which reached the photoreceptors of the trilobite
eyes. For the PL light to be detected by the eye,
the propagation vector of the light had to include
a component directed toward the photoreceptors
of the eye. Only half of the emitted PL light was
emitted with such a component. A fraction of the
light emitted with the appropriate component
would have been lost, however, since it would
have left the calcite crystal if it struck the side of
the crystal at an angle less than the critical angle
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for total internal reflection—which is lower for
the ordinary waves. Note that two-thirds of the
emitted PL would have consisted of ordinary
waves, having experienced the ordinary index of
refraction, and one-third extraordinary, depending
on whether these waves exhibited polarization
components perpendicular and parallel to the optic
axis, respectively. Consequently, less than half of
the emitted PL light would have been detected
by the trilobite’s eye. Since this PL light conforms
to the definition of stray light—not having arisen
from an object being imaged—it would have
lowered the contrast of the trilobite’s vision, thereby
obscuring its vision. Trilobites and brittle stars are
the only known species in nature that had or have
components that generate obscuring light in this
way (Whitfield 2001).

The PL stray light (or obscuration, as described
here) would have been similar to that generated by
fog or haze, which scatters the original photons of
light from an object being imaged. The photons
are scattered into new directions unrelated to their
original propagation, no longer carry information
about their origin, and diminish the observed
contrast. This effect of fog is usually quantified
as an extinction coefhicient vy, the propagation
distance for a collimated beam of 550 nm light to
be attenuated to a certain fraction (usually 5% or
2%) of its original irradiance (Grabner and Kvicera
2011). By comparison, the PL of calcite creates new
photons by the absorption of the UV-A photons
of light being imaged by the visual system. Each
PL photon is emitted in an arbitrary direction
and contains no information about the absorbed
UV-A photon from the object. The PL photons
in the visible range constitute stray light for the
visual signal, since they contain no information
about the original object.

Since eyes detect light by counting the number
of photons arriving per unit time, the current study
will calculate the rate at which visible photons are
detected by the eye. There must have been 2 kinds
of visible photons in the trilobite’s eyes: the visible
sunlight photons that originated in the photosphere
of the Sun, referred to here as solar photons, and
the visible photons created by PL in the calcite,
referred to here as PL photons.

This unique system of vision relying on calcite
lenses requires, in turn, a unique parameter to
quantify the obscuration effect generated by the
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stray light. This parameter is defined here for the
first time and called the obscuration factor ¢ and
defined to be the total number of PL photons seen
by the trilobite per second, nyitot , divided by the
total number of the visible solar photons seen by

-_solar

the trilobite per second, N, .

NPL
__ Neyetot
(»0 — .solar (1)

Neye tot

The dot over a symbol signifies its time
derivative. The quantities in both the numerator
and denominator have been summed over the
entire visible spectrum. If there were no PL, the
obscuration factor @ would be 0, and the trilobite
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would see with maximum contrast. The presence
of any photoluminescence in the calcite meant
that the obscuration factor was greater than 0.
As the amount of PL increased, the obscuration
factor increased, and the contrast of the trilobite’s
vision decreased.

This paper presents, for the first time, a
quantitative evaluation of the effects of PL on
the vision of trilobites. These calculations directly
address the suggestion by Schoenemann et al. (2015)
that the obscuring effect of PL in the trilobite vision
should decrease with ocean depth. A number of
specialized terms from optics are used in these
theoretical calculations and a glossary (Table 1) is
given for the reader’s convenience.

Definitions of physical paraTraI:Itee:s used in these calculations

Parameter Definition
o(d) Total rate of PL photons detected by eye at depth d divided by the total rate of solar

photons detected by eye at depth d
N+ () Total rate of PL photons detected by eye at depth d
Nz:f::ot(d) Total rate of solar photons detected by eye at depth d
N;ﬁ()\,d) Rate of PL photons of wavelength A per unit wavelength detected by eye at depth d
N:Ziar()\,d) Rate of solar photons of wavelength A per unit wavelength detected by eye at depth d
NPL()\,d) Rate at which PL photons of wavelength A per unit wavelength are created at depth d
NSOZGT(A,d) Rate at which solar photons of wavelength A per unit wavelength arrive at depth d

Pt 4(d)
d inside the calcite crystal
PUV7A ()\,d)
calcite crystal

Total power of solar UV-A radiation with wavelengths between 300 and 400 nm at depth

Power of solar UV-A radiation of wavelength A per unit wavelength at depth d inside the

(Irr)?V"4(\,d) Irradiance of solar UV-A radiation of wavelength A per unit wavelength at depth d

Psolar ()\,d)

(IT‘T’) solm‘()\}d)

Power of solar visible light of wavelength A per unit wavelength arriving at depth d

Irradiance of solar visible light of wavelength A per unit wavelength arriving at depth d

FFPL()) Spectral profile of photoluminescence photons of wavelength A per unit wavelength
created by solar UV-A radiation

Rur(X) Reflectance of a surface as a function of wavelength A

Tint(A) Transmittance of the water-calcite interface as a function of wavelength A

Ssye(A) Probability that a photon of wavelength A will be detected by eye
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For biogenic calcite, PL data were measured by
laser excitation at the single UV-A wavelength of
363 nm (Pedone et al. 1990). As will be detailed
later, their work implied that the PL happens only
very rarely in red algae calcite: the probability that
PL will occur for a particular UV photon incident
on a particular PL center is about 3 x 10-%. This raises
the possibility that the number of PL photons per
second present in the vision of trilobites was smaller
(and perhaps much smaller) than the noise in the
number of solar photons per second, meaning that
the trilobite would not have been able to detect
such PL light. However, a direct calculation of the
PL photon count rate for trilobites nyim requires
an understanding of the nature of the PL process
and determination of the number density of the
defect states in their calcite.

A calculation is performed assuming that
trilobites had the same type and number density
of PL centers as red algae calcite. A second set of
calculations is performed which eliminated all
unknown parameters (including, for example, the
concentration of the PL centers) to calculate how ¢
changes with depth but not the absolute value of ¢ at
any depth. Depths of 1 cm, 1 m, and 10 m are chosen
for the current calculations since Schoenemann et
al. (2015) carefully determined the incident visible
solar radiation at those 3 depths below the ocean’s
surface. The size and shape of the object and the
relative positioning of the trilobite, the object, and
the Sun are kept the same for all 3 depths. This
work provides clear evidence that the obscuration
effect of PL in the eyes of trilobites decreased with
depth, as originally suggested by Schoenemann et
al. (2015). No significant obscuration was present
at a depth of 10 m in the Paleozoic seas; that is,
no significant PL photon count rate is calculated
at a depth of 10 m.

Two different objects are considered for the second
set of calculations: 1) a white object, assumed to
have the same ultraviolet and visible reflectance
of a white pearl reported in the 0/d observational
geometry (Karampelas et al. 2011); and 2) a brown
object, assumed to have the same reflectance asbrown
printed fabric reported in the d/0 geometry (Jafari et
al.2016). The latter diffusely-incidentand normally-
reflected d/0 configuration is more relevant for the
visual configuration of the trilobite eye. Thus, for
an appropriate comparison, it is assumed that the
reflectance of white pearl in the normally-incident
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diffusely-reflected 0/d configuration is the same as
that in the d/0 configuration (Budde 1976). Pearl
is composed of 95% aragonite, a crystalline form
of CaCOs;, and 5% conchiolin, a scleroprotein
(Agatonovic-Kustrin and Morton 2012). The white
object is expected to be seen more easily due to
its higher d/0 reflectance compared to the brown
object, which is also more effectively camouflaged
in the marine environment.

The visual range is assumed to be from 400
to 700 nm, the same as in the extant marine
crustacean Squilla empusa, a distant living relative
of the trilobites (Cronin 1985). Although the
reflectance of the objects for incident diffuse light
has been specified, the exact amount of scattered
and reflected sunlight entering the eye is unknown
since the current authors have not specified the visual
system geometry relative to the source and object.
Only a certain fraction of scattered and reflected
sunlight will enter the eye from the object. Since
the geometry of the system is held constant at each
depth, the same fraction of sunlight will enter the
eye at each depth. By dividing the obscuration factor
at 1 mand 10 m by its value at 1 cm, the unknown
fraction is eliminated and the effect of depth on
the obscuration factor is determined. As originally
suggested by Schoenemann et al. (2015), the scaled
obscuration factor observed by the trilobite is
expected to decrease with increasing depth.

As shown in Equation (1), the obscuration
factor is defined to be the rate at which PL light
is detected by the eye divided by the rate at which
sunlight reflected and scattered by the object is
detected by the eye. Note that both quantities are
represented by summations of the corresponding
spectral quantities over all wavelengths of the visual
range. Except for the calculation of the magnitude
of the PL light compared to the photon noise in the
solar light, the general approach is the following.

First, the denominator of Equation (1), the rate
at which solar photons at depth d, NZZl::ot(d), were
detected by the eye is evaluated. Note that water
waves on the ocean’s surface will generate converging
light rays over certain regions of the sea floor and
diverging rays in other regions, as illustrated in
Fig. 1. Over time, these effects average to zero and
the average current solar spectral irradiance is used
for the calculations. The rate at which solar photons
were detected atdepth d, NZZ::m(d), is determined by
summing the rate at which solar photons within
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each narrow wavelength band AX about A were
detected atdepthd, NZZIEM(A,d)A)\, spanningall visible
wavelengths (400 to 700 nm). The spectral rate
of solar photons of wavelength A detected by the

solar

eye, N,,. (A\d), is proportional to the spectral rate
X°"“(x,d) at which solar photons of wavelength A
reach the depth d, the reflectance, R,..()), of the
surface of the imaged object for the incident light,
the normal incidence transmittance T;,:()) of the
water-calcite interface, and the probability, Seye(A),
that the photon will be absorbed and detected by
the visual system. It can be assumed that R,..())
is applicable irrespective of the nature of the
incident light on the object, whether it is directed
at a specific angle of incidence or diffused at all
angles. The transmittance T;,()) is not unity due
to the different refractive indices of water and
calcite. It is assumed that the probability Se.())
in trilobites was the same as in Squilla empusa
(Cronin 1985).

Since sea water transmits light in the blue and
green region of the spectrum more effectively than at
longer wavelengths, it is expected that eyes operating
in the marine environment were most sensitive in
the blue and green portion of the visible spectrum,
as observed in S. empusa. The spectral rate at which
solar photons of wavelength A arrive at depth d,
X" (\,d), is related to the spectral power of the
visible light, P*?e"(\,d), at that depth via the energy
of each photon,

. Psolar Ad

Nsolar () d) = T/(7\)'
where 4 is Planck’s constant and ¢ is the speed of
light. The power is related to the spectral irradiance

of the solar photons at depth d with wavelength A:
(/rr)solar(/\/ d) - Pso/ar(/\, d)/A,

where A is the area over which the solar power is
measured. The irradiance is a measured quantity
given in Schoenemann et al. (2015) for the depths
under consideration. This permits the evaluation
of the denominator of Equation (1) to within a
single constant.

Second, the numerator of Equation (1), N;i’m(d),
the rate at which the total PL photons are detected
by the eye at ocean depth d is evaluated. This rate
is determined by summing the rate at which PL
photons within each wavelength band A centered
at A and at depth d are detected by the eye,

. PL . .
N,,.(A\,d)A), over all wavelengths in the visual range.

eye (
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N_+(Ad) is proportional to the spectral rate that the PL

photons of wavelength A are created in the trilobite’s
eye at depth d. The nature and number density of
PL sites in the calcite is unknown, introducing an
unknown constant into the calculations describing
the PL efficiency. The PL photons will be emitted in
all directions. An unknown fraction of the emitted PL
photons will arrive at the light-detecting apparatus,
introducingasecond unknown parameter. However,
these 2 parameters multiply each other, resulting in
asingle unknown parameter. The rate N;i(A,d) isalso
proportional to the sensitivity of the photoreceptor
at the PL wavelength, S.,.()). The visible PL photon
creation rate is proportional to the total power of the
UV-Aband, PYY~4(d), inside the eye afteraccounting
for the normal incidence transmittance Ty, (\) of
the calcite-water interface in the UV-A range. The
creation rate is also proportional to the spectral
efficiency at which the PL is generated from those
UV photons, FFE()), given in units of counts per
second per mW excitation per nm wavelength. It
is assumed that FPL()\) for the calcite in trilobites
is the same as for modern red algae measured by
Pedone et al. (1990).

The total power of the UV-A band, PUY4(d),
at various depths is determined by summing the
power of the UV-A band within the wavelength
band AA centered at A, PUV-4(\,d)A), over all
UV-A wavelengths. Here PYV=4(},d) is the spectral
UV power at wavelength A and depth d, from
300 to 400 nm. It is necessary to account for the
reflectance of the white or brown object, which is
approximated to be independent of the nature of
the incident light.

The UV-A content of solar radiation incident on
the Earth’s surface depends on both the output of the
Sun and the composition of the atmosphere. Models
of stellar evolution show that the temperature of
the Sun’s photosphere throughout the Paleozoic Era
differed from the current Sun by less than 0.02%
(Ribas 2009). Since the oxygen content of the
atmosphere fluctuated throughout the Paleozoic
Era, the results of the current study are only valid for
the times that the ancient atmosphere had the same
contentas the currentatmosphere. Thus, PUV=4()\,d)
is determined by using the known irradiance of
UV-A radiation at the same wavelength at the
surface of the modern ocean. Thisirradiance is given
in the ASTM G173-03 Reference Spectra derived
from SMARTS v. 2.9.2, published by the National

eye
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Renewable Energy Laboratory (NREL 2023). The
refractive indices of sea water are used to calculate the
fraction of UV-A radiation that was reflected by the
ocean’s surface. Measurements of the absorption of
UV-A radiation (Armstrong and Boalch 1961) then
allowed for the calculation of the UV-A irradiance
as a function of depth, (1 rr)"V=4(A,d). This permits
the evaluation of the numerator of Equation (1)
to within a single constant.

Dividing the numerator by the denominator
permits evaluation of the obscuration factor ¢ to
within a constant at the 3 depths under investigation
(1 cm, 1 m, and 10 m). Dividing the obscuration
factors at 1 m and 10 m by the result at 1 cm,
then yields a parameter-free result for the scaled
obscuration factor which allows for an evaluation
of the hypothesis. This reveals the change of the

obscuration factor with depth.

METHODS AND MATERIALS

Pedone et al. (1990) measured the PL profile
FPE(X)AM, of PL light emitted by red algae calcite
when excited by 363 nm UV-A radiation from
an Ar'-ion laser, as shown in Fig. 3. They excited
this spectrum by illuminating the sample with 1
mW of laser power and measured it with a spectral
resolution of AA=0.1 nm. The observed PL under
these conditions has the same photon count rate as
shown along the y-axis of Fig. 3 after multiplication
by 1 mW.

Dividing those count rates by the spectral
resolution AA gives FPL()), the spectral count rate
in counts/(ssmW-nm), and integrating that gives
the total PL photon count rate. Pedone et al. (1990)
states that these data were taken with a microscope
objective having a numerical aperture of 0.85.
Therefore, their apparatus collected PL photons
emitted within a solid angle of 0.946 7 steradians,
and the total PL photon count rate needs to be
multiplied by the geometrical factor of 4 7/0.946 =
(= 4.2) to determine the total PL count rate for all
directions. This calculation will help to determine
the efficiency with which PL photons are created by
incident UV photons.

The calculations in the current study are based
on a model of the vision of a trilobite whose calcite
displays the same kind of PL as extant red algae
and with the assumption that the probability of its
eye detecting a photon of wavelength A is the same
as in the extant marine crustacean Squilla empusa.
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FIGURE 3. The photoluminescence profile FFL()\)A),
measured in counts/(ss-mW), as a function of wavelength,
measured in nm, when excited by 1 mW of 363 nm UV-A
radiation from an Ar*-ion laser. FPL(X\)A) was measured
with a spectral resolution of AN = 0.1 nm and a numerical
aperture of 0.85 for the collection optics. Data are from
Pedoneetal.(1990).The error bars are 1 standard deviation.
For clarity, only every 10th error bar is shown.

The following methodology is used in this study's
full calculations of the visual system of a trilobite. It
isassumed thatall eyes have awavelength-dependent
probability, Seye(A), that a photon of wavelength
A will be detected. It is further assumed that 1)
the probability of photon detection is the same as
the probability of photon absorption and 2) the
probability of absorption in trilobites was the same
as in the extant Squilla empusa (Cronin 1985), as
stated earlier, and shown in Fig. 4. Note that the
visual range for S. empusa is from 400 to 700 nm.

Recall that Equation (1) yields the obscuration
factor for the trilobite’s vision. The very compact
form of this equation must be expanded in terms
of measured quantities for its evaluation. Note that
the denominator of Equation (1) is given by

Nsolar (d) = 72500 NSSkr (4,d) AL, (2)

ar

where NZZZE (A\,d) is the spectral rate at which solar
photons of wavelength A were detected by the
trilobite’s eye at ocean depth d. This rate has units
of counts per second per nm wavelength and AL is
the wavelength increment, which is taken to be 1
nm by selecting 391 wavelength points from 400
nm to 700 nm. N,,," (\,d) is proportional to the rate

at which the solar photons were available to enter
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FIGURE 4. The sensitivity S.,.()) (the probability of photon
absorption) of the photoreceptors in the compound
eyes of the extant marine crustacean Squilla empusa as a
function of wavelength (in nm). The data are from Cronin
(1985). The error bars show 1 standard deviation. Only
every tenth error bar is shown for clarity. The error bars are
very small on the scale of S¢ye(A).
the trilobite’s eye. It is also proportional to the
transmittance of the water-calcite interface and to
the sensitivity of the photoreceptor at wavelength
A (taken as the probability of absorption in Fig.
4). This rate further depends on the geometry of
the relative positions of the imaged object and
the trilobite’s eye (which are the same at all ocean
._sol . .
depths). Therefore, NZZEM(,\,d) is given by

Ngge™ (A, d) = @ Tine (DSeye (D) N0 (2, d), (3)

where NSOZM()\,d) is the spectral rate at which
solar photons of wavelength A arrived at depth
d after interaction with the object being imaged
by the visual system, Tin:(A) is the transmittance
of the water-calcite interface with assumed
normal incidence, S.,.(\) is the sensitivity of the
photoreceptor, and a is a constant. The value of
o is unknown but determined by the geometry
of detection relative to the object, involving: the
distance between the object and the trilobite’s
eye, the angle between the normal of the object
surface being imaged and the normal of the eye’s
surface (along which the detected rays enter), the
numerical aperture of the eye, and the eye’s internal
optics—including the reflectance and scattering
by the interface between the calcite and the light-
detecting apparatus.
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The spectral rate at which solar photons of
wavelength A arrived at depth d, lear()\,d), is
determined by the spectral power of the solar
photons with wavelength A and the energy of each

photon:

Nsolar(ﬂq d) _ Pw;a:(l-d) ' (4)
/2
The spectral power of the solar photons with
wavelength A at depth d arriving at the eye is given by

P (2,d) = Reyr (D) X (ITT)*'47(2,d) x 4, (5)

where R, (A) is the reflectance at wavelength A of the
object’s surface assumed to be obtained in the d/0
configuration, (Irr)** (\,d) is the spectral irradiance
of the solar photons with wavelength A at depth d,
and A is the cross-sectional area of the calcite crystal.
The cross-sectional area of the ommatidia of the eye
of the trilobite Dalmanitina socialis is used in these
calculations, determined from Fig. 2, to be (6.24
1 0.69) x 10® m? (mean and standard deviation).
Both P#?(),d) and (Irr)***"(\,d) in Equation (5) are
spectral quantities measured in units of W/(m? nm)
with the latter shown in Fig. 5. Schoenemann et al.
(2015) used the results of Wozniak and Dera (2007)
to construct the solar spectral irradiance from 400
to 2,500 nm at depths of 1 cm, 1 m, 10 m, and
100 m in sea seawater. The spectral irradiance of
UV-A radiation at a depth of 100 m in the ocean
is sufficiently small so that no calculations are
performed for that depth in the current work.

Combining Equations (2) through (5), the
following expression is obtained:

A Tinte(D)Seye(DRsur(A) (Irr)S°LeT (2,d) XA xAA
hc

' 700
Ng;g{ot(d) =a 2/1:400

(6)

The reflectance spectra R,,-(A) for both the white
and brown objects are given in Fig. 6, based on an
assumption of the d/0 optical configuration and
a measurement in that configuration, respectively.
In such a configuration, it is reasonable to propose
that R,,,(}) isindependent of the nature of the light
incident on the object, whether diffuse or direct.
Differences between the geometry of the detection
system for the R, (\) measurements, and that of
the trilobite’s eye, are taken into account by the
parameter O..
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FIGURE 5.The spectralirradiance (inW/m?-nm) as afunction
of wavelength (in nm) for solar visible light at depths of
1 cm (black), 1 m (red), and 10 m (green) in seawater. The
error bars are 1 standard deviation. For clarity, only every
10th error bar is shown. The data are from Schoenemann
et al. (2015) and the error bars are from NREL (2023).
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The probability that the eye absorbs a photon
of wavelength A, Se.e()), is shown in Fig. 4. The
transmittance for the water-calcite interface was
calculated from the standard formula for the
transmission of normal incidence light on an
interface between 2 media with different refractive
indices (Lepley and Adams 1968) and is shown
in Fig. 7. The refractive indices versus wavelength
for calcite and water are from Ghosh (1999) and
Hale and Querry (1973), respectively. Recall
that, due to the crystallographic orientation, the
incident light experiences only the ordinary index
of refraction in trilobites for the solar photons
(Horvath 1989).

By performing the sum in Equation (6) over
301 terms from A = 400 nm to 700 nm, the
wavelength increment AA is set to 1 nm. Thus, the
data from Figs. 4, 5, 6, and 7 allows evaluation of
Equation (6); however, a value must be assigned
to the unknown constant a.

1 T T T

white object |

reflectance
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0.2 - 1

0 PRI TSN BRSNS AU ST NPT TN AT NN SN AT SN BTN SN AN NS U Y

300 350 400 450 500 550 600 650 700

wavelength (nm)

0.9885

0.088 |
0.9875 |
0.087 |

0.9865 |-

transmittance

0.986 |

0.9855 |-

Y T:Y. ) PP I I I B B B B
300 350 400 450 500 550 600 650 700

wavelength (nm)

FIGURE 6. Reflectance as a function of wavelength for the
white and brown objects from Karampelas et al. (2011)
and Jafari et al. (2016), respectively. Every tenth error bar
(equal to 1 standard deviation) is shown.

FIGURE 7.The transmittance for the water-calcite interface
for normal incidence light. Every tenth error bar (equal to
1 standard deviation) is shown.
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Next, attention is turned to the numerator of
Equation (1):

Nee ot (@) = LiZaoo Neye(d,d) A2, (7)

where Neye()\ d) is the spectral rate at which PL
photons of wavelength A were detected b the
trilobite’s eye at ocean depth d. The rate Neye()\ d)
is proportional to the rate that the PL photons of
wavelength A were created in the trilobite’s eye at
depth d and to the sensitivity of the photoreceptor
at wavelength A (shown in Fig. 4). Therefore,
()\ d) is given by

eye

NgjL/e A,d) =By Seye D) NPL \1d), 3
where B, is the constant of proportionality
determined by the fraction of PL photons which
entered the photoreceptor and N'“(\,d) is the rate
at which PL photons of wavelength A were created
in the calcite at ocean depth d.

The photoluminescence was created by the
UV-A radlatlon in the incident sunlight. In order
to calculate N ()\ d), the total power of the UV-A
radiation at the various depths, PUY~4(d), must
be determined. The transmittance of the UV-A
radiation into the calcite from the water, Ti:()),
must be calculated, however, to determine the
UV-A power inside the calcite. The efhiciency with
which UV-A radiation was converted into visible
PL photons of wavelength A will be assumed to
have the same spectral shape as for red algae calcite,
shown in Fig. 3 (Pedone et al. 1990). A constant
B, accounts for the conversion efficiency of the PL,
which in turn depends on the number density and
radiative rates of the PL centers in the trilobite eyes,
as well as the effective numerical aperture of the
trilobite’s eye relative to that in the experiments
of Pedone et al. (1990). This constant is almost
certainly different than in red algae calcite and can
be either larger or smaller than 1, depending on
the relative concentrations and the radiative rates
of the PL centers in trilobites and red algae. Since
these centers are biogenic in origin, it is expected
that their characteristics generate a 3, value within
the range of 0.1 to 10, though other values are
possible. As a result of these considerations,

NP, d) = PRI4(d) x BoFPH(A). (9)
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The total power of the UV-A radiation inside the
eye at the various ocean depths, P/ ~4(d), is given by
PIA(d) = 400300 Tine(A) x PUY=4(2,d) A2,
(10)

where PUV-4(\,d) is the UV-A spectral power at
wavelength A inside the calcite crystal at depth d. It
is determined by the UV-A irradiance (Irr)""~*(),d)
inside the calcite crystal, the reflectance Ryu(A) of
the white or brown object at the same wavelength,
the same constant o determined by the geometry of
the object relative to the trilobite’s eye (as discussed
earlier), and the cross-sectional area A of the calcite
crystal of the trilobite’s eye:

PUV=A(4,d) = a@ X Reyr(A) X (Ir)V=4(4,d) X A.

(11)

The amount of UV-A radiation emitted by
the Sun is determined by the temperature of
its photosphere. No direct measurements of
this temperature during the Paleozoic Era exist.
However, theories of stellar evolution provide
models that predict the temperature of the
photosphere as a function of the Sun’s age. Ribas
(2009) reported that the temperature of the Sun’s
photosphere has undergone a very slight linear
warming for the last 550 million years and is
less than 0.2% warmer now than it was at the
beginning of the Paleozoic Era. Consequently,
the UV-A output of the Sun during the Paleozoic
is assumed to be the same as today.

The amount of UV-A radiation which reaches
the surface of the Earth is affected by Rayleigh
multiple scattering and, below 350 nm, by
the absorption onset of the ozone layer of the
atmosphere (McClatchey et al. 1971). The
latter is dependent on the amount of molecular
oxygen in the atmosphere. The concentration of
atmospheric oxygen has changed dramatically
since the formation of the Earth. Constructing
an accurate history of the composition of Earth’s
atmosphere is an active area of current research.
During the Paleozoic Era, the amount of oxygen
in the atmosphere is generally believed to have
fluctuated between about 18% and about 25
to 30% (Krause et al. 2018; Brand et al. 2021;
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Cooke et al. 2022). The amount of ozone in
the atmosphere is determined by the Chapman
cycle in which UV radiation cleaves molecular
oxygen into 2 atoms of oxygen. The oxygen atoms
can then combine with an oxygen molecule to
form ozone. At times during the Paleozoic, the
atmosphere would have had the same optical
properties as it does today. The exact times of
these congruencies are unclear due to differences
in the results from the various atmospheric
models. The calculations in the current study
assume the same properties as today and,
therefore, they are relevant only to times of the
congruencies.

The ASTM G173-03 Reference Spectra
derived from SMARTS v. 2.9.2, published by the
National Renewable Energy Laboratory (NREL
2023), match the visible solar spectrum at the
Earth’s surface of Schoenemann et al. (2015). This
reference's solar spectral irradiance in the UV-A
band (300 to 400 nm) is used to determine the
UV irradiance at the depths of 1 cm, 1 m, and
10 m. The normal incidence reflection coefficient
for the air-water interface was calculated from
the refractive indices of water and air in that
range of wavelengths (Hale and Querry 1973)
to determine how much UV-A radiation entered

0.08 ———————————————————

absorbance

0.05

0.04

300 320 340 360 380 400

wavelength (nm)

FIGURE 8. The UV absorbance of sea water in a 10 cm
cuvette as a function of wavelength. The data are from
Armstrong and Boalch (1961). Every tenth error bar (equal
to 1 standard deviation) is shown for clarity.
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the seawater. Armstrong and Boalch (1961)
measured the UV absorbance of seawater which
is shown in Fig. 8 over the UV-A range.

These absorbance data were used to calculate
the UV-A irradiances at depths of 1 cm, 1 m,
and 10 m, which are shown in Fig. 9. The UV
irradiance data of Fig. 9 and the object’s reflectance
of Fig. 6 are used in Equation (11) to calculate
PUV-A(\d). The total UV-A power P/ 4(d) is
calculated via Equation (10) and the normal
incidence transmittance of the water-calcite
interface, shown in Fig. 7.
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FIGURE 9. The UV-A spectral irradiance (in units of W/m?- nm)
at depths of 1 cm (black), 1 m (red), and 10 m (green) as a
function of wavelength (in nm) between 300 and 400 nm
(the UV-A band). The error bars are 1 standard deviation.
The data are from (NREL 2023) and modified appropriately
for the normal incidence reflectance of the air-sea water
interface and the UV-A absorbance of seawater.
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NEye tor () = @B (£32300 Tint WD Rsur (D) (Irr)?V =4 (4, d) X A x A2)(E73 2300 Seye (D) FPE(DAR),
Equation (12).

aB (Z32%00 Tint(DReur WD Urr)VV =4 (4,d)x AXAN) (37200 Seye(d) FPL()A)

p(d) =

700 A Seye() ITrSoOlar(3,d) xA xAA ’

@ Y3=100

Equation (13).
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FIGURE 10.The countrate of the PL photons NPL()\) emitted
in all directions by red algae calcite when excited by 1 mW
of 363 nm UV-A radiation as a function of wavelength.
The error bars show 1 standard deviation. Only every 10th
error bar is shown for clarity.

Combining Equations (7) through (11) yields
Equation (12) (shown above), where B = B,f3,-
Finally, Equations (1), (6), and (12) yield Equation
(13) (shown above). All the quantities on the
right-hand side of Equation (13), except for the
parameters o and 3, are known at the depths of 1
cm, 1 m, and 10 m. Note that o appears in both the
numerator and denominator and therefore cancels
out, leaving only the parameter B. Since the value
of B is not known with certainty, the absolute value
of @(d) cannot be determined. However, dividing
both ¢(d = 1 m) and @(d = 10 m) by ¢(d = 1 cm)
yields how the scaled ¢(d) varied with depth since

the unknown 3 cancels out:

(d)

@(0.01m) ° (14)

Pscaled (d) =

RESULTS

The efficiency of the PL process in red algae
calcite is calculated by determining the number of
visible PL photons emitted in all directions by the
calcite when excited with 1 mW of 363 nm UV
radiation and measured with a resolution of 0.1
nm. Multiplying the PL profile FPZ(X) A X (Fig. 3)
by 1 mW and by the geometric factor of 4.2, then
dividing by the spectralp Lresolution AL =0.1 nm
yields the spectral PL N () of red algae calcite,
emitted in all directions, shown in Fig. 10 (above).
Integrating the result by summing the count rates for
each wavelength in the 400 to 700 nm range with
AA = 1 nm yields 6.12 x 107 photons per second
with a standard deviation of 74,900 photons per
second for the visible PL. The incident 363 nm laser
radiation of 1 mW yields 1.83 x 10" photons per
second of the 363 nm photons. This shows that
the probability that an incident UV photon will
be absorbed and a PL photon emitted is 3 x 10°®.
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This first calculation yielded the result for extant
red algae. It is assumed that the luminescent centers
are of the same nature in trilobites. This calculation
for trilobites assumes that both o and B are equal
to 1. As described earlier, the value of o can be
adjusted by moving the object to bring more or
less scattered and reflected light into the aperture
of the trilobite’s eye. Considering B next, if the
effective numerical aperture of the trilobite’s eye
for PL light is the same as that of the experiments
of Pedone et al. (1990) and if the radiative rates
and concentration of PL centers in the calcite of
both trilobites and red algae are the same, then f3,
=1 and B, = 1, respectively. If these quantities are
different, then the appropriate value of B = 3,8,
can be calculated. With these assumptions, both
PL _solar
N,ye0t(d) and N, (d) can be calculated.

In the second calculation for the trilobite, the
scaled obscuration factor ¥scaed(d) for both the
white and brown objects are calculated at the 3
ocean depths. By definition, ¥scaled is 1 at a depth
of 1 cm. Its values at 1 m and 10 m show how the
contrastof the trilobite’s vision changed with depth.
This second calculation has the advantage that it s
independent of both unknown parameters o and
B. This calculation has the further advantage that
both the PL and solar photon count rates can be
calculated based on well-established theoretical
principles of optics. The 2 photon count rates are
independent of each other, and their relative sizes
are unimportant in this theoretical calculation.

Evaluating Equation (10) yielded the total
power (mean and standard deviation) in the UV-A
between 300 and 400 nm, PYY 4, to be (2.10 +
0.03) x 10°W, (7.95 + 0.14) x 107 W, and (2.09
+0.05) x 10 W at depths of 1 cm, 1 m, and 10
m, respectively, for the white object. The respective
values for the brown object are (1.53 + 0.03) x
107 W, (5.69 + 0.10) x 108 W, and (1.41 + 0.04)
x 10" W. Combining these values for PV 4 with
the measured photoluminescence profile FF¥(\)
yielded the PL spectra divided by af3 for those 3
depths, as shown in Fig. 11. Note that photon
counting experiments obey Poisson statistics,
for which the uncertainty of a measurement of
N photons is given by N2 Fig. 11 shows that
the PL signal for UV-A reflected from the white
object is notably stronger than the signal for the
brown object, as expected.
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The signal-to-noise ratios for 1 cm and 1 m
depths for the white object show a clear signal in
Fig. 11. The spectra for the brown object shows a
reasonable signal-to-noise ratio for those 2 depths.
The spectra at 10 m for both the white and brown
objects shows a relatively poor signal-to-noise ratio.
However, there are 301 data points in the visible
spectra. Adding the count rates in all 301 channels
yields a better signal-to-noise ratio for the overall
count rate since its standard deviation is the square
root of the sum of the variances.

Nsolar /
eys,tot [ O

The values of
. PL
Neye,tot/aﬁ and
are determined from Equations (12) and (6),
respectively, and are given in Table 2. These values
permit an estimation of the total count rates for
both the PL photons and the solar photons. Fig.
12 shows the scaled obscuration factor for both the
white and brown objects. As shown by Equation
(6)1’ the total number rate of observed solar photons
N, ..« depends on the unknown parameter o. In
order to determine its depth dependence, NzZia;t
at 1 m and 10 m depth is divided by its value at

1 cm depth:

eye,tot

gsolar
Neye,tot(d)

NSolar d) = -
eye,tot ( ) Nzgzgtrot(o_(nm)

scaled

(15)

The much lower reflectance of the brown object
(see Fig. 6) is evident in the much lower count rate
for the brown object, as shown in Table 2.

DISCUSSION AND SUMMARY

The result of the current work is that red algae
calcite has a probability of about 3 x 10°® for the
photoluminescence process of absorbing a 363
nm photon followed by the emission of a visible
photon, showing that this process is ineflicient.
This raises the possibility that the PL in its calcite
would not have been observable by the trilobite
since it might have been insignificant compared
to the noise in the visible photons coming directly
from the illuminated objects.

Asdiscussed earlier, trilobites and red algae likely
used similar biogenic processes to produce calcite
crystals. The PL centers in red algae have been
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FIGURE 11.The observed PL photon count rate divided by af as a function of wavelength in the PL present in the calcite
of the eyes of trilobites at the depths of 1 cm, 1 m, and 10 m for both the white and brown objects. The error bars are 1
standard deviation. Every tenth error bar is shown for clarity.
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Table 2
The calculated parameters for ocean depths of 1 cm, 1 m,and 10 m
Parameter Value
Object: white Object: brown
Depth (m) Depth (m)
0.01 1 10 0.01 1 10
Ng’}}e'wt 18,494 7,000 1.84 + 1.36 1,341 + 37 501 £ 22 0.124 +
/ag + 136 + 84 0.353
(counts/s)
Ng;;atgt/ (2.95+0.02) (2.60£0.02) (1.54+0.02) (2.52+0.02) (2.12+0.02) (1.07 £0.01)
’ a x 1013 x 1013 x 1013 x 1012 x 1012 x 1012
(counts/s)
o(d) 1.000 0.429 (1.92 + 1.41) 1.000 0.444 (2.19 £ 6.20)
©(0.01 m) +0.015 +0.008 x 104 +0.010 +0.024 x 104
Nyertor (d) 1.000 0.883 0.521 1.000 0.841 0.424
Nz;éa[o[(o‘m m) +0.010 +0.009 +0.005 +0.010 + 0.009 + 0.005
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FIGURE 12. The scaled obscuration factor @s,1eq is shown for both the white object (left) and the
brown object (right) as a function of ocean depth. The error bars show 2 standard deviations.
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associated with carbon impurities in the calcite.
These impurities are likely cellular components.
Noting that the cells of trilobites might have been
smaller than in red algae (since the general trend
is that animals have smaller cells than plants), it
is expected that the concentration of PL centers
was different than in extant red algae. It is unlikely,
however, that the concentration differed by more
than 1 or 2 orders of magnitude.

Table 2 shows that for the white object at a depth
of 1 cm (the object with the strongest PL signal),

. PL

Neye,tot/aﬂ = 18,494 + 136 photons/s and

._solar
eye,tot

/a =(2.95 £ 0.02) x 10" photons/s.

For a comparison of these 2 count rates, the value
of a is irrelevant since both are divided by a. If
=1, then the noise in the total solar count rate
is about 7 orders of magnitude greater than the
total PL count rate. The total PL count rate scales
with B, which is expected to be no larger than 10
to 100. Assuming that B = 100, the total PL count
rate is still insignificant (approximately 107) in
comparison to the noise of the total solar count
rate. This implies that trilobites would not have
been able to perceive the PL induced in the calcite
of their eyes, making its presence irrelevant.

If a calcite crystal was recovered from a trilobite,
PL could be excited from it by employing the same
laser technique as that of Pedone et al. (1990) in
their study of red algae calcite. These experiments
would reveal the nature and concentration of the
PL centers in trilobite calcite. Additional PL data
could be taken by using a monochromator to
create a beam of UV-A radiation with a narrow
wavelength range from a wide band source. The
monochromator could then be used to scan the
wavelength range from 300 nm to 400 nm for
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measurement of the PL induced by different
excitation wavelengths. Such experiments would
test the predictions of the current study.

If B for trilobites was much larger than expected,
then the PL in its calcite could have been perceived
and lowered the contrast in its vision. In order
to eliminate the reliance on an assumed value of
B, the results for the current study's calculations
of the scaled obscuration factor @, ,q(d) as a
function of ocean depth will now be discussed.
As suggested by Schoenemann et al. (2015), the
amount of UV-A light penetrating to a certain
ocean depth diminishes more quickly than the
amount of visible light. This would manifest
itself in a scaled obscuration factor @,..q which
decreases with depth. Fig. 12 and Table 2 show
that the scaled obscuration factor for both the
white and brown objects display the expected
behavior with depth. The lower panels of Fig. 12
show that the 2 standard deviation error bars of
the scaled obscuration factor at an ocean depth
of 10 m overlap with zero. This means that the
PL in the eye of the trilobite is not degrading the
contrast of its vision in any measurable manner—
providing theoretical support to the suggestion
of Schoenemann et al. (2015). Table 3 gives the
statistical analysis of this decrease both in terms of
the number of standard deviations different (the
common form used in physics and astronomy)
and in terms of the p-value (used in paleontology
and biology). This table shows that the observed
decreases are statistically significant.

Fig. 13 and Table 2 both show that the
-_solar .

mean value of N, ;.. decreases with depth, as

expected. Because of the very high count rates

for the observed solar photons, the uncertainties

are very small. With an increase of depth from

1 cm to 10 m, the observed solar photon rates

drop to 52.1 + 0.6% for the white object and

Table 3

Statistical evaluation of observed decrease in the scaled obscuration factor %
Pair Number of standard deviations difference p-value
White Brown White Brown
lcmtolm 24.8 8.73 <3 x 107 <3 x 107
Imtol0m 54.2 18.2 <3 x 107 <3 x 107
lcmto 10 m 64.9 24.7 <3 x 107 <3 x 107
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to 42.4 £ 0.5% for the brown object. It should
be noted that, due to the difference in their
reflectivity, the total observed solar count rate of
the white object is about 11.7 times greater than
observed for the brown object at a depth of 1 cm.

The natural variability of the illumination at the
surface of the Earth is relevant to these calculations
and can be examined on the basis of the power
output of photovoltaic (PV) solar cell arrays. In
solar cells, a solar photon absorbed in the depletion
layer creates an electron-hole pair. The electric field
of the depletion layer separates the electron and
hole in opposite directions, forcing them through
an external circuit where their energy is converted
to do useful work. Their voltage is determined by
the depletion layer, but their current is directly
proportional to the number of photons striking
the device per unit time. Since their energy is the
product of the current and voltage, the energy
produced by a solar cell is directly proportional
to the number of photons per unit time incident
on the solar cell—which is the quantity that must
be evaluated.

Glass City Community Solar Inc. (GCSI 2023)
kindly provided data from the 55.17 kW PV
array located at 918 N. Michigan St. in Toledo,
Ohio, for the days from July 7 to July 20, 2023
(inclusive). Their data were reported as the energy
generated per hour. Note that an hour is a long
time for observations of this variability, but such
data also provide useful information considering
that timescale. Fig. 14 shows the energy produced
in the hour starting at 13:00 (1:00 PM) on each
day. The largest amount was 42.030 kWh (on
July 7), and the smallest was 3.939 kWh (on July
8). The energy produced on July 8 was 9.37% of
the value for July 7. From this result, the natural
variability observed by the PV array in a period
of time of just 14 days is slightly larger than the
amount shown in Fig. 13 and Table 2 for either
the white or brown object. It might be assumed
that trilobites evolved to be able to see adequately
at all levels of illuminations found within the
natural varjability. This suggests, but does not
prove, that the variability of szle‘j;tmle .
this calculation would not have degraded its vision.

observed in
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FIGURE 13. The scaled total solar count rate observed by
the trilobite as a function of depth for the white object
(solid black circles) and the brown object (solid black
squares). Both are scaled to their total solar count rate at
a depth of 1 cm. Note that the absolute total solar count
rate at 1 cm is about 11.7 times higher for the white
object than the brown object. The error bars are equal to
1 standard deviation.
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FIGURE 14. PV energy generated during the time from
13:00 to 14:00 hours on 14 different days in July 2023 by
the 55.17 kW PV solar array located at 918 N. Michigan St.
in Toledo, Ohio.
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Conclusions

This theoretical study of trilobite vision
provides evidence in support of the prediction
of Schoenemann et al. (2015) that the relative
amount of obscuring photoluminescence (PL) light
diminishes with depth. Fundamentally, this result
derives from the fact that UV-A light is absorbed
more strongly than visible light by seawater and is
independent of any model assumptions. The scaled
obscuration factor @,.4(d), which depends solely
on measured quantities, is found to decrease with
depth as the trilobite observes either a white or brown
object. No significant PL light would have been
observed by a trilobite at a depth of 10 m. These
results suggest—but do not prove—that PL in the
calcite of the eyes of trilobites was too small to be
noticed by the animal at all depths. In fact, the PL
appears to have been smaller than the noise in the
total visible solar photons reflected and scattered by
surrounding objects. These results also suggest that
the PL in the calcite of the eyes of trilobites did not
degrade their vision, particularly at depths below
1 m. Because the overall illumination decreases
with depth, the natural variability in the sunlight
at Earth’s surface has been extracted from PV data.
This analysis shows that trilobites would have been
able to see at 10 m below the surface of the Paleozoic
sea, particularly if imaging a white object.

These results are based on the model’s assumptions
that the sensitivity and spectral range of the trilobite’s
vision was the same as the extant marine crustacean
Squilla empusa and that the spectral line shape of
photoluminescence in the calcite of trilobites was
the same as in extant red algae. If the sensitivity
and spectral range of the trilobite’s vision or the PL
line shape were different from these assumptions,
then the same general trend reported here (that the
obscuring effect of the PL would have decreased
with depth) would still hold, though with slightly

different numbers.
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