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Red vision in animals is broadly associated with lighting
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of 161 species with physiological evidence for a photoreceptor sensitive to red wave-
lengths (i.e. ., 2 550nm) and for each species documented abiotic and biotic factors
that may be associated with peak sensitivity of the LWS photoreceptor. We found evi-
dence supporting visual tuning to the light environment: terrestrial species had longer
Amax than aquatic species, and of these, species from turbid shallow waters had longer
Amax than those from clear or deep waters. Of the terrestrial species, diurnal species
had longer A, than nocturnal species, but we did not detect any differences across
terrestrial habitats (closed, intermediate or open). We found no association with prox-
ies for visual tasks such as having red morphological features or utilising flowers or
coral reefs. These results support the emerging consensus that, in general, visual sys-
tems are broadly adapted to the lighting environment and diverse visual tasks. Links
between visual systems and specific visual tasks are commonly reported, but these

likely vary among species and do not lead to general patterns across species.
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1 | INTRODUCTION

Visual sensitivity to long wavelengths (>600nm) or ‘red’ sensitivity is
relatively rare across the animal kingdom, and we have little under-
standing of the factors favouring its evolution (but see Mollon, 1989;
Murphy & Westerman, 2022b; Osorio & Vorobyev, 2005, 2008).
Birds and reptiles commonly have a long wavelength sensitive
(LWS) photoreceptor, but for other animal groups, including in-
sects, fish and mammals, a LWS photoreceptor is uncommon
(Kelber et al., 2003; Osorio & Vorobyev, 2005). Among the spe-
cies with a LWS photoreceptor, there is substantial variation in the
peak sensitivity of these photoreceptors (e.g. insects; van der Kooi
et al., 2021). Often, the peak sensitivity (A ) of the photoreceptor
is below 600nm, however sensitivity extends to wavelengths be-
yond the peak absorbance value. For example, the human red pho-
toreceptor peaks at 562 nm and still has 30% relative absorbance at
635nm (Bowmaker & Dartnall, 1980). Most animals have an LWS
photoreceptor with A below 600nm, however, some insects, fish,
reptiles and amphibians have LWS photoreceptors with 2 beyond
600nm (Escobar-Camacho et al., 2020; Liebman & Entine, 1968;
Martin et al., 2015; van der Kooi et al., 2021) including a butterfly
with a LWS photoreceptor peaking at 660nm (Ogawa et al., 2013).
Among photoreceptor types, the LWS photoreceptor shows the
greatest range of peak sensitivity across taxa; yet we have limited
understanding of broad scale abiotic and biotic factors that may ex-
plain this variation.

Variationinred sensitivity among species can be produced via dif-
ferent mechanisms. Light detection is achieved via a visual pigment,
which is an opsin protein coupled to a light-sensitive retinal-based
chromophore. Changes to the opsin sequence or chromophore type
can shift peak sensitivity. For example, using an A2 rather than Al
chromophore is one of the main mechanisms to shift LWS sensitivity
to longer wavelengths in aquatic vertebrates (Carleton et al., 2008;
Enright et al., 2015; Martin et al., 2015). In fact, many fish use both
Al and A2 chromophores and modulate the ratio in response to
environmental conditions (reviewed in Corbo, 2021). Shifts to lon-
ger wavelengths via opsin or chromophore modification reduce

chromophore activation energy and increases the susceptibility

to activation by heat (Ala-Laurila et al., 2004; Barlow, 1957; Luo
et al., 2011). This reduces the signal to noise ratio, which can be par-
ticularly problematic in low light conditions when the signal is low,
and is thought to restrict the upper limit of visual pigment absorption
(Cronin et al., 2014). Another mechanism to shift spectral sensitivity
to wavelengths longer than the peak absorbance of the opsin is the
use of filtering or screening pigments. This mechanism is commonly
observed in insects to produce photoreceptors with peak sensi-
tivity greater than 600nm (Ogawa et al., 2013; Satoh et al., 2017;
Wakakuwa et al., 2004). By narrowing the spectral sensitivity of the
photoreceptor, filtering pigments decrease the absolute sensitivity.
In this study, we are interested in sensitivity to red wavelengths (i.e.
2600nm) regardless of the mechanism. Thus, we use ‘LWS'’ to refer
to a photoreceptor with A >550nm, because this would provide
sensitivity to red wavelengths.

The primary hypothesis to explain variation in photoreceptor
sensitivities is that they are tuned to the light environment. In aquatic
environments, the selective transmission of blue light in deep, clear
oceanic waters corresponds to blue-shifted visual sensitivity in fish
(Denton & Warren, 1956; Douglas & Partridge, 2011; Schweikert
et al., 2019) as well as other organisms living in deeper waters (e.g.
crustaceans; Frank et al., 2012; Marshall, Cronin, & Frank, 2003).
Water strongly absorbs red wavelengths and red light is primarily
only present in shallow waters (<10 m; Bowling et al., 1986; Marshall,
Jennings, et al., 2003; Warrant & Johnsen, 2013). In turbid waters,
the suspended particles increase the proportion of red light by more
strongly attenuating shorter wavelengths than longer wavelengths
of light (Loew & McFarland, 1990; Lythgoe, 1972) (Figure 1). This is
associated with red-shifted vision in many fish (Carleton et al., 2005;
Corbo, 2021). Within terrestrial environments, small gaps in can-
opy cover result in higher amounts of red shifted light than open or
closed environments because these gaps contain lower proportions
of blue light scattered by the atmosphere and higher proportions of
direct sunlight (Endler, 1993). A moonless night is around 100 million
times darker than a bright sunny day, dramatically reducing the sig-
nal to noise ratio in the visual pathway (Kelber & Roth, 2006; Osorio
& Vorobyev, 2005; Warrant & Johnsen, 2013). Therefore, thermal

noise will be more important in dim light (Osorio & Vorobyev, 2005)

FIGURE 1 Anillustrative example of the spectral properties of light in different aquatic environments. (a) A blue light dominated
environment, such as shallow, clear reefs (Image: Lars Behnke). (b) A red light dominated environment, such as turbid waters (Image: Tom
Tetzner, U.S. Fish and Wildlife Service). (c) A low illumination, deep water environment (note that the animal is illuminated by ROV lights;

Image: NOAA Office of Ocean Exploration).
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and will have a greater impact on longer wavelength photoreceptors
because as A, increases the energy barrier for thermal isomerisa-
tion falls (Ala-Laurila et al., 2004; Luo et al., 2011). Based on charac-
teristics of the light environment, we might therefore expect longer
wavelength sensitivity in terrestrial than aquatic environments, in
turbid than clear waters, in intermediate than open or closed canopy
environments and in diurnal than nocturnal species. Evidence for
predicted relationships between visual sensitivities and light envi-
ronment is mixed (Briscoe & Chittka, 2001; Fleishman et al., 1997;
Lind et al., 2017; Loew & McFarland, 1990; Partridge, 1989).
However, a comprehensive recent study found that terrestrial spe-
cies have longer wavelength sensitivity than aquatic species and
of the terrestrial species, those occupying closed canopy habitats
have longer wavelength sensitivity than those from open habitats (if
generalist species are excluded; Murphy & Westerman, 2022b). This
study examined photoreceptors with the shortest and longest wave-
length sensitivity in each species, irrespective of photoreceptor
type, so the longest A, for the majority of species corresponds to
a photoreceptor with little sensitivity to red wavelengths. Whether
general relationships exist between red sensitivity (LWS peak sensi-
tivity) and habitat light remains an open question.

A second hypothesis to explain variation in visual sensitivities is
that they are tuned to certain types of visual task, such as foraging
or signalling. Numerous animals use red sexual signals during mate
choice (Amundsen & Forsgren, 2001; Belliure et al., 2018; Hill, 2006;
Kwiatkowski & Sullivan, 2002) and shifts in long wavelength sensitiv-
ity may improve discrimination of these signals (Carleton et al., 2005;
Stieb et al., 2023). Within some animal groups, long wavelength sen-
sitivity has been shown to improve discrimination of objects, such as
fruit, flowers or conspecifics, from the background (Mollon, 1989;
Stieb et al., 2023; Sumner & Mollon, 2000; Wang et al., 2022), and
for Papilio aegeus butterflies, a LWS photoreceptor can also im-
prove identification of young leaves suitable for oviposition from
old, unsuitable leaves (Kelber, 1999). Both Kelber (1999) and Wang
etal.'s(2022) studies find that a red photoreceptor can help to distin-
guish colours other than red if there is variation in reflectance at long
wavelengths. In addition, colour vision models suggest that shifting
LWS peak sensitivity to longer wavelengths can improve discrimi-
nation of resources or mates (Stieb et al., 2023; Wang et al., 2022),
but improvements may be small (Lind et al., 2017). Most examples
linking LWS photoreceptor peak sensitivity with visual task concern
specific species and it remains unclear whether general patterns
exist between broad categories of visual tasks, such as foraging or
signalling, and LWS photoreceptor sensitivity.

We investigated visual tuning the of the LWS photoreceptor
across a wide range of taxa that show variation in the presence and
peak sensitivity of the LWS photoreceptor. This included insects,
crustaceans, arachnids, amphibians, reptiles, fish, sharks and rays.
Birds and mammals were excluded a priori because these groups
show limited variation in LWS sensitivity. We collated a list of spe-
cies with physiological evidence for a LWS photoreceptor sensitive
tored wavelengths (i.e. A, > 550nm). This list substantially expands
the species with A 2550nm independently compiled by Murphy
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and Westerman (2022b). For each species, we recorded abiotic and
biotic factors that may be associated with increased peak sensitiv-
ity of the LWS photoreceptor. Specifically, we tested four predic-
tions based on visual tuning to the light environment: (1) terrestrial
species will have higher 2. than aquatic species; (2) within aquatic
species those living in turbid, shallow waters will have higher A __;
(3) within terrestrial species, those living in habitats with intermedi-
ate levels of canopy cover will have greater A than those associ-
ated with closed or open habitats and (4) diurnal terrestrial animals
will have greater A than nocturnal species. To explore whether
visual systems may be tuned to general visual tasks, we examined
whether A is associated with proxies for signalling and foraging
tasks. Specifically, we tested whether A is higher for species that
have red morphological features, or are sexual dichromatic (prox-
ies for interspecific and/or intraspecific signalling) or are associated
with flowers or coral reefs (related to foraging ecology). Together
these results provide insight into the evolution and function of red
sensitivity.

2 | METHODS

2.1 | Literature search

We focused on animal groups with known variation in the presence
and peak sensitivity of the long wavelength photoreceptor: insects,
crustaceans, arachnids, amphibians, reptiles, fish, sharks and rays.
Birds and mammalian species were excluded a priori because these
groups show limited variation in long wavelength sensitivity; birds
commonly have a long wavelength photoreceptor but peak sensi-

tivity is similar among species (A___approximately 560 to 570nm;

max
Hart, 2001; Hart & Hunt, 2007) and mammals generally lack long
wavelength photoreceptors, although there are some exceptions
(e.g. some primates; Jacobs, 2009; Osorio & Vorobyev, 2005). For
this study, we defined a LWS photoreceptor as one with a peak sen-
sitivity (A,.,) 2 550 nm because this provides sensitivity to red wave-
lengths (>600nm).

To document species with LWS photoreceptors, we first iden-
tified review articles that provide details of spectral sensitivity
for the groups of interest (i.e. Aksoy & Camlitepe, 2018; Briscoe
& Chittka, 2001; Carleton, 2009; Hart et al., 2020; Jokela-Maatta
et al., 2007; Kelber et al., 2003; Martin et al., 2015; van der Kooi
etal., 2021). To supplement these review articles, we also conducted
a Web of Science search. The search terms we used were “long
wavelength spectral sensitivity”, “(spectral sensitivity) AND (MSP
OR microspectrophotometry)”, “(spectral sensitivity) AND (ERG OR
electroretinogram)” and “(spectral sensitivity) AND intracellular”.
We filtered the search to only those under the zoology and ecology
categories. After removing duplicates, additional exclusion criteria
were applied. We included only studies where A, was recorded
through electroretinogram (ERG), microspectrophotometry (MSP),
intracellular recording or partial bleaching. If multiple studies were
identified for a species and the A differed between these studies,



MARGETTS T AL.

4 0f 10 .
—LWI LE Y-Ecology and Evolution

Open Access,

the most current and/or rigorous was recorded (i.e. preferentially in-
tracellular recording, followed by ERG and MSP, or those with larger
sample sizes). This search was completed in January 2022 and pro-
duced 34 articles identifying an additional 79 species with a LWS
photoreceptor.

2.2 | Data extraction and processing
For each species identified we recorded: A of all photoreceptors;

the method used to measure ) species name (including popula-

max’
tion or sub-group information where applicable) and higher clas-
sification information; life stage (adult/immature) and sex. Several
data points required some additional processing to determine the
Mnax Of the LWS photoreceptor. First, where A, was given as a
range we recorded the mean of the range. Second, we identified
four fish species with different A among populations found in
different habitats. To account for these duplications, a random ef-
fect of species was included in the statistical models. Third, record-
ings that were from juvenile or immature life stages were removed
(n=18) and duplications due to recordings from both males and
females were removed (LWS A was the same for both sexes).

Finally, in one fish, A___ values were reported based on the A1/A2

max
chromophore ratios, which correspond to different visual sensitivi-
ties (Escobar-Camacho et al., 2019). Many fish use a mix of A1 and
A2 chromophores and can change this ratio in response to envi-
ronmental conditions (Carleton et al., 2008; Enright et al., 2015).
Therefore, for this record we calculated a single A, by multiplying
the ratio of each pigment (A1/A2) with its corresponding A, and
summing these values.

To obtain information about habitat, morphology and behaviour,
we searched the primary literature and online databases. For all spe-
cies, we recorded broad scale habitat (terrestrial, aquatic or semi-
aquatic) and sub-habitat (terrestrial: open, intermediate or closed,;
aquatic: shallow-turbid, shallow-clear or deep). For terrestrial spe-
cies, open habitat consisted of grasslands, scrublands, canopy dwell-
ing species or habitats with few to no trees, closed habitats were
dense forests such as rainforests and intermediate habitats included
generalist species or open forests. For aquatic species, those regu-
larly found at depths >500m were classified as deep whereas those
closer to the surface (<500m) were shallow. Water turbidity was
based on recent descriptions of water clarity for species found in
specific water bodies. For species with a larger range, turbid water
was assigned to animals inhabiting rivers, lakes, ponds and estuar-
ies, and clear water was assigned to open marine environments. We
also documented activity period (diurnal or nocturnal) for terrestrial
species. To examine spectral tuning to visual tasks, we recorded
morphological characteristics including the presence of red coloura-
tion and sexual dimorphism in hue and/or colour intensity (human
visible colours) using primary literature and photographs. For ter-
restrial species, we documented flower association (present or ab-
sent), based upon whether a species was a pollinator, florivore or if

it was documented as a flower visiting species. For aquatic species

we documented coral or reef association (present or absent), based
upon information reported by FishBase and photo documentation.
Information obtained through primary literature or trusted data-
bases (i.e. Animal Diversity Web (ADW), World Register of Marine
Species (WoRMs) and FishBase) was prioritised over photographic
information. If relevant information could not be found, that data

point was excluded from relevant analyses.

2.3 | Statistical analysis

We used linear mixed models (LMM) to determine the relationship
between the 1 of the long wavelength photoreceptor and habitat,
morphology and behaviour. In such analyses, it is important to ac-
count for phylogenetic relationships to prevent pseudo-replication.
Given the extremely broad and patchy phylogenetic distribution of
taxa in this study, branch length information for a derived phylog-
eny (e.g. from Open Tree of Life, tree.opentreeoflife.org) is inaccu-
rate. In our study, phylogenetic pseudo-replication is largely due to
multiple closely related species within families, whereas most of the
families are distantly related. Thus, phylogenetic non-independence
can be accounted for by including ‘family’ as a random effect. This
accounts for non-independence of species within the same family
and assumes that evolutionary origins of wavelength sensitivity are
largely independent among families, which is reasonable given the
phylogenetic sampling within our dataset. For all models, the peak

absorbance of the LWS photoreceptor (A__ ) was the dependant

max
variable and for models involving aquatic organisms ‘species’ was
also included as a random effect to account for multiple populations
with different __ . All analyses were conducted in R version 4.1.2
(R Core Team, 2022) using the Ime4 package (Bates et al., 2015) and
significance of each predictor variable was assessed using marginal
hypothesis tests, implemented using the ANOVA command from the
car package (Fox & Weisberg, 2019).

We ran four LMMs on different subsets of the dataset. The first
model was conducted using the full dataset and included broad-
scale habitat (terrestrial/aquatic/semi-aquatic), sexual dimorphism
in body colouration hue (present/absent), sexual dimorphism in
body colouration intensity (present/absent) and presence of a red
morphological feature (present/absent). The second model included
only aquatic species and the fixed effects were sub-habitat type
(shallow turbid/shallow clear/deep) and coral reef association (pres-
ent/absent). The third model included only terrestrial species and
the fixed effects were terrestrial sub-habitat (open/intermediate/
closed) and activity time (diurnal/nocturnal). We also included an in-
teraction between sub-habitat and activity time because sub-habitat
may only influence peak sensitivity for diurnal animals. Only insects
exhibited substantial variation in flower association, thus, the fourth
model investigated flower association in insects and included flower
association (present/absent) as a fixed effect. For some categories,
we identified fewer than 10 records of species with a LWS photo-
receptor. We ran these models with and without those groups to
assess consistency of results. Specifically, model 1 (all data) was run
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with and without semi-aquatic species (n=7), model 2 (aquatic spe-
cies) was run with and without deep sea species (n=8) and model 3
(terrestrial species) was run with and without species from closed
habitats (n=7). For all analyses, results were qualitatively similar, so
we report results of the full models.

3 | RESULTS

In total, we identified 89 peer-reviewed journal articles document-
ing spectral sensitivities from nine classes including Actinopterygii,
Amphibia, Arachnida, Branchiopoda, Chondrichthyes, Hyperoartia,
Insecta, Malacostraca and Reptilia (Table S1). From these articles
>550nm).
There were 164 different species, including 52 insects, 49 fish, 30

we extracted 174 records of LWS photoreceptors (A,
reptiles, 17 sharks and rays, eight crustaceans, six amphibians and
two arachnids.

3.1 | Spectral tuning to the light environment

Of the species included in the analysis, there were 78 terrestrial,
67 aquatic and seven semi-aquatic records of species or populations
with a LWS photoreceptor. We found that terrestrial species had a
mean peak sensitivity of 592nm (95% Cl=584, 600nm), approxi-
mately 18 nm higher than aquatic species (574nm, 95% Cl=565,
584 nm; X2=9.49, p=.009; Figure 2; Table 1). Semi-aquatic species
did not differ significantly from either group (Figure 2).

Of the aquatic species with a LWS photoreceptor, we found 35
from shallow clear waters, 24 from shallow turbid waters and eight
from deep waters. Aquatic species living in turbid environments had
the highest mean 1, at 578 nm (95% Cl=569, 587 nm), 12nm lon-
ger those living in clear water (566nm, 95% Cl=559, 572nm) and

(a) All species
Terrestrial{  $%8¢ f}-af. .4 ¢
Aquatic]  JREE® *. %

Semi-aquatic 1

540 570 600 630 660
(c) Terrestrial species
Nocturnal{ ¢ l—OH . .
Diurnal ".*t? .l—:’Hg.i,) .
540 570 600 630 660

Shallow turbid 1
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16 nm longer than those living in deep water (558 nm, 95% Cl=540,
577 nm; X2:10.28, p=.006; Figure 2, Table 1).

Within terrestrial species, 67 species were diurnal compared
to just 11 nocturnal species, of which the majority were moths
or beetles. Diurnal species had a mean peak sensitivity of 595nm
(95% Cl=584, 606 nm), 20 nm longer than the nocturnal group with
peak sensitivity averaging 575nm (95% Cl=558, 593nm; X2:4.83,
p=.028; Figure 2 Table 1). Most terrestrial animals with a long wave-
length photoreceptor were from open (n=31) or intermediate hab-
itats (n=41), with only seven from closed habitats. There was no
difference in the LWS photoreceptor peak sensitivity among species
from these different habitats (Table 1).

3.2 | Spectral tuning to visual tasks

Of the species included in the analysis, roughly half of the species or
populations possessed red colouration (72 with red colouration and
80 without red colouration). Of the 145 records where colouration
information for each sex was available, eight species were sexually
dimorphic only in hue, 12 species were sexually dimorphic only in
colour intensity, and 43 species were sexually dimorphic in both hue
and intensity. We detected no difference in peak sensitivity of the
long wavelength photoreceptor related to the presence of red col-
ouration or sexual dimorphism in hue or intensity (Table 1).

Of the 67 aquatic species, 13 were associated with coral reefs,
and this association did not correlate with peak sensitivity of the
LWS photoreceptor (Table 1).

Of the 49 insect species with a LWS photoreceptor, 36 were as-
sociated with flowers and this association did not correlate with LWS
Mnax (Figure 2; Table 1). The 13 insect species that were not associ-
ated with flowers tended to be predatory insects or did not feed at

all during their adult life stage.

(b) Aquatic species

Shallow clear A

Deep 1

540 570 600 630 660

(d) Insect species

No flower . . o
association . |_|'4 .
Flower o P s 00

association | . t 1. ¢ .
540 570 600 630 660

Peak sensitivity (nm)

FIGURE 2 Effect of lighting environment and visual tasks on peak sensitivity (A
than aquatic species. (b) Species from shallow, turbid water have longer A

(a) terrestrial species have longer A,

) of the long wavelength sensitive (LWS) photoreceptor.
than species from

max

max

shallow clear water or deep water. (c) Diurnally active species have longer A .. than nocturnally active species. (d) Flower association did
not influence A, of the LWS photoreceptor. Small grey points represent A from each species, and large red points represent estimated

marginal means + 95% confidence intervals.
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Model/data Predictor 12

(1) All data Habitat 9.49
Sexual dimorphism - hue 0.12
Sexual dimorphism - intensity 1.51
Red feature 2.25

(2) Aquatic only Sub-habitat (Aquatic) 10.28
Reef/coral association 2.66

(3) Terrestrial only Sub-habitat (Terrestrial) 0.89
Activity 4.83
Activity x Sub-habitat interaction 2.98

(4) Insects only Flower association 1.28

TABLE 1 Statistical results for each
model testing the association between
.009 predictor variables and peak sensitivity of
729 the long wavelength photoreceptor.

=y
=5

p-value

.220
134
.006
.103
.642
.028
.225
.258

BN R W R N R R R R

Note: Marginal hypothesis tests were conducted to test the significance of each predictor in each

model. p-Values in bold indicate values <.05.

4 | DISCUSSION

Red sensitivity is relatively uncommon among animals. Of those with
a LWS photoreceptor there is substantial variation in its peak wave-

length sensitivity (A raising the question, why? We identified

max)’

164 species with a LWS photoreceptor (,___>550nm) across a range

max
of taxa and found that several variables describing light environment
were associated with peak sensitivity of the LWS photoreceptor.
Specifically, terrestrial species had higher LWS A__ than aquatic
species, diurnal terrestrial species had higher LWS . than noctur-
nal terrestrial species and aquatic species in turbid shallow habitats
had higher LWS A than those in clear or deep waters. Contrary
to expectations (Endler, 1993; Murphy & Westerman, 2022b), peak
sensitivity of the LWS photoreceptor was not higher for terrestrial
species in intermediate habitats compared to open or closed. We
also found no evidence supporting visual tuning to visual tasks
broadly related to signalling and foraging. These patterns align with
an emerging consensus that visual systems are broadly tuned to
the light environment and to perform diverse visual tasks. Visual
systems may be tuned to perform specific visual tasks related to
ecology or behaviour, but these are likely to be idiosyncratic (Lind
et al., 2017; Osorio & Vorobyev, 2008), obscuring general patterns

across species.

4.1 | Spectral tuning to the light environment

Variation in peak sensitivity of the LWS photoreceptor was associ-
ated with habitat, likely due to differences in the spectral composi-
tion of illumination across habitats. In most terrestrial environments
long wavelengths of light are prevalent (Endler, 1993; Warrant &
Johnsen, 2013), whereas in aquatic environments long wavelengths
from sunlight are rapidly attenuated and very little red light re-
mains beyond 10m depth (Bowling et al., 1986; Marshall, Jennings,
et al., 2003; Warrant & Johnsen, 2013). Our results reflect this
difference in the presence of long wavelengths, with aquatic spe-
cies having lower A of the LWS photoreceptor on average than

terrestrial species. For aquatic species, the longest peak sensitiv-
ity was 614 nm, suggesting that further shifts in LWS sensitivity to
longer wavelengths provides minimal improvements in discrimina-
tion or sensitivity. Several terrestrial species possessed LWS pho-
toreceptors with peak sensitivity >615nm, up to 660nm. These
LWS photoreceptors may function to improve discrimination of
resources (e.g. oviposition sites, conspecifics, food; Kelber, 1999;
Wang et al., 2022). The upper limit for terrestrial species may be
due to limited improvements in discrimination of natural colours
(Wang et al., 2022) and poor signal to noise ratio due a to increasing
susceptibility of the photoreceptor to be activated by thermal noise
(Koskelainen et al., 2000; Luo et al., 2011).

Within aquatic environments, peak sensitivity of the LWS re-
ceptor was greater for species from turbid water compared to those
from shallow, clear water or deep water. Turbid waters tend to have
a higher proportion of long wavelength light compared to clear
water because the suspended particles attenuate shorter wave-
lengths (Jones et al., 2021; Sundarabalan et al., 2016). Numerous
studies have documented that species inhabiting turbid waters
tend to have red-shifted photoreceptors compared to species in
clear waters (Carleton, 2009; Carleton et al., 2020; Corbo, 2021;
Lythgoe et al., 1994; Nagloo et al., 2016) and many of these species
achieve this by changing the chromophore used or the ratio of A1/
A2 chromophores (Corbo, 2021). Our findings indicate that similar
patterns occur across a broad range of aquatic species, including
fish, crustaceans, sharks and rays. We also identified eight deep
water species with a LWS photoreceptor, despite little downwelling
light penetrating beyond 500m deep (Lythgoe, 1988; Warrant &
Johnsen, 2013). Three of these were mysid crustaceans, which often
vertically migrate to shallow waters to feed at night. The LWS pho-
toreceptor may improve discrimination in shallow waters or assist
in habitat choice, but this remains to be tested. The remaining five
species were stomiid dragon fish that all have red bioluminescence
(Bowmaker et al., 1988; Crescitelli, 1989; O'Day & Fernandez, 1974;
Partridge & Douglas, 1995). Red bioluminescence is relatively un-
common and likely provides them with a ‘secret signalling system’
that potential predators cannot see (Douglas et al., 1999). Various
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deep-water species have visual systems specialised to detect biolu-
minescence (Frank et al., 2012, 2016; Turner et al., 2009; Warrant &
Locket, 2004), providing an example of visual capabilities tuned to
visual tasks such as intraspecific signalling or prey detection.

Unlike the trends across aquatic habitats, we detected no differ-
ence in peak sensitivity of the LWS photoreceptor across terrestrial
habitats. This result differs from predictions that long wavelength
sensitivity may be beneficial in forests with intermediate canopy
cover because illumination is red shifted compared to open habitats
(Endler, 1993). A recent review supported this hypothesis, finding
that specialist species from closed or intermediate habitats have
sensitivity to longer wavelengths of light than specialist species
from open habitats (Murphy & Westerman, 2022b). Our results may
differ due to the species included in our analysis and our focus on
only the LWS photoreceptor, rather than maximum sensitivity of
any photoreceptor. We identified 82 terrestrial species with an LWS
photoreceptor, excluding birds and mammals, whereas Murphy and
Westerman identified 27 terrestrial species with a LWS photorecep-
tor (kmaxz 550nm), including 13 birds and four mammals. The terres-
trial species in our dataset were predominantly insects and reptiles
and the results align with previous studies finding no correlation
between spectral sensitivity and the terrestrial photic environment
in these groups (Briscoe & Chittka, 2001; Fleishman et al., 1997).
Furthermore, lighting environment may influence the presence of a
LWS photoreceptor, rather than the peak sensitivity. Both datasets
support this hypothesis; we identified more species with an LWS
photoreceptor from intermediate or closed habitats (n=47) com-
pared to open habitats (n=31), and Murphy and Westerman (2022a)
indicates 57% of species from closed or intermediate habitats have
an LWS photoreceptor (A > 550nm) compared to only 27% of spe-
cies from open habitats. Taken together, these results suggest that
a LWS photoreceptor may be beneficial in intermediate or closed
terrestrial habitats but there is limited evidence for consistent cor-
relations between LWS peak sensitivity and habitat for terrestrial
animals.

We identified relatively few nocturnal terrestrial species with a
LWS receptor (n=11), however these species tended to have shorter
LWS x .. than diurnal species. This shift to shorter wavelengths may
improve the signal to noise ratio in low light conditions. The impact

of thermal noise is greater for photoreceptors with higher A due

max’
to the activation energy threshold decreasing with increasing A,
(Ala-Laurila et al., 2004; Barlow, 1957; Luo et al., 2011). Several
studies have documented that nocturnal species have LWS pho-
toreceptors with A shifted to shorter wavelengths compared to
diurnal species (Eguchi et al., 1982; Ellingson et al., 1995; Hart &
Vorobyev, 2005; Potier et al., 2020), and our results support these

findings.

4.2 | Spectral tuning to visual tasks

Parameters related to the colour of resources or conspecifics were
not associated with the peak sensitivity of the LWS photoreceptor.
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Species associated with flowers or coral reefs, those with red col-
ouration or those with sexual dimorphism in body colour or intensity
did not possess sensitivity to longer wavelengths compared to spe-
cies without these characteristics. This result is consistent with pre-
vious work suggesting that long wavelength photoreceptors have
not evolved in response to signals but instead may have evolved
in response to common colours within the background (Osorio &
Vorobyev, 2005; Stieb et al., 2023; Sumner & Mollon, 2000; Surridge
et al., 2003). For example, the LWS photoreceptor of terrestrial
animals may be tuned to the reflectance of foliage (Lythgoe, 1979;
Osorio & Vorobyev, 2005). In this case, a long wavelength photore-
ceptor could function to detect variation among leaves (e.g. species
of plant, young vs. old leaves; Kelber, 1999; Lythgoe, 1979), identify
resources against a foliage background (e.g. flowers, fruit, conspecif-
ics; Sumner & Mollon, 2000; Wang et al., 2022) and detect differ-
ences between leaves and other natural objects (e.g. bark, soil, dead
vegetation; Osorio & Bossomaier, 1992; Osorio & Vorobyev, 2005).
Furthermore, due to the diverse functions a visual system must per-
form beyond finding resources or conspecifics, it is perhaps unlikely
to find associations between peak sensitivity and one visual task
(Lind et al., 2017).

Despite finding no relationship between peak sensitivity and
ecological variables, there are several species within our dataset that
exhibit behaviours associated with long wavelength vision. Many
animals show female preference for red colouration during mate
choice, including the red dewlap colouration in Anolis carolinensis liz-
ards (Sigmund, 1983) or the orange-red fin and body colouration in
mollies (Poecilia spp; Endler, 1984; Houde, 1987). Similarly, in many
species males display red colouration around the breeding season or
at sexual maturation (e.g. Bakker & Mundwiler, 1994; Meinertzhagen
etal., 1983; Vranken et al., 2020). Long wavelength sensitivity in but-
terflies may also improve discrimination of courtship signals (Ogawa
et al., 2013) and has been shown to improve discrimination of young
and old leaves for selection of oviposition sites (Kelber, 1999). In bee-
tles, long wavelength sensitivity is relatively rare, but is present in
some families (van der Kooi et al., 2021) and is more common in spe-
cies with flower associations (Sharkey et al., 2021). These examples
highlight that long wavelength sensitivity is important for specific
tasks, even if tuning of peak sensitivity is not correlated with ecolog-
ical variables more broadly. For many species, we still have limited
understanding of how they process visual information, whether the
LWS photoreceptor contributes to colour vision or how vision guides
behaviours. Further investigations into colour vision, behaviour and
ecology of species with a LWS photoreceptor will likely provide new

insights into the function of red sensitivity.
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