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1 Introduction

1.1 Anatomy of the retina in vertebrates

The retina is a very thin layer of tissue covering the background of the eyeball (Kolb 2003).

It has the capability to translate the light information into neuronal signals which can be

interpreted by the brain. A closer examination of the retina reveals a structuring in �ve

di�erent layers that can be separated from each other by microscopy and histological meth-

ods. Each layer contains di�erent neuronal cell types functionally specialized to perceive

the light or to process the generated neuronal signal prior the information is sent through

the optic nerve to the brain (Fig. 1.1; Polyak 1941; Rodieck 1973). The physician Ramón

y Cajal was the �rst to describe in detail the di�erent cell types of the retina by using

Golgi silver staining (Kolb 2003). Viewed from the outside to the inside the �rst of the �ve

di�erent layers is the photoreceptor layer containing the photoreceptor cells which convert

the incoming light impulses into neuronal signals (Figs. 1.1, 1.2). The next layer is termed

Fig. 1.1: Diagram of the human eye showing its di�erent structures (left). Microscopic section of the
retina (right, layers highlighted by white lines). Adapted from Kolb (2003).
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1.1 Anatomy of the retina in vertebrates CHAPTER 1

Fig. 1.2: Scheme of the di�erent cell types and their arrangement in the vertebrate retina. The photo-
receptors (i.e. cones and rods) are located close to the pigment epithelium. The bodies of horizontal
cells, bipolar cells, and amacrine cells compose the inner nuclear layer. Synaptic connections make up
the two plexiform layers. Adapted from Kolb (2003).

the outer-plexiform layer consisting of the synaptic contacts between the photoreceptor

cells and a type of interneurons, the bipolar cells, whose cell bodies are located in the in-

ner nuclear layer (i.e. 3rd). Furthermore, synaptic endings of di�erent types of horizontal

cells are involved in forming these synaptic connections (Figs. 1.1, 1.2). Beyond the inner

nuclear layer, there is the thin inner-plexiform layer composed of the synaptic contacts be-

tween the bipolar cells and the ganglion cells whose cell bodies are located in the innermost

layer of the retina i.e. the ganglion-cell layer. The organization of these synaptic contacts

is supplemented by horizontal connections between ganglion cells made by di�erent types

of amacrine cells (Figs. 1.1, 1.2). The bundled axons of the ganglion cells form the optic

nerve which connects the retina with primary visual brain regions (Rodieck 1973; Kolb

1991; Heldmaier & Neuweiler 2003). In principle, three functional stages of intra-retinal

processing can be drawn. First, the photoreceptor level which detects the light and converts

it into a neuronal signal that is post-processed successively in two interconnection stages

formed by the synaptic connections in the outer and inner plexiform layer. After intra-
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1.1 Anatomy of the retina in vertebrates CHAPTER 1

Fig. 1.3: Scheme of the typical structure of a rod
(left) and a cone (right) photoreceptor of verte-
brates. The cell bodies of both photoreceptor types
can be divided in an outer segment that contains
the visual pigments and an inner segment contain-
ing the cell organelles. At their distal (i.e. synaptic)
ending both cell types form contacts to second or-
der neurons. Modi�ed after Heldmaier & Neuweiler
(2003).

retinal processing, the information is re-

layed by the axons of the ganglion cells to

the brain. The tissue behind the retina, the

pigment epithelium, appears microscopi-

cally very dark because the cells in this

layer contain melanin. Its purpose is to ab-

sorb scattered light in order to prevent a re-

�ection back into the photoreceptors which

would lead to blurred images (Kolb 2003).

The cells in the photoreceptor layer can

be classi�ed in two di�erent photoreceptor

types, namely rods and cones. Rods and

cones di�er in their cell morphology espe-

cially of the outer segments that contain the

light-sensitive visual pigments (Fig. 1.3).

Outer segments of rods are usually larger

and have a cylindrical shape. They contain

stacked disc membranes. Outer segments

of cones are generally smaller and have a more conically shape. The stacked discs in

cones are formed by indentations of the outer plasma membrane. (Rodieck 1973; Kolb

1991; Heldmaier & Neuweiler 2003). Rod and cone photoreceptors also di�er markedly

in their physiology re�ecting di�erent tasks in vision. Cones allow for colour vision at

day light whereas rods enable vision during the night at low illumination intensities. The

anatomist Max Schultze �rst suggested this functional sharing during his studies com-

paring the structure of retinas from diurnal and nocturnal species (Schultze 1866). The

larger outer segment of rods contains a higher quantity of visual pigments increasing their

photon-absorption e�ciency. Further, the transduction cascade in rods involves a higher

ampli�cation than in cones adapting rods to work under low light conditions. Finally, the

response kinetic of rods is slower than the one of cones leading to an elongated integration

time which further increases sensitivity. Cones are less sensitive but have faster responses
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1.2 Molecular biology of visual pigments CHAPTER 1

adapting them to operate under bright light conditions (Fain et al. 2001). In most ver-

tebrate species, the retina expresses di�erent cone types varying in the peak absorption

of the embedded visual-pigment type. The presence of at least two cone types unequal

in their spectral sensitivity allows the di�erentiation of wavelengths and therefore to see

colours. Distinct morphological and molecular properties of rods and cones separate the

vertebrate retina in two functional parts that give most species a duplex retina. It allows

for vision over a wide range of light intensities and provides scotopic vision at night medi-

ated by rods and photopic vision during the day mediated by cones (Rodieck 1973; Kolb

1991; Heldmaier & Neuweiler 2003; Bowmaker 2008).

1.2 Molecular biology of visual pigments

The membranes of the stacked discs in the outer segments of rods and the invaginated

plasma membrane of the outer segments in cones anchor the visual pigments. These mole-

cules are capable to absorb the energy of photons and convert it into a molecular signal by

changing their conformation (Heldmaier & Neuweiler 2003). The important role of visual

pigments in the process of light detection in the retina was �rst suggested by Franz Boll

and Willi Kühne (Boll 1877; Kühne 1878). Kühne proposed that visual pigments are light-

sensitive receptors when he observed the change in colour of rod pigments after bleaching

the isolated frog retina (Kühne 1878).

Visual pigments are composed of a protein from the opsin family that is linked to a chro-

mophore which, in vertebrates, is either a retinal or a 3,4-dehydroretinal (Fig. 1.4). Opsins

are members of the G-protein-linked seven-transmembrane-receptor family compound of

about 350 amino acids. The proteins of this receptor family are anchored with a paral-

lel arrangement of seven α-helices in the bilipid membrane. The seven transmembrane

α-helices enclose a ligand-binding pocket within the chromophore that is bound through

a Schi�-base linkage to a lysine residue in the seventh helix (Fig. 1.5). In the inactivated

stage of the visual pigment the chromophore molecule is present in the cis form (Fig. 1.4).

When a photon is absorbed by the chromophore, the energy of the photon isomerizes the
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1.2 Molecular biology of visual pigments CHAPTER 1

Fig. 1.4: Structure of chromophores in
vertebrate visual pigments. a Structure
of cis-retinal that represents the structure
of the inactivated chromophore. b Struc-
ture of all-trans-retinal after isomerisa-
tion of the cis-form by an absorbed pho-
ton. c Structure of cis-3,4-dehydroretinal
which is the second chromophore type
in vertebrate species. Modi�ed after
Heldmaier & Neuweiler (2003).

chromophore from the cis to the all-trans form

(Fig. 1.4) which then triggers conformational

changes in the opsin molecule. This conforma-

tional change of the opsin activates a molecular sig-

nalling cascade in the photoreceptor cell (Heldmaier

& Neuweiler 2003; Bowmaker 2008).

The isomerisation of the chromophore from the cis

form into the trans form during activation of the vi-

sual pigment requires energy that normally comes

from the absorbed photon. Today, it is established

that the activation energy necessary for the isomeri-

sation process can already be provided by thermal

energy which results in spontaneous activations of

the visual pigment. The rate of these thermal ac-

tivations depends on the temperature in the en-

vironment of the visual pigment (Aho et al. 1987;

Ala-Laurila et al. 2004). Since thermal isomerisations activate the photoreceptors in the

identical way and indistinguishable from photo isomerisations they produce an intrinsic

noise overlapping the photoreceptor signal (Ala-Laurila et al. 2004). The idea that the ab-

solute visual sensitivity is limited by intrinsic noise was already supposed by the physicists

Gustav T. Fechner in the 60's (Fechner 1860). Later, the theory of a photon-like noise was

supposed that overlaps the detection of a light signal and can abolish its detection when

the rate of photon-absorption events is not much higher than the noise rate. The source of

this intrinsic noise was suspected in the photoreceptors as a result of thermal activations

of visual pigments (Barlow 1956). First direct evidence for this type of rod noise was found

in recordings from single bipolar cells in the dark-adapted dog�sh retina (Ashmore & Falk

1977). Later spontaneous electric events were found in the rods of the toad and the monkey

that are indistinguishable from electric activity caused by real photo isomerisations. There

was an agreement between the rate of these measured spontaneous activations and psy-

chophysical estimations of the rate of thermal activations in visual pigments (Baylor et al.

6



1.3 Spectral sensitivity of visual pigments CHAPTER 1

Fig. 1.5: Scheme of a membarne integrated visual pigment composed of the protein opsin (grey
structure) that encloses a chromophore (dark blue structure) in its ligand-binding pocket formed by
the seven α-helices. The chromophore is covalently bound to a lysine located in the seventh helix.
c© University of Twente

1980; Baylor et al. 1984). It could be shown in studies on the visual system of toads that

this thermal noise indeed limits the integration performance of ganglion cells in the retina

and actually determines the absolute threshold of vision (Aho et al. 1987; Copenhagen

et al. 1987; Aho et al. 1988).

1.3 Spectral sensitivity of visual pigments

Every visual pigment has a characteristic spectral-sensitivity curve enclosing three absorp-

tion maxima (Fig. 1.6). The �rst absorption maximum is caused by the aromatic amino

acids of the opsin and peaks at 280 nm. However, this absorption does not play a role

in the visual process. The second maximum is the peaking absorption of the beta band

that is mainly determined by the absorption qualities of the chromophore. The beta band

has its origin in the absorption spectrum of the isolated chromophore and always peaks in

the UV range below 400 nm. The third maximum is the peaking absorption of the alpha

band which is the most important absorption for the visual process because it determines
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1.3 Spectral sensitivity of visual pigments CHAPTER 1

the overall spectral-sensitivity maximum of the visual pigment (λmax). The position of the

alpha-absorption maximum on the wavelength axis is strongly in�uenced by both the struc-

ture of the embedded chromophore and the amino-acid sequence of the opsin. Therefore,

the spectral sensitivity of visual pigments can be tuned by these two parameters, �rstly by

changing the chromophore type and secondly by modifying the amino-acid sequence of the

opsin (Collins et al. 1952; Lythgoe 1979; Jacobs 1992; Govardovskii et al. 2000; Johnsen

2012).

The slope of spectral-sensitivity curves of visual pigments follows certain rules valid for

all photo pigments in the identical way. Dartnall �rst supposed the idea based on this

consideration in 1953 that the absorbance spectra of all visual pigments can be described

by a common template or �monogram�. This conception builds on the assumption that

all absorbance curves have the same basic shape only transformed on the wavelength axis

causing di�erent wavelengths of their absorption maximum (λmax; Dartnall 1953). The

spectrum of any pigment could then be completely characterized with the single parameter

of the absorption-maximum wavelength (λmax). Today there do not exist a physical model

that can predict only from the molecular structure of visual pigments (i.e. the amino

acids sequence of the opsin and the type of the embedded chromophore) the respective

function of the spectral-sensitivity curve. However, it seems there exist such an universal

template based on empirical curve-�tting to recorded data of real existing visual pigments

Fig. 1.6: Spectral extinction of the whole visual-pigment complex rhodopsin (λmax = 500 nm) and
of its isolated components, the protein part opsin and the chromophore retinal respectively. The alpha
band peaks at 500 nm whereas the beta band has its maximum at 365 nm. Modi�ed after Heldmaier
& Neuweiler (2003).
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1.4 Photoreceptors in the frog retina CHAPTER 1

(Govardovskii et al. 2000). It was possible to derive mathematical functions on this em-

pirical data with only one variable left, the value of λmax. The best template function

up to know was developed by Govardovskii and colleagues in 2000 when they compared

and corrected older models by align them with data from new spectral measurements of

di�erent visual pigments (Govardovskii et al. 2000). The obtained model is a sensitivity

function depending on the wavelength and the variable λmax that is composed of two terms

whereby the �rst term maps the alpha-absorption spectrum and the second one displays

the beta-absorption spectrum. The formula term of this mathematical function is listed

below (adapted from Govardovskii et al. 2000).

S(x) =
1

exp[a · (A− λ
x )] + exp[b · (B − λ

x )] + exp[c · (C − λ
x )] + d

AAAA+
1

D
·

(
exp

[
−

(
(x− E)

F

)2])−1

x = Wavelength [nm]

λ = λmax

For retinal (A1) derived pigments:

A = 0, 877 + 0, 0463 · exp[−(λ− 300)2/11940]; B = 0, 9232; C = 1, 1;

D = 0, 26; E = 189 + 0, 3515λ; F = −40, 5 + 0, 195λ;

a = 69, 11; b = 27, 5; c = −14, 3; d = 0, 639478

For 3,4-dehydroretinal (A2) derived pigments:

A = 0, 8723 + 0, 0267 · exp[(λ− 663)/40, 6]; B = 0, 9075; C = 1, 109;

D = 0, 37; E = 216, 7 + 0, 287λ; F = 317 − 1, 149λ+ 0, 00124λ2;

a = 62, 9 + 1, 84 · exp[(λ− 623)/54]; b = 20, 91; c = −10, 4; d = 0, 536
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1.4 Photoreceptors in the frog retina CHAPTER 1

1.4 Photoreceptors in the frog retina

The molecular tree of visual pigments in vertebrates reveals �ve gene families (Fig. 1.7;

Hisatomi et al. 1994). The �rst family are the RH1 genes providing visual pigments with

absorption maxima (λmax) from 460 to 530 nm expressed in the rods (Bowmaker 2008).

The remaining last four gene families encode for visual pigments contained in the di�erent

cone types of the vertebrate retina. To these families belongs the cluster of RH2 genes

encoding for visual pigments expressed in typical green-sensitive cones with a λmax from

470 to 530 nm. The SWS2 class of visual pigments are found in short-wavelength cones

being sensitive to the blue range (λmax: 415 - 480 nm). In cones that in most cases

are sensitive to ultraviolet light the class of SWS1 pigments is expressed with absorption

maxima from 335 to 450 nm. Finally the molecular tree includes the gene family of LWS

pigments covering the long end of the visual spectrum. Such pigments can be found in cone

types being sensitive to long wavelengths from the green to the red (λmax: 495 - 570 nm)

(for review see Bowmaker 2008).

Fig. 1.7: Generalized phylogenetic scheme of the evolution of the �ve vertebrate opsin families. Repre-
sentatives of the major vertebrate groups are shown. Circles indicate gene duplications. Adapted from
Bowmaker (2008).
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1.4 Photoreceptors in the frog retina CHAPTER 1

The major vertebrate groups di�er in their expression of the �ve classes of visual pigments

and also di�er in the number of rod and cone types expressed in the retina (Bowmaker

2008). Figure 1.8 shows di�erent photoreceptor sets of the main vertebrate groups �sh,

amphibians, reptiles, aves, and mammalians. The numbers above the respective sketched

photoreceptors indicate the absorption maximum of the contained visual-pigment type.

Most vertebrate species express one rod type and several distinct cone types whereby the

rod always expresses a RH1 pigment with an absorption maximum around 500 nm in

almost all cases (Bowmaker 2008). There are much greater variations between the groups

in the number of expressed cone types and the absorption maximum of the respective

embedded pigments. Fish species often express many di�erent cone types whereas reptiles

and birds tend to express four distinct cone types with spectrally di�erent visual pigments

and therefore having a tetra chromatic colour vision (Fig. 1.8a, b, c). Most mammalian

species have merely two spectrally di�erent cone types and have a dichromatic colour vision.

Only primates express three distinct cone types what provides them with a trichromatic

colour perception (Fig. 1.8d).

Amphibians are separated in three main phylogenetic groups the ceaciliens, the caudatas

(urodeles, salamanders), and the anurans (frogs and toads). In amphibians all species

except the subgroup of caecilians that have pure rod retinas have a rod dominated duplex

retina expressing rods and cones (Bowmaker 2008). In contrast to other vertebrates in the

subgroup of anurans and in some salamander species the retina expresses two types of rods

(Fig. 1.8e, f; Crescitelli 1973). One rod type is called �red rods� corresponding to the rods

in other vertebrates expressing a RH1 pigment. The other rod type is named �green rods�

and expresses a SWS2 cone pigment with an absorption maximum around 430 nm (Darden

et al. 2003). The outer segments of amphibian rods especially in frogs and toads have a

large size allowing to containing high quantities of pigment molecules which increases the

photoreceptor sensitivity (see Fig. 1.8; Bassi & Powers 1990; Dusenbery 1992; Warrant

2004). In addition to these two rod types the retina of frogs and toads expresses di�erent

cone types including single and double cones. The majority of single cones belong to the

LWS cone type expressing a LWS pigment typically with an absorption maximum of about

560 nm. The same LWS pigment is also present in the double cones in their main and
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1.4 Photoreceptors in the frog retina CHAPTER 1

Fig. 1.8: Schemes of diverse forms of vertebrate photoreceptor cohorts from the major vertebrate
groups. Numbers above the respective photoreceptors indicate the absorption maximum of the con-
tained visual pigment type. a Osteichthyes: Carassius auratus (Gold�sh), b Reptilia: Pseudemys scripta

elegans (Red-eared slider), c Aves: Columba livia (Rock dove), d Mammalia: Macaca fascicularis (Long
tailed macaque), e Amphibia: Rana pipiens (Leopard frog), f Amphibia: Ambystoma tigrinum (Larval
tiger salamander). Modi�ed after Marc (1998).
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1.5 Aim of the study CHAPTER 1

accessory member. The remaining part of single cones expresses either the same SWS2

pigment which is also expressed in the green rods (λmax = 430 nm) or a SWS1 UV-

sensitive pigment with unknown absorption maximum that presence is at least indicated

by histological studies (SWS1 cone is not drawn in Fig. 1.8e, f; Witkovsky et al. 1981;

Sherry et al. 1998; Hisatomi et al. 1998; Röhlich & Szél 2000; Witkovsky 2000; Takahashi

et al. 2001). The RH2 opsin gene cluster has been lost during amphibian evolution (for

review see Bowmaker 2008). Depending on the uncertain presence of the ultraviolet cone

type frogs and toads therefore have either a dichromatic or a trichromatic colour vision.

1.5 Aim of the study

The nocturnal red-eyed tree frog (Agalychnis callidryas; Fig. 1.9) is endemic to the rain-

forests of Central America. This strict nocturnal animal feeds on insects which were hunted

in the treetops during the night whereas throughout the whole day the frogs rest under

leaves (Lee 2000). For two reasons is this frog species chosen as the experimental animal

for the present study that is �rst it is a poikilothermic amphibian and second it provides

such a strict nocturnal life style living in a deep night ecological niche. The aim of this

study is to investigate two di�erent impacts on the visual system in this frog species which

could have an in�uence on its visual spectral sensitivity.

The �rst in�uence on the spectral sensitivity that shall be investigated is the relative low

body temperature of this species since frogs are poikilothermic. It is known that the low

body temperature raises the signal-to-noise ratio in the responses of the visual system in

frogs and turn their eyes into high sensitive sensors (Aho et al. 1988; Aho et al. 1993).

There are hints from studies on the visual sense of mammalian species that a high visual

sensitivity leads to a broadened usable spectrum of the embedded visual pigments in the

photoreceptors. This broadened usability leads primarily to an extended vision into the

far red and near infrared range (Gekeler et al. 2006; Newbold & King 2009). The actual

extend of the usable range of the pigments' spectral sensitivity can only be determined on

the behavioural level because it based on the ability to perceive a visual signal in front

of background noise by the whole animal. There are no predictions possible only by in-

terpretations of neuronal recordings whether the animal can �lter a given signal out of a

13



1.5 Aim of the study CHAPTER 1

Fig. 1.9: Photography of a red-eyed tree frog (Agalychnis callidryas). c© Tobias Eisenberg

noisy background. In the �rst part of the study a behavioural experiment is performed to

reveal the question whether the visual spectrum of the red-eyed tree frog is broadened into

the near-infrared range due to the high signal-to-noise ratio of the responses in the visual

system of frogs (Chapter 2, Behavioral experiment: Near infrared visual sensitivity in the

nocturnal tree frog Agalychnis callidryas).

In the second part of the present study the question is investigated whether the spectral

sensitivity in this frog species is modi�ed for vision under the light condition during the

night in consequence to its strict nocturnal life style compared to other frog species showing

rather a dust and dawn activity (Chapter 3, Electrophysiology: The scotopic and photopic

visual sensitivity in the nocturnal tree frog Agalychnis callidryas). The spectral sensitivity

in many �sh species is adapted to the respective illumination conditions in their living

environment in the way that their main sensitivity matches the most prominent present

wavelength range to maximize photon catch (Lythgoe 1984). The spectral sensitivity in a

nocturnal terrestrial species would be adapted in an analogues way if the main sensitivity is

shifted to the red end of the spectrum because there is most light available during the night

(Dartnall 1975; Lythgoe 1979; Lythgoe 1984). However, among terrestrial vertebrates such

variable adaptation to the speci�c spectral light conditions in terrestrial niches does not

seem to exist and the scotopic sensitivity is uniformly orientated around 500 nm instead,

independently of the inhabit niche type (Lythgoe 1984; Osorio & Vorobyev 2005). A recent

study that compares the spectral sensitivity between various anoline lizards found at least
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1.5 Aim of the study CHAPTER 1

Fig. 1.10: Scheme of the custom made full-�eld stimulator used in this study for full-�eld ERG
recording. The illumination of the sphere is constructed in a way that the direct stimulation of the eyes
by the light sources is minimized. The hollow sphere is uniformly illuminated by up to 37 individual
�bre optics and a corresponding number of directly attached di�using disks. All �bre optics terminate
equidistantly spaced on a ring in front of the opening (diameter = 25 cm) of the above sphere. To
guarantee the functionality of the system in the UV range all optical components are made of quartz
glass. Further, for the same reason, the inner surface of the hollow sphere has a barium sulphate-based
coating. The light for stimulation is delivered by a triggerable xenon-light source that allows for pulsed
stimulation from 300 nm to 1100 nm. The stimulies can be modi�ed in their spectral composition and
intensity by band pass and neutral density �lters that are stucked in a �lter tube mounted in front of the
light source. In order to be able to record ERGs during di�erent light-adaptation states of the animal
under consideration, an adjustable (re intensity) background illumination (29 white LEDs) is integrated
in the above front ring. The tested frog is placed during the experiment on the plank like animal holder
that reaches into the bowl.

small di�erences among the examined species that might be adaptations to the respective

spectral properties of their living habitat. The mentioned study above reveals hints that

the spectral sensitivity in terrestrial vertebrates can also be in�uenced by the composition

of the environmental light although the quality di�erences are small and could be masked

by phylogenetic di�erences (Fleishman et al. 1997).

To reveal whether there are characteristics present in the visual sensitivity of the red-

eyed tree frog regarding an adaptation for night vision the spectral sensitivity of this frog

species is established by a visual threshold determination at eight di�erent wavelengths

distributed over the expected visual spectrum of the frog (350 - 700 nm). The visual

threshold at each tested wavelength is obtained by recordings of full-�eld electroretino-

grams (ERG) under stimulation with nearly monochromatic stimuli (T0,5 10 nm). The
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electroretinogram method records voltage changes across the retina that occur during the

processing of a light stimulus by the neurons in the retina and can therefore serve as a

measure of the photoreceptor activity strength and the activation of the following neurons

in the retina after light stimulation (Lam 2005). To obtain reliable ERG recordings for

threshold determination it is necessary to stimulate the retina homogenously by a full-�eld

stimulation of the eye. This is typically achieved by illuminating the respective eye with

indirect light from the interior of a re�ective hollow sphere or dome. The arrangement

of the light sources for illumination the interior of the sphere that is used in commercial

full-�eld stimulators leads to some di�culties in animal research. As the head of the tested

animal has to be placed inside the sphere the retina received direct light from the light

sources which makes a homogeneously stimulation impossible. A full-�eld stimulator reli-

able in animal research was constructed for this study where the hollow bowl is illuminated

in the way that a direct stimulation of the eyes is minimized (Fig. 1.10). By incorporating

an external triggerable �ush light source that provide light from the ultraviolet to the near

infrared range the stimulies can be modi�ed in their spectral composition by band pass

�lters over the whole spectral range of light that could be used for vision and in intensity

by neutral density �lters the experimental setup is more �exible than commercial available

full-�eld stimulators.
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2.1 Abstract

Based on hints in the literature it was hypothesized that a relation between the visual

sensitivity of a species and its visual spectrum exists in the way that species with high

visual sensitivities have broadened visual spectra especially into the long-wavelength range

including near infrared. To test this idea we chose an animal with a presumptive extremely

high visual sensitivity, a nocturnal tree frog, and conducted a behavioural experiment. We

studied the hunting success of eight adult individuals of the red-eyed tree frog (Agalychnis

callidryas) in a feeding paradigm where the frogs had to catch small crickets under di�erent

spectral light conditions. The seven tested illuminations include �ve conditions in the

visible range (400 - 700 nm) and two in the near-infrared range (875 nm, 940 nm). Further,

a dark condition without any illumination served as the experimental control. Here, none

of the frogs was able to catch a single cricket. Under the light conditions in the visible

range the frogs routinely caught the available crickets. Also, in the near-infrared-light

conditions the frogs' hunting success was statistically signi�cant (p < 0.05, 875 nm) or at
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least by tendency di�erent (p < 0.1, 940 nm) from the one of the dark condition. Our

data suggest that the red-eyed tree frog has indeed a visual sensitivity broadened into the

near-infrared range.

2.2 Introduction

During �eld studies with infrared (IR) monitoring of wild mammals, anecdotal evidence

emerged that near-infrared (NIR) light in the range of 800 to 1000 nm might not be

completely invisible as assumed before for di�erent mammalian species (Newbold & King

2009). In an automated system for monitoring small rodents, fewer rats (Rattus rattus)

entered tunnels when these where equipped with IR-light barriers suggesting that the

animals could perceive the emitted light (Prout 2003). In another study where nesting

sites were monitored with IR-�ood light it was noted that possums (Trichosurus vulpecula)

and rats seem to avoid the lighted spots and move only very quickly through these areas

(Newbold & King 2009). In both examples it seems that the respective mammalian species

have a perception of the IR emission of the used light sources and indeed, in possums, the

visibility of infrared light from a LED peaking at 870 nm could earlier be demonstrated

by Vanstone (2006). Correspondingly, from a two-choice experiment in the ferret (Mustela

furo) it was concluded that at least two of the �ve animals tested could see infrared light

that was emitted by an IR-LED (λmax = 870 nm). However, the two animals could only

detect the IR light when they were strongly dark-adapted. A look in a red LED before

they had to perform the choice task abolished the ferrets' ability to detect the IR-LED

(Newbold & King 2009).

The aforementioned studies provide hints for a perception of infrared light exclusively for

nocturnal mammalian species with highly sensitive eyes as an adaptation to their lifestyle.

For instance, a light re�ective tapetum lucidum used to increase the light sensitivity is

present in the eyes of all of the above species (Bernstein & Pease 1959; Ollivier et al. 2004).

In another nocturnal predator, the domestic cat (Felis catus), electroretinograms (ERG)

recorded under infrared stimulation of the eye with an array of four IR-LEDs (λmax =

875 nm) or an IR Laser (λ = 826.4 nm) indicate a weak scotopic threshold response

(STR) suggesting that the eye of the cat can perceive both IR-light stimuli. Similar to
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the study on ferrets, STRs could only be elicited by infrared light when the cats were

dark-adapted (Gekeler et al. 2006). The loss of the infrared sensitivity in both, non-dark

adapted cats and ferrets can be explained by a reduction in absolute sensitivity of their

eyes after light adaptation. Thus, obviously there exists a correlation between the absolute

visual sensitivity and the width of the visual spectrum (Gekeler et al. 2006). But does

this mean that species with a high visual sensitivity and low absolute visual thresholds

have in general broadened visual spectra? Species with remarkably low absolute visual

thresholds belong to the amphibians, namely toads and frogs (Aho et al. 1988; Aho et al.

1993). Hailman (1982) measured the ambient light intensity in the natural habitat of

the tailed frog (Ascaphus truei) at its sitting places during the nocturnal activity phase.

Even at extremely low light intensities of about 10 µLux the frogs seemed to be able

to successfully hunt for insects. Actually, laboratory experiments showed that common

toads (Bufo bufo) can catch prey at illumination intensities below 10 µLux. Under such

lighting conditions a human observer could neither see the toad nor the prey (Larsen &

Pedersen 1981; Aho et al. 1988; Dusenbery 1992). Similarly, Buchanan (1998) could show

that nocturnal squirrel tree frogs (Hyla squirella) can detect prey items (small crawling

�ies) at an illumination intensity of 10 µLux. Toads as well as frogs have a well-developed

visual system because vision is the most important sensory modality for guiding their

behaviour (Duellman & Trueb 1986). In addition, their eyes are adapted to very low light

intensities to manage the nocturnal lifestyle or at least a dawn-and-dusk activity which can

be found in most toad and frog species (Duellman & Trueb 1986; Haldin et al. 2009). If it

is true that a low absolute visual threshold leads to a broadened visual spectrum this e�ect

should be most obvious in species like frogs because of their high visual sensitivity. To test

this hypothesis in the present study we used the strictly nocturnal red-eyed tree frog to

demonstrate whether the visual spectrum of this species is broadened into the near-infrared

range or not (Lee 2000). In a behavioural experiment we tested eight adult A. callidryas

for their ability to catch small insects (crickets) under di�erent spectral light conditions:

�ve conditions in the visible range (VIS, 400 - 700 nm) and two in the near-infrared range

(NIR, 700 - 1000 nm).
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2.3 Methods

Eight red-eyed tree frogs (Agalychnis callidryas) were obtained from the breeding colony of

our lab which was kept under an arti�cial light regime of LD 12:12 h. All experiments took

place in a dark room at 25 ◦C. The eight adult frogs were individually placed in plastic

boxes of 45 x 30 x 40 cm each (l x w x h) with transparent lids. During the test phase,

each box was illuminated by a LED which was positioned 87 cm above the centre of the

bottom of the box (Fig. 2.1). Figure 2.2 shows the relative emission spectra of the LED

types used for the generation of seven di�erent spectral light conditions (�ve in the VIS

range and two in the NIR range). To provide the animals with light intensities similar to

those of moonlight all LEDs were set to the photon �ux density (Q/cm2∗s) of a green LED

(λmax = 512 nm) leading to an illuminance of 0.1 Lux at the bottom of the box (Krisciunas

& Schaefer 1991; Radiometer IL 1700, International light, USA). An experimental cycle

lasted �ve nights and was structured as follows: in the �rst night, the frogs were fed ad

libitum with crickets (Acheta domesticus) under moderate red-light conditions to achieve a

comparable satiety between the frogs. Then, the frogs had to starve for three nights under

Fig. 2.1: Scheme of the plastic boxes in which
the frogs were individually placed during the exper-
iment. During the test phases, the bottom of each
box was illuminated by an adjustable LED that was
mounted above the centre of the box.

the same red-light conditions. In the fol-

lowing night, animals were tested for eight

hours. During this test phase, the red dim

light was turned o� and each box was illu-

minated by an identical type of LED (for

LED types see Fig. 2.2). At the begin-

ning of a test phase, �ve crickets of equal

weight were placed in each box. Uneaten

crickets always remained on the illuminated

bottom of the boxes since they could not

climb the walls. At the end of a test phase,

the remaining crickets were counted. The

described experimental cycle was repeated

till all seven light conditions and further

a dark condition without any illumination
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Fig. 2.2: Relative emission spectra of the seven LED types used in the present study. Measurements
were taken with an optic spectrometer (HR2000CG-UV-NIR, Ocean Optics Inc., USA).

were tested in the desired frequency (for details see results). All the time, except during the

test phases, a bowl of fresh water was placed in each box. During the day, the dark room

was illuminated by two 40 W lamps for terrarium lighting. For statistical analysis Fried-

man's test was used �rst for global testing. In case of statistically signi�cant di�erences,

additional testing in pairs took place with Wilcoxon signed-rank test.

2.4 Results

Figure 2.3 shows the number of consumed crickets per test phase for the eight tested frogs

(#1 - #8) under the seven di�erent spectral light conditions and in darkness. Under the

light conditions within the VIS range (397 nm - 625 nm), in the majority of cases, the

frogs caught all �ve available crickets. In the dark condition, without any illumination,

none of the frogs was able to catch a single cricket. Under the IR condition of 875 nm

(compare emission spectrum in Fig. 2.2) half of the tested frogs had at least some hunting

success. In the IR-light condition of 940 nm this number decreased to two A. callidryas.

In order to prove this tentative IR-sensitivity of the red-eyed tree frog statistically, we

designed a second experiment according to procedure described above. Here, the number

of eaten crickets was summed up over �ve test phases per IR-light condition and for the

dark condition, respectively. Figure 2.4 shows the results of this second experiment. Again,

frogs were unable to catch crickets in darkness. In both IR-illumination conditions, one

to four crickets were caught by at least half of the frogs. The hunting success of the frogs
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Fig. 2.3: Number of eaten crickets per test phase (8 hours) and frog (#1 - #8) under the seven
di�erent spectral light conditions and in darkness.

Fig. 2.4: Comparison of the cumulative hunting success under the IR-light condition of 875 nm and
940 nm respectively against darkness (frogs #1 - #8; Wilcoxon signed-rank test, n = 8, ∗ =p < 0.05,
• = p < 0.1).

under the 875-nm condition (12 crickets in total) was higher than for the 940-nm condition

(5 crickets). The number of caught crickets per frog in the 875-nm-light condition was

signi�cantly higher than in darkness (p < 0.05, Wilcoxon signed-rank test). The same test

shows a tendency (p < 0.1) of more crickets being caught by the frogs at the 940-nm-light

condition as compared to darkness.

2.5 Discussion

Most vertebrate retinas, with only few exceptions, are duplex retinas that possess rod and

cone photoreceptors (Marc 1998; Bowmaker 2008). Cones allow for colour vision at day

light whereas rods enable vertebrates to see at low illumination intensities (e.g. at night).

The spectral sensitivity of rods or cones is determined by the spectral-sensitivity curve of
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the visual-pigment type that is embedded in the respective photoreceptor. These visual

pigments are membrane-integrated proteins from the opsin family that covalently bind a

chromophore which, in vertebrates, is either a retinal or a 3,4-dehydroretinal (Lythgoe 1979;

Govardovskii et al. 2000; Bowmaker 2008). Every visual-pigment type has a characteris-

tic spectral sensitivity curve that encloses three absorption maxima. The �rst absorption

maximum at 280 nm is caused by the aromatic amino acids of the opsin and does not play

a role in visual processes. The second absorption maximum is called the beta-absorption,

mainly determined by the absorption qualities of the chromophore, and occurs always

in the UV range below 400 nm. The third absorption maximum, the alpha-absorption,

is most important for the visual process and determines the overall spectral sensitivity

maximum of the visual pigment. The position of the alpha-absorption maximum on the

wavelength axis is strongly in�uenced by both, the structure of the embedded chromophore

and the amino-acid sequence of the opsin. Thus, by these two parameters, the spectral

sensitivity of visual pigments can be tuned (Collins et al. 1952; Lythgoe 1979; Jacobs 1992;

Govardovskii et al. 2000; Johnsen 2012).

The visual-pigment types found in rods are highly conserved in vertebrate evolution and

always have absorption maxima close to 500 nm (Lythgoe 1984; Osorio & Vorobyev 2005;

Bowmaker 2008). In addition to this typical 500-nm-rod type (�red rods�), the retina of

frogs contains a second rod type (�green rods�) which expresses the same visual pigment

as the animals' short-wavelength cones with an absorption maximum of about 430 nm

(Denton & Wyllie 1955; Duellman & Trueb 1986; Bowmaker 2008). Figure 2.5 shows the

spectral-sensitivity curves of these two rod types of the frog retina from 300 to 1000 nm,

i.e. the spectral range which can be theoretically used for vision. The lower edge of this

spectrum is determined by the protein absorption that strongly increases below 300 nm.

Only few light below 300 nm reaches the photoreceptors in the retina because it is absorbed

by the tissue of the eye before (Lythgoe 1979; Jacobs 1992). The upper boundary of vi-

sion is set by the decreasing energy of photons with increasing wavelengths. It is assumed

that, around a wavelength of 1000 nm and beyond, photons provide not enough energy

to trigger the photo-isomerisation reaction and to activate visual pigments (Lythgoe 1979;

Dusenbery 1992).
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Fig. 2.5: Relative spectral sensitivity of the visual pigments λmax = 500 nm (A1) and λmax = 430 nm
(A1) which represent the typical pigments of the two rod types in frogs. Curves were calculated with the
mathematical model of spectral sensitivity curves of visual pigments after Govardovskii et al. (2000).
The respective alpha-absorption maxima of the visual pigments are located at 430 and 500 nm. The
beta-absorption maxima occur at 340 nm for the 430-nm pigment and at 365 nm for the 500-nm
pigment, respectively.

Whether visual pigments can be used towards lower wavelengths of about 300 nm depends

on the UV-transmission properties of the optical media of the eye in particular of the

lens (Dusenbery 1992; Jacobs 1992). Species with UV-transmissive lenses and hence with

UV-vision are mainly small nocturnal species like rodents or bats (Jacobs 1992; Winter

et al. 2003). Most diurnal species, like apes and humans, have lenses that absorb UV-light

and therefore their visual range is restricted to wavelengths of 380 nm and above (Jacobs

1992). The common frog (Rana temporaria) is known to have an UV-transparent lens and

UV-perception (Govardovskii & Zueva 1974; Jacobs 1992), whereas the lens in the eye of

the northern leopard frog (Lithobates pipiens) is only transparent down to a wavelength

of about 390 nm, indicating di�erences in UV-transparency of lenses between frog species

(Kennedy & Milkman 1956; Frost 2011). In analogy to the UV range, the question arises

how far can the spectral sensitivity of photoreceptors be used towards their upper wave-

length limit around 1000 nm. This consideration includes the question to which extent the

near-infrared range, beginning between 700 and 800 nm according to di�erent literature

sources, can also be utilized for vision.

It has been known for many decades that the activation of visual pigments does not

necessarily need the energy of a photon because the required activation energy for the iso-
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merisation process can already be provided by the energy of thermal molecular movements

in the environment of the visual pigment. These thermal activations are indistinguishable

from photo isomerisations because they activate the photoreceptor in an identical way

(Barlow 1956; Ashmore & Falk 1977; Baylor et al. 1980; Baylor et al. 1984; Ala-Laurila

et al. 2004). The activation of visual pigments by thermal isomerisation is a very rare

event, but, considering the huge amount of visual pigments that are contained in photore-

ceptor cells, thermal isomerisations actually produce a photoreceptor noise called thermal

noise or dark noise (Yau et al. 1979; Baylor et al. 1980; Baylor et al. 1984). Aho and col-

leagues (1988) could show that this thermal noise, i.e. the rate of thermal isomerisations,

determines the absolute threshold of vision as was already suspected from theoretical con-

siderations (Lythgoe 1984; Aho et al. 1988). The reason for this relationship is that the

signal-to-noise ratio in the response of the detector units (i.e. retinal ganglion cells) has

to exceed a certain threshold in order to allow the perception of a visual stimulus. This

signal-to-noise ratio is de�ned as S/(S+N)1/2 were S is the number of photo isomerisations

and N is the number of thermal isomerisations. The numbers of photo isomerisations and

thermal activations that are counted by the detector units depend on the rate of photo-

and thermal isomerisations (isomerisations per visual pigment per second) and the inte-

gration parameters of the detectors in space and time (Aho et al. 1988; Warrant 1999).

In the toad B. bufo the most sensitive ganglion cells collect signals from about 440 rods

(each containing about 3.25 x 109 visual pigments) and have summation times up to 1.9 s

(Aho et al. 1988). The rate of thermal noise in B. bufo at 15 ◦C was determined as

4.9 x 10−12 isomerisations per visual pigment per second. It could be shown that a light

stimulus which triggers 3.1 x 10−12 photo isomerisations per visual pigment per second is

just strong enough to overcome this noise level, enabling B. bufo to perceive the visual

stimulus (Aho et al. 1988). Calculations based on these parameters reveal for the response

at the level of the absolute visual threshold a signal-to-noise ratio of 1.8 which can be seen

as the lower limit for this species (Aho et al. 1988).

In principle, lowering the ambient illumination intensity is accompanied by a decreasing

rate of photo isomerisations due to fewer photons reaching the eye. Since the noise level,

on the other hand, at a given temperature, is set by the �xed rate of thermal activations,
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this rate determines the light intensity were the signal-to-noise ratio becomes insu�cient.

Because the sensitivity of visual pigments decreases along the wavelength axis with increas-

ing distance from their sensitivity maximum (see Fig. 2.5; Govardovskii et al. 2000), the

number of photo isomerisations triggered from photons in the respective wavelength range

decreases as well till the produced signal becomes too weak for providing a signal-to-noise

ratio su�cient for detection. The usable bandwidth of the spectral sensitivity of visual pig-

ments is therefore determined by the absolute visual threshold that is particularly relevant

for the long-wavelength end of the spectrum. The bene�t from lowering the absolute visual

threshold for the usable bandwidth is lower at the short-wavelength end, since visual pig-

ments have a relatively high sensitivity due to the beta-band here (see Fig. 2.5). Since the

visual threshold depends on the signal-to-noise ratio, there are two di�erent possibilities to

manipulate the threshold level. In order to lower the threshold, either the signal intensity

can be increased or the noise has to be reduced. The signal can be improved when the

amount of photons caught per detector unit is raised which requires an improvement of the

photon-absorption e�ciency of the detector units. This can be achieved by an increased

photon-summation capacity in space and/or in time (Lythgoe 1984; Warrant 1999). The

noise can only be decreased by reducing the rate of thermal isomerisations which would

need a lowering of the body (or at least the eye) temperature, since the rate of thermal

activations of a visual pigment depends on its ambient temperature (Aho et al. 1987; Aho

et al. 1988). Both, the increase of the signal and the decrease of the noise would improve

the signal-to-noise ratio and therefore lower the absolute visual threshold accompanied by

a broadening of the visible spectrum. Because the signal can also be raised by a simple

enhancement of the visual stimulus (amount of photons that fall into the eye) the evalua-

tion of the usable bandwidth of the spectral sensitivity of visual pigments is in each case

valid only for a given light-stimulus intensity.

Due to the constant body temperature in mammals a lowering of their visual threshold is

only possible by enhancing the signal. The low visual thresholds of cats and ferrets that

are coupled with the observed expansion of their visual spectrums into the NIR range can

therefore only be explained by an enhancement of photon catch per detector unit achieved

by morphological adaptations such as the tapetum lucidum or a high degree of convergence
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in rod connections (Hughes 1977). Probably it is the rod sensitivity that is responsible for

the near-infrared visual sensitivity because only strongly dark-adapted animals where the

eyes have switched to rod vision are able to see the IR-light sources (Gekeler et al. 2006;

Newbold & King 2009).

The eyes of frogs and toads as well have several adaptations to improve the photon catch

and enable the animals' largely nocturnal life style. For instance, the pupils in the eyes

of frogs have, relatively to their body size, a large diameter to permit as much light as

possible to enter the eye (Warrant 1999). As can be found in the eyes of many nocturnal

species, the pupils of frogs have a split form to better prevent bright light from entering the

eye and to protect the sensitive retina that is adapted to work under low light conditions

(Ali & Klyne 1985; Warrant 2004). The already mentioned UV-permeability of the lens in

many frog species is probably a further adaptation of the eye to increase the photon catch

since it permits photons from the UV band to reach the retina and increases the overall

amount of available photons (Govardovskii & Zueva 1974; Jacobs 1992). Other adaptations

to low light intensities concern the photoreceptor structure and intra-retinal connections.

In frogs, the outer segments of rods that contain the visual pigments are among the largest

of all vertebrates (Marc 1998). The comparatively increased length and diameter allows

outer segments to contain a large amount of pigment molecules which enlarges the photon-

absorption area and improves the sensitivity of rods (Bassi & Powers 1990; Dusenbery

1992; Warrant 2004). Further, the highly convergent connection of rods towards the gan-

glion cells enlarges the summation area per detector unit. In the toad B. bufo a single

ganglion cell receives signals from up to 750 individual rods (Aho et al. 1993). In addition,

rods are extensively coupled by gap junctions and thereby build functional detector units

(Copenhagen et al. 1990; Hemilä et al. 1998). The presence of a second rod type in the

frog retina with a maximum sensitivity at 430 nm can also be considered as an adaptation

to low light conditions because it extends the visual sensitivity mediated by rods into the

short-wavelength light spectrum (see Fig. 2.5). This second rod type increases the visual

sensitivity of frogs in the range of blue light as could be shown at least for the green tree

frog (Hyla cinerea; King et al. 1993).

In addition to their adaptations to increase the photon-absorption e�ciency, frogs can
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bene�t from their relatively low body temperature. In poikilothermic animals a low body

temperature leads to a small thermal-noise rate in the photoreceptors (Aho et al. 1987;

Aho et al. 1988). To improve their visual sensitivity, frogs can therefore not only improve

the signal-to-noise ratio by enhancing the signal but also by lowering the noise. The low

body temperature further leads to an extension of the photoreceptor-integration time since

the signal cascade in the photoreceptor cells is slowed down because of the temperature

dependence of chemical reactions. This extended integration time also contributes to the

high signal-to-noise ratio in the visual processing of frogs and therefore increases their

visual sensitivity, however, on the cost of temporal resolution as could be shown by Aho

and colleagues (Aho et al. 1993). The combination of enhancing the signal and lowering

the noise gives frogs high visual sensitivities that can never be reached by homoeothermic

species (Aho et al. 1988; Aho et al. 1993; Haldin et al. 2009). Their high visual perfor-

mance enables frogs and toads to settle in deep-night ecological niches and to use the

darkness of the night as a protection mechanism against avian and mammalian predators

(Haldin et al. 2009). Most frog and toad species are indeed nocturnal or show at least a

dawn-and-dust activity (Duellman & Trueb 1986).

In the present study, we wanted to examine if frogs, due to their high visual sensitivity,

have a signi�cantly broadened visual spectrum. To do so, we tested eight individuals of the

red-eyed tree frog if they can hunt for insects under pure infrared illumination in compar-

ison to various light conditions in the visible range as well as in complete darkness. In the

lightless condition (see Fig. 2.3) none of the frogs was able to catch a single cricket. This

result con�rmed that frogs need visual information to successfully catch insects (Eikmanns

1955). In the visible-light range the frogs were routinely able to catch prey (see Fig. 2.4).

However, half of the tested frogs could still catch one or two crickets under the IR-light

condition produced by IR-LEDs with a spectral emission peak at 875 nm. Even under the

second IR condition (emission peak at 940 nm), two frogs caught one cricket each. In order

to statistically prove this tentative infrared sensitivity we conducted a second experiment

where the number of caught crickets was summed up during �ve test phases for each IR-

light condition and darkness, respectively (see Fig. 2.4). Here, in comparison to darkness,

the frogs were able to catch signi�cantly more crickets under the IR illumination centered
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around 875 nm and, in tendency (p < 0.1), also at the 940-nm-illumination condition. To

our knowledge, this is the �rst description of a complex visually-guided naturally behaviour

in a terrestrial vertebrate (here: prey catching in frogs) that can be performed under pure

infrared illumination (Lock & Collett 1979; Larsen 1984; Duellman & Trueb 1986). The

infrared sense in some species of snakes (Viperidae) which enables them to perceive the

thermal radiation of their prey is known to be a thermal sense and therefore provides no

visual perception of infrared radiation (Krochmal et al. 2004).

The studies on ferrets and cats, mentioned in the beginning (see introduction), showed

that these animals also have a visual perception of near-infrared light. However, a closer

comparison of the methods between these studies and those presently employed reveals a

great di�erence in the visual infrared sensitivity between the examined mammalian species

and the red-eyed tree frog. The light source providing the IR-light stimulus that triggered

the scotopic threshold response in the cat retina was an array of four IR-LEDs (λmax =

875 nm) that stimulated the eye directly and produced a corneal irradiation of 0.01 mW

(Gekeler et al. 2006). The ferrets also looked directly in an IR-LED (λmax = 875 nm)

during the two-choice test. Further, only two of the �ve tested animals reacted to the

IR-light stimulus in spite of that the LED was set to maximum intensity (Newbold & King

2009). In the present study, the intensity of the LEDs was set to simulate low moonlight

conditions (see material and methods). In addition, the frogs had to perceive the IR-light

re�ected from the cuticle of the crickets as well as from the enclosure's wall to see the prey

and not merely direct light emission of an IR-LED. Recently, it was shown that the cichlid

�sh Pelvicachromis taeniatus is also able to detect small prey items (freshwater shrimps)

only by their light re�ection in the near infrared (780 - 920 nm; Meuthen et al. 2012). It is

not clear whether the cone or the rod sensitivity is responsible for the found visual infrared

sensitivity of this �sh species. However, since �sh are poikilothermic it is very likely that

their visual pigments have also a broadened usable spectrum which would concern rod and

cone pigments equally.

The results of the presently conducted behavioural experiment point to a relatively high

visual IR sensitivity in the frog species A. callidryas. However, the question arises if this

visual capability has actually a biological meaning for the frogs? It would be conceivable
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Fig. 2.6: Relative ambient-illumination spectrum of the photon-�ux density in dense vegetation. Curve
calculated from spectral illumination data adapted from Hulstrom et al. (1985), Heldmaier & Neuweiler
(2003), Johnsen (2012), and re�ection/absorbance data of plant leafs adapted from Knipling (1970).

that the frogs can improve their photon catch if they can use light from the NIR band in

addition to the visible range and putatively the UV band (Govardovskii & Zueva 1974;

Jacobs 1992). Our experiment demonstrates that near-infrared light with an intensity

equivalent to an illumination of 0.1 Lux (green light) is bright enough to enable the frogs

to perform a complex visually-guided behaviour like prey catching. An illumination of at

least 0.1 Lux is reached in 20% of the nights per moon cycle in which the near-infrared

part of the moonlight spectrum could improve frog vision in a signi�cant way (Krisciunas

& Schaefer 1991). Since we had set the intensity of the LEDs in a way that they produce a

photon-�ux density equivalent to the intensity of the whole moonlight spectrum, the LEDs

produced more photons as would be the case in the respective band of the natural moon-

light spectrum. Therefore, it cannot be concluded that in natural moonlight of 0.1 Lux, the

near-infrared part alone delivers enough photons to enable the frogs to catch prey. How-

ever, the near-infrared part could have a supportive function in addition to photons from

the visible range and the UV band. Further, the IR sensitivity could be especially bene�cial

under ambient light conditions in dense vegetation. Because of both, the high transmission

and re�ection of IR light (above 700 nm) in green plants, the ambient light spectrum in

dense vegetation is largely dominated by near-infrared light (see Fig. 2.6, Knipling 1970;

Chiao et al. 2000). Since red-eyed tree frogs hunt in dense vegetation the broadening of
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their visual spectrum into the near infrared might be bene�cial for coping with the respec-

tive ambient spectral conditions. Ambient light in dense vegetation provides almost three

times more near-infrared light as compared to green light which represents the optimum

visual range of the frog (see Figs. 2.5, 2.6). However, this intensity di�erence is opposed by

a sensitivity di�erence of the frog retina pointing in another direction, i. e. for green light

its is about 108 times more sensitive as compared to near infrared (see Fig. 2.5). Hence,

the question remains if the supposed bene�cial e�ect of the spectral composition of light in

dense vegetation is neutralized by the spectral tuning of the frog retina. The multiplication

of the ambient-illumination spectrum (Fig. 2.6) with the visual spectral sensitivity of �the

frog� (Fig. 2.5) delivers the spectral distribution of overall photons caught by the retina.

Under the assumption that the red-eyed tree frog can use the whole theoretically possible

visual range of 300 - 1000 nm, the following distribution appears: 85% of caught photons

are from the VIS range (400 - 700 nm), 15% from the UV range (300 - 400 nm), but

only far below 1% of caught photons originate from the NIR range (700 - 1000 nm). This

calculation reveals a very small contribution of the NIR range to overall caught photons.

At vision near the absolute threshold, when an enhancement of the photon catch would be

desirable, the edge ranges of the photoreceptors' spectral sensitivity, like the sensitivity in

the NIR range, will not play a role in visual perception because all caught photons will be

received from the range around the sensitivity optimum about 500 nm. On the other hand,

at light intensities where the NIR range would become usable, it must be assumed that the

photoreceptors are already saturated by photons from the visible range. The illumination

intensity of 0.1 Lux applied in the present experiment lies already by a factor of 103 above

the presumptive absolute visual threshold of about 10 µLux (Aho et al. 1993). Therefore,

the frogs could only take signi�cant advantage of their broadened visual sensitivity into

the near-infrared range in an environment which is su�used with sole infrared light like in

the present experimental conditions.
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3.1 Abstract

The red-eyed tree frog (Agalychnis callidryas) is endemic to the rainforests of Central

America. During the night, it hunts for insects in the treetops whereas at daytime, the

frogs rest under leaves. In the present study we determined the relative visual-sensitivity

curve of this nocturnal frog species by ERG recordings in both the dark- and the light-

adapted state. In both the scotopic- and the photopic-threshold curve we found only

minor individual variations among the tested individuals. The sensitivity maximum of the

scotopic curve was determined at 500 nm which matches the absorption properties of the

RH1-visual pigment expressed in the red rods of frogs. The sensitivity maximum of the

photopic curve was found at 545 nm which is close to the sensitivity maximum of the LWS-

pigment type expressed in most cones of the frog retina. The threshold curves determined

here by ERG recording reveal no unusual features in the spectral visual sensitivity of the

red-eyed tree frog that could be interpreted as adaptations for its strictly nocturnal life

style.
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3.2 Introduction

The molecular tree of visual pigments in vertebrates reveals �ve gene families (Hisatomi

et al. 1994). These are in particular the RH1-gene family which supplies visual pigments

with absorption maxima (λmax) from 460 to 530 nm expressed in the rods and four addi-

tional gene families, namely RH2, SWS1, SWS2, and LWS that encode for visual pigments

of the di�erent cone types of vertebrates. The gene clusters SWS1 and SWS2 encode for

pigments that can be found in short wavelength cones (λmax: 335 - 480 nm), the RH2

pigments are expressed in midrange cones (λmax: 470 - 530 nm), and the family of LWS

pigments in cone types covering the long end of the visual spectrum (λmax: 495 - 570 nm;

for review see Bowmaker 2008). The photoreceptor set of frog and toad species expresses

all of the above-mentioned vertebrate pigment families except for the RH2 type that has

been lost in anuran evolution (Bowmaker 2008). As an unusual feature among vertebrates,

the retina of frogs and toads provides two di�erent types of rods. One is the typical verte-

brate rod type addressed as �red rods� and containing a RH1 pigment with an absorption

maximum close to 500 nm. Photoreceptors of the second rod type are called �green rods�

and contain a SWS2 pigment whose gene family commonly encodes for cone pigments.

The absorption maximum of the SWS2 pigment in green rods is generally around 430 nm.

In addition to these two rod types, the retinas of frogs and toads provide probably four

di�erent kinds of cones, namely three single-cone types and one double-cone type. The

majority of single cones expresses a LWS pigment, typically with an absorption maximum

of about 560 nm. This cone type also appears as the double-cone variant in which both,

the main and the accessory member contain the 560-nm pigment. The second single-cone

type contains the same SWS2 pigment as expressed in the green rods (λmax: 430 nm).

At least histological studies of the retinas of frogs suggest the existence of a third, small

single-cone population that is most sensitive to ultraviolet light and expressing a SWS1

pigment (Denton & Wyllie 1955; Witkovsky et al. 1981; Sherry et al. 1998; Hisatomi et al.

1998; Govardovskii et al. 2000; Röhlich & Szél 2000; Takahashi et al. 2001; Bowmaker

2008). The visual spectral sensitivity of frogs and toads, based on the respective relative

abundance of the above-mentioned photoreceptor types in the retina, has been investigated

in a variety of anuran species. In the present study, we have determined the visual spectral
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sensitivity of the strictly nocturnal red-eyed tree frog Agalychnis callidryas which is en-

demic to the rainforests of Central America. In the darkness of the night, this frog species

hunts for insects in the treetops. At sunrise, the frogs immediately terminate their activity

and outlast the day at rest under leaves (Lee 2000). The aim of the present study was to

supplement the pool of known visual-sensitivity curves of anuran species by the threshold

curve of a representative with a strictly nocturnal life style that occupies a deep-night

ecological niche. We will discuss the visual-sensitivity curve of the red-eyed tree frog in

the context of photoreceptor types expressed in the retina of frogs as well as in comparison

to visual curves established for other frog species being active at daytime or twilight. In

particular, the presence of possible adaptations in the spectral sensitivity of A. callidryas

for its strictly nocturnal life style will be considered.

3.3 Methods

The red-eyed tree frogs (Agalychnis callidryas) for this study were obtained from the breed-

ing colony of our lab that was kept under an arti�cial light regime of LD 12:12 h. All exper-

iments took place in a dark room at a temperature of 25◦C. Each frog was anaesthetized

during the measurements with MS-222 and Succinyl-Asta. First, the frog was ventrally

immersed in a MS-222 solution (0.1 mg/ml) for one minute. After the frog had been anaes-

thetized by MS-222, the muscle relaxant Succinyl-Asta (0.5 mg/ml) was injected into the

dorsal lymph sack (0.002 ml per gram bodyweight). For determination of the spectral vi-

sual sensitivity electroretinograms (ERG) were di�erentially recorded while the respective

eye of the frog was homogenously stimulated with short light pulses (20 µs) by a custom-

made small-animal full-�eld stimulator (Light source: SP20-X6, Rapp OptoElektronik,

Germany; Re�ecting hollow sphere: Roland Consult, Germany). In detail, a ring-shaped

positive ERG-electrode made of silver wire was placed on the cornea. Electrical contact

was improved by hypromellose eye drops. The negative electrode was made of platinum

wire and placed on the skin of the animal beside the measured eye. As ground electrode

a second platinum wire was placed on the back of the frog. For the skin electrodes, elec-

trical contact was reached with electrolyte gel. During the measurements, the electrode

impedance was maintained below 3 kΩ. The recorded signal was ampli�ed 500,000 times,
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band-pass �ltered between 10 Hz and 1 kHz, and notch-�ltered at 50 kHz before being

digitized at a rate of 50 kHz (Tucker Davis System II, Kemo Benchmaster VBF6). Per

measurement 16 individual ERG recordings were averaged (averaging software: Tucker

Davis BioSig32 3.12).

Visual thresholds were determined for each frog at eight di�erent wavelengths: 350, 404,

454, 502, 546, 594, 650, and 694 nm. Relative visual thresholds were obtained by relating

each threshold value to the threshold at the wavelength of highest sensitivity. Curves were

then �tted by interpolation. Spectrally-selective stimulation was achieved by using a set of

band-pass �lters (T0,5 10 nm, Melles Griot, USA). A set of neutral-density �lters (Melles

Griot, USA) was used for adjusting the intensity of light stimuli. For each spectral light

stimulus the light intensity was tuned to obtain at least �ve responses that spanned the

criterion-response level of 10 µV within a range of +/−10 µV. Obtained responses (ampli-

tude against log light intensity) were �tted using the least-square method to estimate the

light intensity that would evoke the criterion response (10 µV). At each tested wavelength

the estimated threshold intensity was normalized to the wavelength for which the retina

had the highest sensitivity.

We calculated both the scotopic- and the photopic-threshold curves of �ve individuals.

Prior to the determination of the scotopic curve, the frogs were dark-adapted for two hours.

Preparation of the animals (anaesthesia, electrode positioning) was performed under week

red light. In order to obtain the photopic curve, the frogs were adapted to moderate light.

During these measurements, a white background illumination of 30 cd/m2 (Marmor et al.

2009) provided by white LEDs was turned on.

3.4 Results

The relative scotopic spectral sensitivities for the �ve tested frogs are shown in Figure 3.1.

We found only small interindividual variations in the spectral sensitivity. Highest sen-

sitivity was uniformly found at the tested wavelength of 502 nm. Within the examined

dynamic bandwidth of 2.5 logarithmic decades, criterion responses could be obtained with

all spectral stimuli except for the 350-nm and the 694-nm conditions. Figure 3.2 shows the

relative photopic spectral sensitivities of the �ve tested frogs which are interindividually
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Fig. 3.1: Relative scotopic spectral sensitivity of the �ve tested individuals (#1 - #5) referred to the
threshold-light intensity at 502 nm.

Fig. 3.2: Relative photopic spectral sensitivity of the �ve tested individuals (#1 - #5) referred to the
threshold-light intensity at 546 nm.

also very similar. The highest sensitivity in the determined threshold curves was consis-

tently found at the tested wavelength of 546 nm. Like in the dark-adapted state, also in

the light-adapted state, we were unable to obtain a response by application of the 350-nm

stimulus.

3.5 Discussion

Visual pigments in vertebrates always consist of a protein derived from the opsin family

that is encoded by the gene clusters mentioned in the introduction and a covalently bind

chromophore which is a vitamin-A derivate. The composition of visual pigments by these
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two molecules is re�ected in two di�erent absorption maxima of the membrane-integrated

protein important for the visual process. One absorption maximum is the peaking absorp-

tion of the beta band that is mainly determined by the spectral absorption qualities of

the chromophore and occurs always in the UV range. The second absorption maximum is

the peaking absorption of the alpha band that determines the overall spectral-sensitivity

maximum of the visual pigment (λmax). This maximum is strongly in�uenced by both the

absorption characteristics of the chromophore and the amino-acid sequence of the opsin

(Dartnall 1953; Lythgoe 1979; Govardovskii et al. 2000; Bowmaker 2008; Johnsen 2012).

In the visual pigments of frogs and toads, two di�erent types of chromophores occur. One

is the retinal (derived visual pigments classi�ed as A1-visual pigments) whereas the other

one is the retinal derivate 3,4-dehydroretinal which shifts the absorption maximum of the

visual pigment to longer wavelengths whereby the magnitude of this red shift increases

with higher λmax (Bridges 1972; Lythgoe 1972). A blue sensitive A1-visual pigment would

only be shifted around 10 nm if the chromophore is substituted by a 3,4-dehydroretinal

but a red-sensitive A1 pigment would be shifted about 50 nm into the far red (Whitmore

& Bowmaker 1989). The derived pigments (classi�ed as A2-visual pigments) are com-

monly found in freshwater-living vertebrates like freshwater teleosts and larval amphibians

(Muntz & Reuter 1966; Bridges 1972; Lythgoe 1972; Beatty 1984). A not fully understood

evolutionary pressure exists for replacing the chromophore type from 3,4-dehydroretinal

to retinal during the transition from an aquatic to a terrestrial life style because A2-visual

pigments are only rarely found among terrestrial vertebrates. However, a few exceptions

of fully terrestrial vertebrates, like di�erent lizard species, expressing A2-visual pigments

(Hoskins 1990; Provencio et al. 1992). In many frog and toad species the strictly aquatic

tadpole expresses A2 pigments in its photoreceptors whereas adults, after metamorpho-

sis and after changing the living environment from water to air, have visual pigments of

the A1 type. In some cases A2 pigments disappear not completely during ontogeny and

the adult frog expresses a mixture of A1- and A2-visual pigments dominated by the A1

type (Kennedy 1957; Muntz & Reuter 1966; Liebman & Entine 1968; Bridges 1972). In

Xenopus laevis that remains aquatic after metamorphosis adults still predominantly ex-

presses A2-visual pigments (Bridges et al. 1977). The bullfrog (Rana catesbeiana) often
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rests in water in a way that one half of its eye is below the water surface and looking

into the water whereas the other half is above the water and looking into the air. Here,

it is known that the upper half of the retina looking into the water largely expresses A2

pigments whereas the lower part looking into the air is dominated by A1-visual pigments

(Reuter et al. 1971). To date, the reason for this pressure to use A2 pigments in aquatic

environments and A1 pigments in air is not understood. It is under discussion whether

this is related to a trade-o� between the level of photoreceptor noise and the spectral sen-

sitivity in the long-wavelength range. Due to the lower thermal stability of A2 pigments,

derived photoreceptors have a higher photoreceptor noise (Koskelainen et al. 2000). Higher

noise levels, in principal, are a disadvantage but the red shift of the receptor sensitivity

by the A2 chromophore could be an advantage in freshwater environments because of the

spectral dominance of light in the red range (Lythgoe 1984). This bene�t might overcome

the disadvantage of a higher noise level at least in fresh-water environments.

The shape of the scotopic curve of A. callidryas points to an expression of A1 pigments

(Fig. 3.3a). The threshold curve is underlayed by the spectral sensitivity of the di�erent

common visual-pigment types in the frog retina except the unknown spectral sensitivity

of the possibly present UV-sensitive pigment (see introduction). The scotopic curve of

A. callidryas follows the spectral sensitivity of the 500-nm A1 pigment expressed in the

red rods. Because this rod type accounts for over 90% of the whole rod population, its

sensitivity dominates the scotopic curve since the main part of the ERG potentials de-

rived from retinal connections of the red rods (King et al. 1993; Bowmaker 2008). Both

the scotopic ERG curve of the frog Lithobates pipiens (Fig. 3.4a; Frost 2011) and Rana

temporaria (Fig. 3.4c) are very similar in shape (re Fig. 3.3a) and also orient towards the

spectral sensitivity of the main rod type in the frog retina. Also these sensitivity curves

reveal absorption maxima of the red rods at 500 nm, a fact that can be generalized among

terrestrial vertebrates (Bowmaker 2008). Most energy in sunlight is present in the range

around 500 nm. However, matching of the visual pigment's peaking absorption to the band

of greatest available light energy is not considered as a result of evolutionary pressure be-

cause photoreceptors are photon counters independently of the absorbed photon energy. If

sunlight is expressed in units appropriate for photoreceptors, the photon �ux density, most
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Fig. 3.3: Visual-sensitivity curves of A. callidryas. The sensitivity curves (bold lines and symbols) are
underlayed with the relative spectral sensitivities of the three visual pigments λmax = 430 nm (A1),
λmax = 500 nm (A1) and λmax = 565 nm (A1) known from di�erent photoreceptor types in the frog
retina. The latter curves were calculated with the mathematical model of spectral-sensitivity curves
of visual pigments after Govardovskii et al. (2000). The respective alpha-absorption maxima of the
visual pigments (λmax) are located at 430, 500, and 565 nm. The beta-absorption maxima occur at
340 nm for the 430-nm pigment, at 365 nm for the 500-nm pigment, and at 390 nm for the 565-nm
pigment respectively. a Relative scotopic spectral sensitivity of A. callidryas based on the medians of
the visual-threshold curves of the �ve tested individuals (present study). The vertical bars represent the
respective data range. b Relative photopic spectral sensitivity of A. callidryas based on the medians of
the visual-threshold curves of the �ve tested individuals (present study).

photons are available at the far-red end of the spectrum. Therefore the reason for a max-

imum sensitivity around 500 nm must be of di�erent nature (Dartnall 1975). The visual

contrast can be improved on the level of photoreceptors when their spectral sensitivity is

tuned in a way that the relative photon catch between the object and its background is

greatest (Lythgoe 1980). Because the background in many terrestrial habitats is set by

green vegetation it has been argued that one reason for the evolution of the absorption

maximum of rods at 500 nm is to increase visual contrast (Lythgoe 1979; Fleishman et al.

1997).

In the scotopic-threshold curve of R. temporaria (Fig. 3.4c), the beta absorption of the

red rods can be clearly seen in the range from 300 to 400 nm which extends the visual-

sensitivity curve into the UV range. Obviously, R. temporaria has an UV-transparent

lens, at least down to wavelength near 300 nm (Govardovskii & Zueva 1974). In the case

of the visual-sensitivity curve of L. pipiens (Fig. 3.4a), thresholds were not determined

below 400 nm. So, here, the question whether L. pipiens can see UV-light remains open.

However, in another study it was reported that the lens of L. pipiens is only transparent

down to 390 nm (Kennedy & Milkman 1956). In the present study, we were able to record
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Fig. 3.4: Visual-sensitivity curves of four di�erent frog species. a Relative scotopic spectral sensitivity
of L. pipiens determined by ERG recordings (Kennedy 1957). b Relative photopic spectral sensitivity
of L. pipiens determined by ERG recordings (Kennedy 1957). c Relative scotopic spectral sensitivity of
R. temporaria determined by ERG recordings (Govardovskii & Zueva 1974). d Relative photopic spectral
sensitivity of H. regilla determined by ERG recordings from the isolated retina (Wente & Phillips 2005).
e Relative scotopic spectral sensitivity of H. cinerea determined by optomotor responses (King et al.
1993). For the relative spectral-sensitivity curves of the three visual pigments see Fig. 3.3.

an ERG when stimulating with light of 400 nm wavelength but failed to record an ERG at

350 nm. Hence, we concluded that the eye lenses of A. callidryas became not transparent

in the range from 400 down to 350 nm. If the presence of an UV-sensitive cone type in

frogs is an universal feature such di�erences in the UV-transparency of the lenses between

frog species are surprising. A non-UV-transparent lens would inhibit most photons below

380 nm to reach the retina and would render a presumable UV-cone quite useless. How-
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ever, in general, UV-vision needs not to be mediated by a specialized UV-sensitive cone.

It can also be provided by the beta absorption of any other present photoreceptor (Jacobs

1992; Winter et al. 2003). Humans with arti�cial lenses that do not absorb UV-light have

a strongly increased perception of light below 380 nm that must be mediated by the beta-

absorption of their photoreceptors (Jacobs 1992).

The spectral sensitivity of the 430-nm pigment expressed in one of the single-cone types in

the frog retina and also in the green rods is not re�ected in the scotopic-threshold curve of

A. callidryas (Fig. 3.3a). Also the spectral-sensitivity curves of L. pipiens (Fig. 3.4a) and

R. temporaria (Fig. 3.4c) do not re�ect the spectral tuning of the green rods. Green rods

are the second rod type in the frog retina but account for only 5 to 10% of the whole rod

population. Hence, the contribution of this rod subpopulation to the ERG is too small to

be detected by this method (King et al. 1993; Bowmaker 2008). In which way the sensi-

tivity of the green rods can support the spectral scotopic vision of frogs is demonstrated

by the visual-threshold curve of Hyla cinerea (Fig. 3.4e). In this behaviourally determined

optomotor-threshold curve, two maxima can be seen which match the absorption maxima

of the red and the green rods respectively. The presence of two spectrally di�erent rod

types in the frog retina theoretical gives the opportunity for a rod-mediated colour vision

and therefore a perception of colours even at very low light intensities. However, nothing

is known about a di�erential processing of signals from the di�erent rod types which would

be a prerequisite for such a colour di�erentiation in frogs (King et al. 1993). Comparably

well established is that green rods likely play a role in the phototaxic behaviour of frogs

also known as the blue phototaxis. Behavioural experiments have shown that frogs most

strongly react to blue light which spectrally coincides with the main-sensitivity range of

the green rods (Muntz 1963; Kicliter et al. 1981). It was �rst thought that this behaviour

would help the frogs to �nd water bodies but later on, in some frog species a negative pho-

totaxis to blue light was found. Therefore, the role of the blue phototaxis in the animals'

natural behaviour is still unknown (Hailman & Jaeger 1974; Kicliter & Goytia 1995).

Existent adaptations of the visual spectral sensitivity to a deeply nocturnal life style should

be most obvious on the scotopic level. However, the scotopic curve of the red-eyed tree

frog determined by ERG recordings reveals no unusual features in comparison to the vi-

46



3.5 Discussion CHAPTER 3

sual curves of frog species which do not show such a strictly nocturnal life style. The

scotopic curve of A. callidryas was found to dissociate from the spectral sensitivity of the

red rods at the long wavelength end and became broader (Fig. 3.3a). Such a broadening

of the threshold curve is also present in the scotopic sensitivity of L. pipiens (Fig. 3.4a)

and R. temporaria (Fig. 3.4c). Since the sensitivity of rods decreases towards the long-

wavelength end of the tested spectrum stimulation intensities must be increased in order

to reach the criterion response which results in a higher co-activation of the cone system.

The above-mentioned broadening is probably provided by the LWS cones as suggested by

a small sensitivity maximum close to the long-wavelength end of the scotopic optomotor

curve of H. cinerea (Fig. 3.4e). This local maximum matches the sensitivity optimum of

the LWS pigment (λmax = 565 nm) that is expressed in most single and in all double cones.

Due to the increasing activation of the cone system with higher stimulus intensities, the

scotopic curves are becoming increasingly similar to the respective photopic curves in the

long wavelength range.

Figure 3.3b shows the photopic curve of A. callidryas from the present study, again under-

layed with the spectral sensitivities of the di�erent visual-pigment types known in the frog

retina. The photopic curve follows the spectral sensitivity of the LWS pigment (λmax =

565 nm) that is expressed in the majority of cones. The same pattern can be seen in the

photopic-threshold curves of L. pipiens (Fig. 3.4b) and Hyla regilla (Fig. 3.4d). In none of

the threshold curves, the short-wavelength-cone sensitivity (λmax = 430 nm) or the sensi-

tivity of an postulated UV-cone is re�ected. Long-wavelength-sensitive cones account for

70% of the whole cone population in L. pipiens and for even 89% in X. laevis (Liebman &

Entine 1968; Zhang et al. 1994). Similar to the undetectable spectral sensitivity of green

rods in the scotopic curves, the sensitivities of the short-wavelength cone and, if existent at

all, the UV-sensitive cone appear not in the photopic curves because of the low abundance

of these receptors in the retina (Liebman & Entine 1968; Jacobs et al. 1991; Fleishman

et al. 1997). In the photopic curve of H. regilla (Fig. 3.4d) a sensitivity increase derived

from the beta band is indicated at 400 nm. This beta-band sensitivity is probably derived

from the LWS cones. However, it can only be speculated whether the lens of H. regilla

is UV-transparent because in the respective study only isolated retinas were used (Wente
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& Phillips 2005). Although cones usually operate at daylight, in nocturnal geckoes, for

instance, cones evolutionary adapted to work at dim light intensities and underwent a

change from a typical cone shape to a more rod-like morphology that allows the respective

gecko species to discriminate colours even under very low light conditions (Tansley 1964;

Roth & Kelber 2004). Therefore, it appeared legitimate to also look for adaptations of the

cone- mediated photopic spectral sensitivity to a nocturnal life style. In the present study

however, we found no hints for an unusual cone sensitivity in A. callidryas that could be

interpreted as an adaptation to low light conditions at night.

If one compares the scotopic curves of A. callidryas and L. pipiens (Figs. 3.3a and 3.4a)

with the corresponding photopic curves (Figs. 3.3b and 3.4b) it can be seen that the re-

spective overall-spectral sensitivity maximum shifts to shorter wavelengths (i.e. from about

560 to 500 nm) during dark adaptation. This shift in spectral sensitivity to shorter wave-

lengths accompanying dark adaptation is known as the Purkinje shift which can hardly

be explained in terms of increasing sensitivity under low light conditions at night. As

mentioned before, most light is available at the long far-red end of the spectrum and this

is especially true for ambient light during the night which is a bit richer in long wave-

lengths than daylight (Lythgoe 1979; Johnsen 2012). The ambient-light spectrum in dense

vegetation, however, consists to a large extent of light in the range from 500 to 600 nm

and peaking around 550 nm because of both the high transmission and re�ection of green

plants in this wavelength range (Knipling 1970; Fleishman et al. 1997). Many terrestrial

environments are dominated by green plants and photon catch will be raised when the

visual-sensitivity maximum is tuned to the corresponding band, particularly in habitats

where vegetation obscures the sky. The already mentioned improvement of the background

contrast by matching the sensitivity maximum to the colour of plant leafs is relevant for

both dense-vegetation habitats and open-sky environments structured by green vegetation

and could therefore act as a selection pressure in both habitat types (Fleishman et al. 1997;

Osorio & Vorobyev 2005). In rod-based achromatic vision maximum sensitivity is found

indeed in the green range in spite of the fact that there are more photons available towards

the red end of the spectrum, at least under open-sky conditions. However, the best back-

ground contrast is reached in photopic vision which sensitivity is peaking around 550 nm
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in most vertebrate species. Here, also the amount of photon catch is higher because of

the highest transmission and re�ection by green plants within the range of visible light as

described above. Hence, it is surprising that rods are not tuned to 550 nm but to 500 nm

instead (Osorio & Vorobyev 2005). It has been argued that an adaptive pressure exists

to keep the sensitivity maximum of visual pigments out of the long-wavelength range be-

cause with increasing wavelength of the sensitivity maximum the thermal stability of photo

pigments decreases due to the declining activation energy. The lower thermal stability in

long-wavelength pigments leads to a higher rate of thermal noise and therefore raises the

absolute visual threshold (Barlow 1957; Lythgoe 1988; Aho et al. 1988; Ala-Laurila et al.

2004). This adaptive pressure should especially act on rod pigments because cone pigments

operate at higher light intensities where vision is not limited by thermal noise (Lythgoe

1984; Osorio & Vorobyev 2005). In fact, the molecular structure of rod pigments seems

to be tuned to produce less thermal isomerisations as compared to cone pigments proba-

bly by some structural di�erences in the chromophore-binding pocket. (Matsumoto et al.

1975; Ala-Laurila et al. 2004). The tuning of scotopic sensitivity might re�ect the trade-o�

between optimizing photon catch to improve both visual contrast and sensitivity and the

avoidance of high noise rates.

Another adaptive pressure responsible for the Purkinje shift could derive from the demands

of mesotopic vision during twilight hours when rods gradually take over light perception.

Here, due to the low elevation of the sun above the horizon, more sunlight is absorbed

by the ozone in the atmosphere. In consequence, the main range of photons available in

the visible range, in comparison to daylight, shifts from wavelengths above 500 nm to a

narrower range of shorter wavelengths from 400 to 500 nm (Lythgoe 1979; Johnsen 2012).

That mesotopic vision is an important factor for rod tuning is might further supported by

the spectral sensitivity of the second rod type in frogs and toads. In open sky habitats,

green rods can perfectly contribute to twilight vision since their peak sensitivity of 430 nm

lies within the spectral range where most light is available at this daytime.
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4 Discussion

The �rst aim of the present study was to investigate the in�uence of the high signal-to-

noise ratio in the visual system of frogs on their spectral sensitivity. These qualities of

the visual system result in very low absolute thresholds that should enable the frogs to

use a broad range of the sensitivity spectrum of their visual pigments. The few pho-

tons absorbed in the low-sensitivity ranges of the photo pigments already should produce

processable signals. Indeed the conducted behavioural experiment of the present study

revealed a relative high near-infrared sensitivity of the examined frog species A. callidryas

in comparison to the known near-infrared sensitivity in mammals such as ferrets or cats

(Gekeler et al. 2006; Newbold & King 2009). The determination of the relative spectral

sensitivity of A. callidryas in the second part of the present study demonstrates that the

found infrared sensitivity is not a result of a specialized pigment type such as a photo

pigment that has a special infrared sensitivity or has its sensitivity maximum in or near

the infrared range (see below). Responsible for the observed near-infrared sensitivity in

A. callidryas is probably the spectral sensitivity of the rods in particular the red rods. The

data suggests that the absorption spectrum of these photoreceptors can be used by the

frogs till into the near-infrared range and allows these animals to catch prey under pure

infrared illumination. This leads to the conclusion that the known infrared sensitivity in

nocturnal mammals and the established infrared vision of the red-eyed tree frog in the

present study have the same basis except the di�erence that the infrared sensitivity in

the frog is much more pronounced because of the higher signal-to-noise ratio in its visual

system.

However, this broadened visual spectrum of the frog can probably not improve the visual

performance by utilizing the infrared part in the sun- or moonlight-spectrum because the

high signal-to-noise ratio not selectively raises the near infrared sensitivity but improves the
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sensitivity over the whole pigment spectrum. Under natural light conditions the infrared

sensitive part of the rod pigment is probably only usable for the frogs at light intensities

when the photoreceptors are already saturated. Therefore the few additionally absorbed

infrared photons have no signi�cant impact on the visual performance. The only way to

reach a considerable widening of the visual spectrum utilizable under natural conditions is

to couple at least two or several types of visual pigments distinguishing in their absorption

maximum (Osorio & Vorobyev 2005). This might be the case in the expression of the

green rods in anuran and caudatan species which expand their scotopic sensitivity into the

short-wavelength range as shown on the behavioural level for the green tree frog (Duellman

& Trueb 1986; King et al. 1993; Bowmaker 2008).

The second aim of the present study was to investigate whether special adaptations exist

in the retinal spectral sensitivity of the red-eyed tree frog due to its strictly nocturnal

life style. It would be convincible when the visual sensitivity of this frog species which

has to deal with low illumination conditions during its activity phase is shifted to the

long-wavelength range where most light is available in moonlight (Fig. 4.1c; Dartnall 1975;

Lythgoe 1979; Lythgoe 1984). The peaking photopic sensitivity of A. callidryas was deter-

mined at 560 nm whereas the scotopic sensitivity maximum was found at 500 nm which is

in conformity with the common pattern in frogs (Govardovskii et al. 2000; Röhlich & Szél

2000; Bowmaker 2008). This leads to the conclusion that the spectral sensitivity of the

red-eyed tree frog is not shifted in a way which could be interpreted as an adaptation to the

illuminating conditions at night. The data con�rmed the observation that, in terrestrial

vertebrates, the scotopic sensitivity is spectrally adapted to the wavelength range around

500 nm. The reason why the scotopic sensitivity (i.e. the spectral tuning of rods) is so

conserved in the evolution of terrestrial vertebrates is not completely understood, however,

there are some advantages discussed that become available when scotopic vision is tuned to

the green-wavelength range around 500 nm. In green-vegetation-dominated environments,

the visual contrast can be improved on the photoreceptor level when the peak sensitivity

matches the colour of green plants which might be of special importance in achromatic

rod vision (Lythgoe 1980; Fleishman et al. 1997). Additionally, in habitats where the sky

is obscured by dense vegetation, light is strongly reduced in the blue and the red range
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Fig. 4.1: Spectral distribution of the photon �ux density of the ambient illumination in terrestrial
habitats at di�erent time points of the day-night cycle. a Light spectrum around midday, b during
twilight, and c at night. Modi�ed after Heldmaier & Neuweiler (2003).

why most photons within the visible range are available between 500 and 600 nm (Fig. 2.6,

Page 30; Knipling 1970; Fleishman et al. 1997; Osorio & Vorobyev 2005). Furthermore, in

the phase of mesotopic vision during twilight hours, the red-wavelength range is strongly

decreased by absorption in the atmosphere and most light is available in the range from

400 to 500 nm at that time (Fig. 4.1b; Johnsen 2012).

However, the optimal utilization for most of the above-mentioned advantages would be

reached with a spectral tuning to 550 nm which represents the sensitivity maximum of pho-

topic vision in most terrestrial vertebrates (Bowmaker 2008). The only known explanation

why scotopic vision is not as tuned in the same way as photopic vision is that photorecep-

tors adapted to longer wavelengths tend to have a higher receptor noise due to the lower

thermal stability of their expressed visual pigments (Barlow 1957; Lythgoe 1988; Aho et al.

1988; Ala-Laurila et al. 2004). To prevent a high noise rate as a prerequisite for detecting
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low-light signals, the sensitivity of rod pigments has to keep out of the long wavelength

range (Lythgoe 1984; Osorio & Vorobyev 2005). This assumption is might be supported

by the fact that the second rod type of frogs and toads, the �green rods�, expresses the

short-wavelength-cone pigment (λmax = 430 nm) instead of the long-wavelength-cone pig-

ment (λmax = 560 nm) although the use of the latter type would result in a higher photon

catch during the night.

Both, the high light transmission and re�ection by plant leafs in the green range around

550 nm are greatly surpassed by the proportion of transmitted and re�ected light by leafs

in the near infrared range (NIR) above 700 nm (Knipling 1970). The ambient light in

habitats where the sky is obscured by dense vegetation is in consequence considerably

dominated by the NIR range (Fig. 2.6, Page 30; Chiao et al. 2000). However, also under

open-sky conditions, the wavelength range between 650 and 850 nm provides the most pho-

tons since the spectral distribution of sun light conforms the typical radiation spectrum

of a black-body radiator that shows a rising intensity with increasing wavelength over the

visible range (Johnsen 2012). Since moonlight is sunlight re�ected at the moon's surface

that is slightly more weighted to the long-wavelength range, especially photon-rare nights

provide most light in the deep-red and NIR range (Lythgoe 1979). From a theoretical

point of view, the expression of visual pigments having their absorption maximum in or

near the NIR range would be the best way to reach a maximum photon yield under the low

light conditions during the night. Even the contribution to the visual contrast should be

comparable to the improvement of the visual contrast when visual pigments are tuned to

green wavelengths (see above) because of the high NIR re�ection of leaves (Knipling 1970;

Chiao et al. 2000). As reasons why the NIR range probably has never been made utilizable

for vision in terrestrial vertebrates during evolution at least two points can be mentioned:

As mentioned above, visual pigments being most sensitive to long wavelengths tend to

produce more thermal isomerisations. Because the noise rate of visual pigments increases

approximately exponentially with growing λmax it would be convincible that NIR-sensitive

pigments produce too high noise rates which makes their use impractical (Barlow 1957;

Lythgoe 1988; Aho et al. 1988; Ala-Laurila et al. 2004). The possible range of absorption

maxima in visual pigments based on the variation range of their molecular structure was
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calculated by Blatz & Liebman (1973). It was concluded that no retinal-based pigment

(A1-type) can have its peak absorption beyond the wavelength of 582 nm. This upper

border is shifted to 644 nm in A2-type pigments with 3,4-dehydroretinal as chromophore

due to the additional double bound in this molecule. A1 pigments sensitive to longest

wavelengths are known to have absorption maxima around 580 nm, whereas for A2 pig-

ments, corresponding values were determined at about 620 nm (Lythgoe 1979). These

restrictions of the biophysically determined spectral qualities of retinal- or dehydroretinal-

based pigments are the second reason why there are no truly NIR-sensitive photo pigments

possible in nature having absorption maxima beyond 800 nm or at least near 700 nm. The

biochemistry of visual pigments does not allow to evolutionary utilize the prominent NIR

range present in the �ltered solar radiation on the earth's surface in a worthwhile manner.

By taking this aspect into account it is not surprising then that vision favours wavelengths

within the green range.
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Abstract

Visual spectral sensitivity and adaptation in nocturnal tree-

frogs

The aim of the study is to investigate two di�erent impacts on the visual system of strictly

nocturnal frogs, speci�cally the red-eyed tree frog (Agalychnis callidryas), which could

have an in�uence on their visual spectral sensitivity. The �rst aim is to investigate the

in�uence of the high signal-to-noise ratio in the visual system of frogs which results in

extremely low absolute thresholds and hence should enable the frogs to use a broad range

of the sensitivity spectrum of their visual pigments. To test whether the visual spectrum

is broadened in A. callidryas, a behavioural experiment was conducted where the hunting

success of eight adult individuals of this species was evaluated in a feeding paradigm where

the frogs had to catch small crickets under di�erent spectral light conditions. The seven

tested illuminations included �ve conditions in the visible range (400 - 700 nm) and two

in the near-infrared range (875 nm, 940 nm). The results show that the red-eyed tree frog

is able to catch prey under pure infrared illumination which is the �rst description of a

complex visually-guided natural behaviour in a terrestrial vertebrate (here: prey catching

in frogs) that can be performed under infrared light. The data suggests a broadening of

the visual spectrum of A. callidryas into the near-infrared range by an extended usability

of the absorption spectrum of the visual pigments in the rods.

The second aim of the study is to investigate whether special adaptations of retinal spectral

sensitivity exist in the red-eyed tree frog due to its strictly nocturnal life style. To reveal

such an adaptation for night vision, the relative spectral sensitivity of �ve individuals was

established by visual threshold determinations over the expected visual spectrum of the

frog (350 - 700 nm). Visual thresholds were obtained by recording of full-�eld electroretino-

grams (ERG) under stimulation with nearly monochromatic light (T0,5 10 nm). Results

show that the photopic sensitivity of A. callidryas is peaking around 560 nm whereas the

scotopic sensitivity maximum is at about 500 nm which is in conformity with the common

pattern in frogs. This leads to the conclusion that the spectral sensitivity of the red-eyed



tree frog is not modi�ed in a way which could be interpreted as an adaptation to the

illuminating conditions at night. The data con�rms the observation that, in terrestrial

vertebrates, the scotopic sensitivity is spectrally adapted to the wavelength range around

500 nm.

Zusammenfassung

Spektrale visuelle Sensitivität und Anpassung bei nachtak-

tiven Laubfröschen

Am Beispiel des Rotaugenlaubfrosch (Agalychnis callidryas) werden in dieser Studie unter-

sucht zwei Faktoren auf mögliche Auswirkungen auf die spektrale Sensitivität des visuellen

Systems bei nachtaktiven Fröschen. Als erstes wird überprüft, ob das hohe Signal-Rausch-

Verhältnis innerhalb des visuellen Systems bei Fröschen, welches zu einer extremen vi-

suellen Sensitivität führt, den Tieren eine breitere Nutzung der Sensitivitätsspektren ihrer

Sehpigmente ermöglicht. Um zu testen, ob das visuelle Spektrum von A. callidryas ver-

breitert ist, wurde ein Verhaltensversuch durchgeführt, bei dem der Fangerfolg von acht

adulten Individuen des Rotaugenlaubfroschs in einem Fütterungsversuch unter verschiede-

nen spektralen Lichtbedingen verglichen wurde. Es wurden fünf Bedingungen aus dem

Bereich des sichtbaren Lichts (400 - 700 nm) und zwei aus dem nahen Infrarotbereich

(875 nm, 940 nm) getestet. Die Ergebnisse zeigen, dass der Rotaugenlaubfrosch in der Lage

ist, Beute unter Infrarotbedingungen erfolgreich zu jagen. Dies ist die erste Beschreibung

eines komplexen visuell gesteuerten natürlichen Verhaltens (hier: Beutefang bei Fröschen)

bei einem terrestrischen Wirbeltier, welches unter reinem Infrarotlicht statt�nden kann.

Die Ergebnisse deuten auf eine Verbreiterung des visuellen Spektrums von A. callidryas in

den nahen Infrarotbereich, aufgrund einer ausgedehnten Nutzbarkeit der Absorptionsspek-

tren der Stäbchensehpigmente, hin.

Als zweites wurde untersucht, ob die spektrale retinale Sensitivität des Rotaugenlaubfroschs

aufgrund seiner streng nachtaktiven Lebensweise besondere Anpassungen erkennen lässt.



Hierzu wurde die relative spektrale Sensitivität bei fünf adulten Individuen mittels Seh-

schwellenbestimmungen über den zu erwartenden Sehbereich des Frosches (350 - 700 nm)

bestimmt. Die Sehschwellen wurden durch die Ableitung von Ganzfeld-Elektroretinogram-

men (ERG) während der Stimulation mit nahezu monochromatischem Licht (T0,5 10 nm)

ermittelt. Die Ergebnisse zeigen, dass die photopische Sensitivität von A. callidryas ihr

Maximum bei 560 nm hat, während die skotopische Sensitivität ein Maximum bei 500 nm

aufweist, womit die spektrale Anpassung von A. callidryas mit dem bekannten Muster

der spektralen Sensitivität bei Fröschen übereinstimmt. Die spektrale Sensitivität des

Rotaugenlaubfroschs ist also nicht in einer Weise verändert, die man als Anpassung an

die Lichtbedingungen bei Nacht interpretieren könnte. Das Ergebnis bestätigt die Regel

der spektral angepassten skotopischen Sensitivität bei terrestrischen Wirbeltieren an den

Wellenlängenbereich um 500 nm.
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