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1. Introduction
Photoreception, the ability of organisms to sense the op-
tical spectral range of electromagnetic radiation, plays 
a crucial role in the life cycle of most animal species 
including vertebrates (Cronin, 2008). Fish sense light 
by eyes and extraocular photoreceptors, including, for 
example, the pineal complex, deep brain and dermal 
photoreceptors (Blaxter, 1968; Yoshikawa and Oishi, 
1998; Foster and Hankins, 2002). Visible light encom-
passes the small section of electromagnetic radiation 
covering wavelengths between 380 nm and 780 nm, 
determined by the spectral sensitivity of human photore-
ceptors for daylight vision. Many fish species are able 
to sense wavelengths invisible for humans.
Ultraviolet (UV) sensitivity was shown both in freshwater 
(Bowmaker, 1995) and marine fish (McFarland and 
Loew, 1994; Siebeck et al., 2010) of different orders 
such as Cypriniformes (Schiemenz, 1924; Muntz and 
Northmore, 1970; Hawryshyn and Beauchamp, 1985; 
Hawryshyn and Harosi, 1991; Risner et al., 2006), 
Salmoniformes (Bowmaker and Kunz, 1987; Anderson 
et al., 2010) and Perciformes (Carleton et al., 2000; 
Hofmann et al., 2010). UV sensitivity may be important 
for foraging behaviour as an adaptation to planktivory 
(Bowmaker and Kunz, 1987; McFarland and Loew, 
1994; Bowmaker and Loew, 2008; Cronin, 2008), as 
well as for species discrimination and communication 
(Partridge and Cuthill, 2010; Siebeck et al., 2010). 
Moreover, sensing UV radiation may be relevant for ori-
entation and navigation (Hawryshyn and Beauchamp, 
1985).
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Abstract
Light plays a pivotal role in animal orientation. Aquatic 
animals face the problem that penetration of light
in water is restricted through high attenuation which 
limits the use of visual cues. In pure water, blue and
green light penetrates considerably deeper than red 
and infrared spectral components. Submicroscopic
particles and coloured dissolved organic matter, how-
ever, may cause increased scattering and absorption
of short-wave components of the solar spectrum, result-
ing in a relative increase of red and infrared illumina-
tion.
Here we investigated the potential of near-infrared 
(NIR) light as a cue for swimming orientation
of the African cichlid fish (Cichlidae) Oreochromis mos-
sambicus. A high-throughput semi-automated video
tracking assay was used to analyse innate behavioural 
NIR-sensitivity. Fish revealed a strong preference
to swim in the direction of NIR light of a spectral range 
of 850–950 nm at an irradiance similar to values
typical of natural surface waters. Our study demon-
strates the ability of teleost fish to sense NIR and use
it for phototactic swimming orientation.

Fig. 1: Schematic diagram of the video tracking system for phototactic behavioural experiments. Abbreviations: rad. source = radiation source, r.h. = radiation source half, 
c.h. = control half, opposite to r.h.
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rial to eliminate potential residual light. The custom-
built light-tight device of dark anodised aluminium had 
the shape of an inverted T (Fig. 1). Light sources were 
mounted in special housings and could be attached 
in opposite positions at the bottom of the T-shaped 
device. The housing consisted of a box of 10 mm thick 
light-tight PVC plates glued together, to which optical 
filters could be attached. Thus, different combinations 
of light sources and optical filters for emission of the 
experimental spectral range could be used.
A Petri dish at the central part of the T (diameter 
35 mm) served as a swimming vessel. One fish was 
used per experiment. Preliminary experiments demon-
strated that subadult O. mossambicus can perform dif-
ferent swimming movements in these vessels and reveal 
a clear orientation preference.
Light sources were placed in the T device at a distance 
of 10 cm from the dish. Fish behaviour was recorded 
using an infrared-sensitive camcorder (Sony DCR–
HC23E; Sony Corp., Tokyo, Japan) with a disabled em-
bedded NIR light source. The camcorder was mounted 
in a light-tight fashion on top of the T-device.
Videos were recorded using VirtualDub (available at 
http://www.virtualdub.org). The total number of tested 
individuals per experimental series was 30. Each set 
consisted of 15 specimens irradiated from the left or the 
right NIR source, respectively. Prior to the experiment 
each fish was kept in complete darkness for 1 min for 
behavioural adaptation, after which the selected right 
or left light sources were turned on for 5 min, computer-
controlled from the control room next door. The tem-
perature in the dark experimental room was maintained 
at 25 ± 1 °C. Videos were recorded at a frame rate of 
25 fps.

2.3. Video tracking and data analysis
Video recordings were analysed using the custom-
made software BioMotionTrack D.S. (Shcherbakov et 
al., 2010). For analysis, the frame rate of recorded 
videos was reduced to 2 fps. A semi-automatic mode 
was used for behavioural analysis: fish position was de-
termined manually (by a mouse click between the eyes) 
followed by automatic behavioural analysis.
The following parameters of fish behaviour were 
analysed: (i) time spent in the left and right part of the 
vessel [s] to show light dependence of preference; (ii) 
covered distance [m] to determine the motivation level 
of fish for movement orientation behaviour. As fish tried 
to swim past the wall of the dish in the direction of light, 
revealing a wave-shaped swimming pattern with more 
oscillating movements at a lower speed and a higher 
turning rate, we included the following additional 
parameters: (iii) speed of motions [mm/s]; (iv) spatial 
rate of change of direction [°/mm] and (v) spatial rate 
of trajectory loops [loops/m]. 

Experimental evidence for near-infrared (NIR) sen-
sitivity in some teleost species has been reported 
as well. Endo et al. (2002) and Takeuchi and Endo 
(2008) observed a dorsal light response in Nile tilapia 
(Oreochromis niloticus) under infrared illumination 
(750–1000 nm). Other studies showed an optomotor 
reaction to infrared light at 780–800 nm in the same 
species (Kobayashi et al., 2002). Cardiac conditioning 
elicited a response of carp and Nile tilapia to infrared 
LEDs of 865 ± 40 nm. A single carp showed a signifi-
cant reaction to NIR light of 936 ± 45 nm (Matsumoto 
and Kawamura, 2005). These studies, despite their 
demonstration of NIR sensitivity in teleost fish, suffer 
from several shortcomings: (i) the applied spectral band 
width was wide, as no optical filters were used; (ii) only 
a low percentage of individuals showed a positive re-
sponse to NIR light (Endo et al., 2002; Matsumoto and 
Kawamura, 2005; Takeuchi and Endo, 2008).
As the phototactic behavioural assay is an efficient 
method for investigating innate behavioural responses 
of fish to light (Blaxter, 1968), we developed a stan-
dardised high-throughput assay for Mozambique tilapia 
(O. mossambicus) to investigate NIR sensitivity and the 
ability of fish to use NIR for phototactic orientation. 
Specifically, the following hypotheses were tested: (1) 
O. mossambicus can sense NIR light of 850–950 nm; 
(2) fish are able to use NIR light as orientation cue, at 
least under laboratory conditions;(3) NIR-based orienta-
tion is native behaviour and does not require condition-
ing; (4) NIR sensation is phototaxis and not based on 
thermoreception.

2. Materials and methods 
2.1. Animals
O. mossambicus (~4 months old), of unknown sex and 
a total body length of 2.0–2.5 cm, bred in the Insti-
tute of Zoology, University of Hohenheim, were kept 
in aquaria at 25 ± 1 °C and fed daily with TetraMin 
flakes (Tetra GmbH, Melle, Germany). White spectrum 
fluorescent lamps (Osram, Munich, Germany) with 
90%emission between 400 and 750 nm produced a 
12 h/12 h light/dark cycle with total irradiance at the 
water surface of 320 µW/cm2.
A non-invasive experimental procedure based on na-
tive untrained swimming behaviour of juvenile O. mos-
sambicus was applied. The light intensities used were 
not higher than values observed under natural environ-
mental conditions. The present study was carried out 
with the approval of the Animal Care Committee of the 
University of Hohenheim (permission number: S287/10 
Zo).

2.2. Experimental equipment
Behavioural experiments were carried out in a dedi-
cated bioassay device (Fig. 1) in a light-isolated dark 
room. The test area was shielded by black textile mate-
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To determine the direction of mean vectors between the 
centre of the arena and the mean fish head positions, 
directional uniformity was calculated using a Rayleigh 
test (Gaile and Burt, 1980; Merkel, 1980). As a direc-
tional parameter, the length of the mean directional 
vector R was calculated, with R = 0 indicating uniform 
distribution in all directions and R = 1 representing vec-
tors pointing in the same direction (e.g., in the direction 
of light).
The statistical significance of two-sided (light/control) 
results was calculated by the two-tailed Wilcoxon 
matched pairs test (Statistica 6.1; StatSoft, Inc., Tulsa, 
OK, USA). For calculation of the directional statistical 
significance, a Rayleigh test of uniformity was used 
(Gaile and Burt, 1980). Significance levels were P ≥
0.05 (not significant), 0.05 > P ≥ 0.01 (weakly sig-
nificant *), 0.01 > P ≥ 0.001 (significant **), and P < 
0.001 (highly significant ***).

2.4. Light sources and spectral measurements
The spectral intensity emitted by the light sources 
applied was measured by an ILT 950 spectroradi-
ometer (International Light Technologies, Peabody, 
MA, USA). Spectral measurements were carried out 
at the position of the swimming vessel, 10 cm away 
from each light source. The surface temperatures of 
both radiation sources were measured by an infrared 
thermometer (VOLTCRAFT IR-230; Conrad Electronic, 
Hirschau, Germany).

2.5. Behavioural experiments
The phototactic orientation behaviour of O. mossambi-
cus was investigated in three experiments. 
(1) Behavioural patterns of O. mossambicus were tested 

with a blue light source (LED L-53MBC; Kingbright 
Elec. Co., Ltd., Taipei, Taiwan; lmax = 430 nm; spectral 
line half width ∆l1/2 = 60 nm; Fig. 2A), as blue light is 
known to be visible to the closely related species Nile 
tilapia (O. niloticus; Bowmaker and Loew, 2008). Pre-
liminary experiments revealed that light intensity was 
a crucial factor for behavioural patterns of fish. At 
moderate blue light intensity, O. mossambicus showed 
a strong positive phototactic behaviour with high re-
producibility. No or negative phototaxis was observed 
when high blue light intensities corresponding to an 
irradiance peak of about 1.4 µW/cm2 nm were ap-
plied. To reduce blue light intensity, several layers of 
thin synthetic foil, which were semi-transparent and re-
duced blue light intensity considerably, were installed 
between the light source and the vessel with the fish. 
In this setting, with the light intensity of the blue LEDs 
was reduced about 60-fold, O. mossambicus showed 
a strong positive phototactic reaction.

(

Fig. 2: Spectral characteristics of light sources used in the present study. (A) Blue light source without reduction of light intensity, with a peak wave-
length at 430 nm and a spectral line half-width of 60 nm, as specified by the manufacturer. In the experiment the blue light intensity was reduced 
about 60-fold by using several layers of thin, semi-transparent synthetic foil. (B) Thin line = unfiltered infrared light emitted by an LED with an emission 
maximum at 940 nm and a spectral half-width of 50 nm, as specified by the manufacturer; thick line = filtered near-infrared light (as applied in the 
NIR experiments) emitted by the same LED (940 ± 50 nm) but modified by optical filters 850FG07-50 and D900/50X, thus covering a spectral range of 
850–950 nm. For wavelengths above 950 nm only the noise in the detector was observed.
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sitivity range of the spectroradiometer as well as of the 
camcorder. The mean surface temperature of the NIR 
light source was 30.2 °C, and of the thermal source, 
30.6 °C. 

3. Results

3.1. Positive phototactic behaviour  
 of fish towards blue light
The behavioural analysis showed that O. mossambicus 
spent 4.9 times more time in the half of the swimming 
vessel close to the blue light source compared to the 
distant half (Figs. 1 and 3A and Table 1; Wilcoxon 
matched pairs test: T = 19, N = 30, P < 0.001). The 
majority of tested individuals demonstrated an active 
swimming behaviour. Although no significant differ-
ences in the mean speed of motion were observed 
(Wilcoxon matched pairs test: T = 155, N = 30, P 
= 0.11), the mean covered distance in the blue light half 
was 5.3 times higher than that in the distant half (Wil-
coxon matched pairs test: T = 13, N = 30, P < 0.001). 
Animals changed their movement direction more often 
in the half close to the light source as compared to the 
control side. 

2) Fish reactions to NIR were tested using an LED L-
53F3C (King-bright Elec. Co., Ltd., Taipei, Taiwan) 
with an emission peak at 940 nm and a spectral line 
half width ∆l1/2 = 50 nm. The emitted spectrum of 
this LED was relatively broad (Fig. 2B, thin line). To 
exclude spectral components of visible light (e.g., dark 
red) and also to limit the spectral bandwidth of the 
incident NIR light, a combination of optical filters was 
used for the second and third experiments. A reduc-
tion to 850–950 nm was achieved by combining a 
long-wave pass filter (850FG07-50; Quan-
tum Design, Darmstadt, Germany) and a 
band pass filter (D900/50X; Chroma Tech-
nology Corp., Bellows Falls, VT, USA) directly 
attached to the NIR light source housing (Fig. 2B, thick 
line).

(3) Control experiments were conducted to exclude ther-
mal radiation, which was emitted by the NIR source 
as well, as a behavioural cue. As a thermal source we 
used the same type of NIR source equipped with an 
absorbing black filter which completely blocked NIR 
light without restricting thermal radiation. NIR light 
source and thermal radiation source were placed at 
opposite ends of the T-shaped device and were turned 
on simultaneously. The wavelengths of the radiation 
emitted by the thermal source were far above the sen-

Parameter Blue light P Control NIR  
(850–950 nm)

P Control P NIR  
(850–950 nm)

P Thermal 
radiation

Mean allocation 
time [s]

249.6 ± 69.9 *** 50.4 ± 69.9 218.8 ± 47.6 *** 81.2 ± 47.6 209.7 ± 48.2 *** 90.3 ± 48.2

Mean covered 
distance [m]

1.6 ± 0.8 *** 0.3 ± 0.4 2.9 ± 0.9 *** 1.2 ± 0.8 2.6 ± 1.0 *** 1.2 ± 0.7

Mean speed of 
motions [mm/s]

6.5 ± 2.5 n.s. 9.2 ± 7.7 13.5 ± 4.1 * 14.3 ± 4.8 12.4 ± 4.3 ** 14.2 ± 5.0

Mean spatial 
rate of change of 
direction [º/mm]

27.7 ± 7.2 *** 13.3 ± 9.6 14.8 ± 4.4 *** 11.2 ± 2.7 13.9 ± 4.0 *** 11.6 ± 3.3

Mean spatial 
rate of trajectory 
loops [loops/m]

57.8 ± 17.8 *** 21.5± 18.4 40.2 ± 8.9 *** 25.4 ± 8.5 36.5 ± 9.1 *** 27.9 ± 10.3

Mean directional 
vector R

0.77 *** - - 0.85*** - - 0.73 *** - -

Number of tested 
animals [N]

30 - - 30 - - 30 - -

n.s.  P ≥ 0.05 (not significant).
*     0.05 > P ≥ 0.01 (weakly significant).
**   0.01 > P ≥ 0.001 (significant).
*** P < 0.001 (highly significant).

Table 1: Movement behaviour of O. mossambicus under different illumination conditions (mean ± SD). Significance was calculated by a two-tailed Wilcoxon matched pairs 
test with the exception of the mean directional vector R, which was analysed by the Rayleigh test of uniformity (Gaile and Burt, 1980).



Near-infrared orientation of 
Mozambique tilapia Oreochromis mossambicus

Application Note

5

Quantum Design GmbH
Im Tiefen See 58
D-64293 Darmstadt 

Please contact: Uwe Schmidt
 +49 6151 8806-15, schmidt@qd-europe.com

www.qd-europe.com

Fig. 3: Sector diagram of mean allocation time (in percent) with regard to mean head positions of fish in different sectors of the swimming vessel in 
experiments with different radiation stimuli: (A) blue light; (B) filtered NIR light (850–950 nm); (C) filtered NIR light (850–950 nm) vs. thermal source. 
Each sector represents 15°. Black arrows show the angle between the centre of the swimming vessel and the mean head positions for each fish. Arrow 
lengths were calculated in percent with regard to the distance between the vessel centre and the vessel border. The length of all vectors was reduced by 
a factor of 4.
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pairs test: T = 26, N = 30, P < 0.001) was higher than 
in the half of the swimming vessel adjacent to the ther-
mal source. Tested fish crossed their own trajectories 
more often, i.e. displayed more trajectory loops per 
mm of covered distance (Wilcoxon matched pairs test: 
T = 25.5, N = 30, P < 0.001) in the half proximate to 
the NIR light source, and they preferred to align their 
heads in this direction (Fig. 3C). The length of the mean 
directional vector between the centre of the arena and 
the mean fish head positions was R = 0.73 (P < 0.001).

4. Discussion
This study provides strong and unambiguous evidence 
for an NIRsensitivity of O. mossambicus. Following 
the definition of phototaxis as the displacement of an 
organism towards or away from light, along a light 
gradient or its vector (Jekely, 2009), we demonstrated 
an innate untrained phototactic behaviour of fish to 
a limited spectrum of NIR light. Phototactic movement 
patterns of O. mossambicus were qualitatively and 
quantitatively similar, no matter whether NIR or blue 
light was applied. An influence of thermal radiation on 
the movement of fish could be excluded in experiments 
which simultaneously applied thermal and NIR sources. 
Our results thus demonstrate that O. mossambicus can 
sense NIR light of wavelengths ≥850 nm. Animals were 
able to use NIR light for phototactic orientation under 
experimental conditions without any conditioning, in 
line with our hypotheses 1–3. These were further sup-
ported by the preferred body alignment of O. mossam-
bicus with the head pointing in the direction of the NIR 
light source. Moreover, the higher level of the mean 
spatial rate of change of direction [°/mm]
on the NIR side of the swimming vessel is in good 
agreement with the preferred alignment of wave-
shaped swimming motion in the direction of NIR 
radiation (cf. Table 1 and supplementary video in 
Appendix A). In addition, these results also support 
the fourth hypothesis, namely that NIR sensation in O. 
mossambicus is phototaxis and not based on thermo-
reception. From studies in O. niloticus it is known that 
NIR light can be perceived by their eyes but not by 
the pineal organ (Matsumoto and Kawamura, 2005). 
This species is a close relative of O. mossambicus 
which prefers similar habitats. Evolutionary consider-
ations thus argue for an eye-based NIR reception in 
O. mossambicus as well. In Nile tilapia, Kobayashi et 
al. (2002) reported a lack of optomotor reaction to 
infrared light at wavelengths above 800 nm. These 
conflicting results may be explained if O. niloticus were 
not able to see the moving drum stripes used in opto-
motor experiments. To prove that fish are able to detect 
objects by means of NIR-based visual cues, detailed 
behavioural experiments should be carried out under 
NIR conditions. Future experiments should discriminate 

The spatial rate of change of direction  
[°/mm] (Wilcoxon matched pairs test: T = 34, N = 30, 
P < 0.001) was higher than on the control side. In the 
blue light half, fish crossed their own trajectories more 
often, i.e. performed more trajectory loops [loops mm] 
(Wilcoxon matched pairs test: T = 12, N = 30, 
P < 0.001). The spatial preference of body orientation 
was such that the head was aligned to the blue light 
source (Fig. 3A). The length of the mean directional 
vector between the centre of the arena and the mean 
fish head positions was R = 0.77 (P < 0.001).

3.2. Positive phototactic behaviour of fish towards an 
NIR light source of 850–950 nm
Next, blue light was exchanged for an NIR light source. 
The fish, which demonstrated considerable swimming 
activity, spent 2.7 more time in the half of the swim-
ming vessel next to the NIR source than in the control 
half (Figs. 1 and 3B and Table 1; Wilcoxon matched 
pairs test: T = 8, N = 30, P < 0.001). Although the 
mean speed of motion was slightly lower in the half of 
the dish close to the NIR source (Wilcoxon matched 
pairs test: T = 124, N = 30, P < 0.05), the mean 
covered distance was 2.4 times higher than that in the 
control half (Wilcoxon matched pairs test: T = 8, N = 
30, P < 0.001). Animals also changed their movement 
direction more often in the NIR half. This was dem-
onstrated by changes in the spatial rate of change of 
direction [°/mm] (Wilcoxon matched pairs test: T = 15, 
N = 30, P < 0.001). Furthermore, fish in the NIR half 
crossed their own trajectories more often, i.e. displayed 
more trajectory loops per mm of covered distance (Wil-
coxon matched pairs test: T = 12, N = 30, P < 0.001). 
Again, the most frequent body orientation was such 
that the head was aligned to the NIR light (cf. supple-
mentary video in Appendix A and Fig. 3B). The length 
of the mean directional vector between the centre of 
the arena and the mean fish head positions was R = 
0.85 (P < 0.001).

3.3. No tactic behaviour of fish towards a thermal 
radiation source
The allocation time in the NIR half was 2.3 times higher 
than in the thermal half (Fig. 3C and Table 1; Wilcoxon 
matched pairs test: T = 21, N = 30, P < 0.001). The 
animals were slower on the side proximate to the NIR 
light source (Wilcoxon matched pairs test: T = 101, 
N = 30, P < 0.01), in accordance with the previous 
experiments without the thermal source. The mean 
covered distance in the NIR half was 2.2 times higher 
than that on the opposite side adjacent to the thermal 
source (Wilcoxon matched pairs test: T = 24, N = 30, 
P < 0.001). The tested individuals changed their move-
ment direction more often in the NIR half. The spatial 
rate of change of direction [°/mm] (Wilcoxon matched 
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between phototactic light reaction and visual recogni-
tion of objects. NIR reception, like other forms of light 
sensation, could theoretically be relevant for foraging, 
avoiding predators and maybe also for intraspecific 
communication (Cerri, 1983; Bowmaker and Loew, 
2008; Cronin, 2008; Michiels et al., 2008). Character-
istics of photopigment spectral sensitivity in fish spe-
cies depend on light conditions in their natural habitat 
(Lythgoe, 1984). O. mossambicus is an African cichlid 
which inhabits different water bodies such as rivers and 
lakes. It is euryhaline and can grow and reproduce 
in fresh, brackish and sea water (Bruton and Boltt, 
1975; Chervinski, 1982; Philippart and Ruwet, 1982; 
Trewavas, 1982). Observations in a freshwater lake 
(Lake Sibaya, South Africa) with a maximal depth of 
40 m indicated that O. mossambicus prefers depths of 
residence 0–12 m from the water surface (Bruton and 
Boltt, 1975). Due to a high tolerance to elevated water 
temperatures (Fiess et al., 2007; Ndong et al., 2007) 
and to extremely low oxygen concentrations (Wrigley 
et al., 1988), O. mossambicus can successfully survive 
in very shallow water and prefer waters with increased 
turbidity (Espinosa-Lemus et al., 2009). The electromag-
netic radiation emitted by the sun covers a wide spec-
tral range which is partially reflected, scattered and 
absorbed by constituent parts of the earth atmosphere. 
Therefore, the subaerial radiation of the sun and the 
light impinging the surface of the sea, lakes and rivers 
is modified with a characteristic spectral distribution of 
wavelengths above 300 nm to the long-wave infrared. 
Hence the light at water surfaces also contains near-
infrared spectral components (Riordan, 1986; Bow-
maker, 1995). Total irradiance by the NIR light source 
in our experiments was 13.3 W/m2 m, and thus about 
10–50 times lower than the natural solar irradiance 
values in the spectral range of 850–950 nm, measured 
at the earth’s surface on the African continent (Adeyefa 
et al., 1995; Adeyefa and Holmgren, 1996). Usually 
only a negligible part of irradiance will be reflected 
from the water back to the atmosphere (Lavender et 
al., 2005; Doron et al., 2011). As the mean reflectance 
of light on the water surface usually reaches 6.5% 
(Wetzel, 1983), the NIR intensity applied in this study 
was similar to irradiance values which occur in nature, 
at least directly below the water surface. Due to the 
relatively high absorption coefficient of water for NIR 
radiation (approximately 103–105) compared to, e.g., 
blue light, the depth of penetration for near-infrared 
light is comparatively short. However, aquatic habitats 
of O. mossambicus often contain substantial amounts 
of suspended particles and dissolved coloured organic 
matter which may, for instance, cause increased scat-
tering and absorption of short-wave components of the 
solar spectrum implying a relative increase of long-
wave illumination (Seehausen et al., 2008), including 
red and infrared (Bowmaker, 1995; Borowiak, 2009). 

The observed sensitivity shift to NIR light thus might 
improve the orientation of Mozambique tilapia in their 
natural habitat. Our study unequivocally demonstrated 
a strong influence of NIR light on the behaviour of 
Mozambique tilapia. Further studies of NIR sensitivity 
in different fish species are needed to determine the 
threshold of NIR reception, to unequivocally identify the 
sensing organ and to understand its mechanism and 
functional characteristics

Acknowledgments
We would like to thank N. Kretschmer, C. Hörmann 
and S. Korn for technical assistance, J. Pfeiffer and the 
technical facility of Hohenheim University for help with 
the development of the experimental device, and J. 
Hanf and J. Fischbach (LOT-QuantumDesign, 
Darmstadt, Germany) for support. The continu-
ous advice and support by W.R.L. Hanke is gratefully 
acknowledged.

Appendix A. Supplementary data
Supplementary data associated with this article can 
be found, in the online version, at http://dx.doi.
org/10.1016/j.zool.2012.01.005.
References
Adeyefa, Z.D., Holmgren, B., 1996. Spectral solar irradiance before 

and during a harmattan dust spell. Solar Energy 57, 195–203.
Adeyefa, Z.D., Holmgren, B., Adedokun, J.A., 1995. Spectral solar ir-

radiance under harmattan conditions. Renew. Energy 6, 989–996.
Anderson, L.G., Sabbah, S., Hawryshyn, C.W., 2010. Spectral sensitiv-

ity of single cones in rainbow trout (Oncorhynchus mykiss): a 
whole-cell voltage clamp study. Vis. Res. 50, 2055–2061.

Blaxter, J.H.S., 1968. Visual thresholds and spectral sensitivity of her-
ring larvae. J. Exp. Biol. 48, 39–53.

Borowiak, D., 2009. Optical classification of lakes in northern Poland. 
Limnol. Rev. 9, 141–152.

Bowmaker, J.K., 1995. The visual pigments of fish. Prog. Retin. Eye Res. 
15, 1–31.

Bowmaker, J.K., Kunz, Y.W., 1987. Ultraviolet receptors, tetrachromatic 
colour vision and retinal mosaics in the brown trout (Salmo trutta): 
age-dependent changes. Vis. Res. 27, 2101–2108.

Bowmaker, J.K., Loew, E.R., 2008. Vision in fish. In: Basbaum, A.I., 
Kaneko, A., Shepherd, G.M., Westheimer, G., Albright, T.D., 
Masland, R.H., Dallos, P., Oertel, D., Firestein, S., Beauchamp, 
G.K., Bushnell, M.C., Kaas, J.H., Gardner, E. (Eds.), The Senses: A 
Comprehensive Reference, vol. 1. Academic Press, New York, pp. 
53–76. Bruton, M.N., Boltt, R.E., 1975. Aspects of the biology of 
Tilapia mossambica Peters (Pisces: Cichlidae) in a natural freshwa-
ter lake (Lake Sibaya, South Africa). J. Fish Biol. 7, 423–445.

Carleton, K.L., Hárosi, F.I., Kocher, T.D., 2000. Visual pigments of Afri-
can cichlid fishes: evidence for ultraviolet vision from microspectro-
photometry and DNA sequences. Vis. Res. 40, 879–890.

Cerri, R.D., 1983. The effect of light intensity on predator and prey 
behaviour in cyprinid fish: factors that influence prey risk. Anim. 
Behav. 31, 736–742.



Near-infrared orientation of  
Mozambique tilapia Oreochromis mossambicus

Application Note

8

Quantum Design GmbH 
Im Tiefen See 58 
D-64293 Darmstadt 

Please contact: Uwe Schmidt 
 +49 6151 8806-15, schmidt@qd-europe.com 

www.qd-europe.com

Chervinski, J., 1982. Environmental physiology of tilapias. In: Pullin, 
R.S.V., Lowe-McConnell, R.H. (Eds.), Proceedings of the Internation-
al Conference on the Biology and Culture of Tilapias. International 
Center for Living Aquatic Resources Management, Manila, Philip-
pines, pp. 119–128.

Cronin, T.W., 2008. Visual ecology. In: Basbaum, A.I., Kaneko, A., 
Shepherd, G.M., Westheimer, G., Albright, T.D., Masland, R.H., 
Dallos, P., Oertel, D., Firestein, S., Beauchamp, G.K., Bushnell, 
M.C., Kaas, J.H., Gardner, E. (Eds.), The Senses: A Comprehensive 
Reference, vol. 1. Academic Press, New York, pp. 211–245.

Doron, M., Bélanger, S., Doxaran, D., Babin, M., 2011. Spectral varia-
tions in the nearinfrared ocean reflectance. Rem. Sens. Environ. 
115, 1617–1631.

Endo, M., Kobayashi, R., Ariga, K., Yoshizaki, G., Takeuchi, T., 2002. 
Postural control in tilapia under microgravity and the near infrared 
irradiated conditions. Nippon Suisan Gakk. 68, 887–892.

Espinosa-Lemus, V., Arredondo-Figueroa, J.L., Barriga-Sosa, I.A., 2009. 
Morphometric and genetic characterization of tilapia (Cichlidae: 
Tilapiini) stocks for effective fisheries management in two Mexican 
reservoirs. Hidrobiológica 19, 95–107.

Fiess, J.C., Kunkel-Patterson, A., Mathias, L., Riley, L.G., Yancey, P.H., 
Hirano, T., Grau, E.G., 2007. Effects of environmental salinity and 
temperature on osmoregulatory ability, organic osmolytes, and 
plasma hormone profiles in the Mozambique tilapia (Oreochromis 
mossambicus). Comp. Biochem. Physiol. Part A 146, 252–264.

Foster, R.G., Hankins, M.W., 2002. Non-rod, non-cone photoreception 
in the vertebrates. Prog. Retin. Eye Res. 21, 507–527.

Gaile, G., Burt, J., 1980. Directional Statistics. Geo Abstracts, Nor-
wich, England.

Hawryshyn, C.W., Beauchamp, R., 1985. Ultraviolet photosensitivity 
in goldfish: an independent U.V. retinal mechanism. Vis. Res. 25, 
11–20.

Hawryshyn, C.W., Harosi, F.I., 1991. Ultraviolet photoreception in 
carp: microspectrophotometry and behaviorally determined action 
spectra. Vis. Res. 31, 567–576.

Hofmann, C.M., O’Quin, K.E., Justin Marshall, N., Carleton, K.L., 
2010. The relationship between lens transmission and opsin gene 
expression in cichlids from Lake Malawi. Vis. Res. 50, 357–363.

Jekely, G., 2009. Evolution of phototaxis. Philos. Trans. R. Soc. B 364, 
2795–2808.

Kobayashi, R., Endo, M., Yoshizaki, G., Takeuchi, T., 2002. Sensitivity 
of tilapia to infrared light measured using a rotating striped drum 
differs between two strains. Nippon Suisan Gakk. 68, 646–651.

Lavender, S.J., Pinkerton, M.H., Moore, G.F., Aiken, J., Blondeau-
Patissier, D., 2005.

Modification to the atmospheric correction of SeaWiFS ocean colour 
images over turbid waters. Cont. Shelf Res. 25, 539–555. Lythgoe, 
J.N., 1984. Visual pigments and environmental light. Vis. Res. 24, 
1539–1550.

Matsumoto, T., Kawamura, G., 2005. The eyes of the common carp 
and Nile tilapia are sensitive to near-infrared. Fish. Sci. 71, 
350–355.

McFarland, W.N., Loew, E.R., 1994. Ultraviolet visual pigments in ma-
rine fishes of the family pomacentridae. Vis. Res. 34, 1393–1396.

Merkel, F.W., 1980. Orientierung im Tierreich. Gustav Fischer Verlag, 
Stuttgart, New York.

Michiels, N.K., Anthes, N., Hart, N.S., Herler, J., Meixner, A.J., Schlei-
fenbaum, F., Schulte, G., Siebeck, U.E., Sprenger, D., Wucherer, 
M.F., 2008. Red fluorescence in reef fish: a novel signalling mecha-
nism? BMC Ecol. 8, 16.

Muntz, W.R., Northmore, D.P., 1970. Vision and visual pigments in a 
fish, Scardinius erythrophthalmus (the rudd). Vis. Res. 10, 281–298.

Ndong, D., Chen, Y.-Y., Lin, Y.-H., Vaseeharan, B., Chen, J.-C., 2007. 
The immune response of tilapia Oreochromis mossambicus and its 
susceptibility to Streptococcus iniae under stress in low and high 
temperatures. Fish Shellfish Immunol. 22, 686–694.

Partridge, J.C., Cuthill, I.C., 2010. Animal behaviour: ultraviolet fish 
faces. Curr. Biol. 20, R318–R320.

Philippart, J., Ruwet, J., 1982. Ecology and distribution of tilapias. In: 
Pullin, R.S.V., Lowe-McConnell, R.H. (Eds.), Proceedings of the 
International Conference on the Biology and Culture of Tilapias. 
International Center for Living Aquatic Resources Management, 
Manila, Philippines, pp. 15–59.

Riordan, C.J., 1986. Spectral solar irradiance models and data sets. 
Solar Cells 18, 223–232.

Risner, M.L., Lemerise, E., Vukmanic, E.V., Moore, A., 2006. Behavioral 
spectral sensitivity of the zebrafish (Danio rerio). Vis. Res. 46, 
2625–2635.

Schiemenz, F., 1924. Über den Farbensinn der Fische. Z. Vergl. 
Physiol. 1, 175–220.

Seehausen, O., Terai, Y., Magalhaes, I.S., Carleton, K.L., Mrosso, 
H.D.J., Miyagi, R., van der Sluijs, I., Schneider, M.V., Maan, M.E., 
Tachida, H., Imai, H., Okada, N., 2008.

Speciation through sensory drive in cichlid fish. Nature 455, 620–626.
Shcherbakov, D., Schill, R.O., Brümmer, F., Blum, M., 2010. Movement 

behaviour and video tracking of Milnesium tardigradum Doyère. 
1840 (Eutardigrada, Apochela). Contrib. Zool. 79, 33–38.

Siebeck, U.E., Parker, A.N., Sprenger, D., Mathger, L.M., Wallis, G., 
2010. A species of reef fish that uses ultraviolet patterns for covert 
face recognition. Curr. Biol. 20, 407–410.

Takeuchi, T., Endo, M., 2008. Study on swimming and feeding behav-
iour of tilapia under microgravity. In: Space Utilization Research, 
vol. 24, Proceedings of the 24th Space Utilization Symposium, 
January 2008, Tokyo, pp. 251–254.

Trewavas, E., 1982. Tilapias: taxonomy and speciation. In: Pullin, 
R.S.V., Lowe-McConnell, R.H. (Eds.), Proceedings of the Internation-
al Conference on the Biology and Culture of Tilapias. International 
Center for Living Aquatic Resources Management, Manila, Philip-
pines, pp. 3–13.

Wetzel, R.G., 1983. Limnology, 2nd ed. Saunders College Publishing, 
Philadelphia.

Wrigley, T.J., Toerien, D.F., Gaigher, I.G., 1988. Fish production in 
small oxidation ponds. Water Res. 22, 1279–1285.

Yoshikawa, T., Oishi, T., 1998. Extraretinal photoreception and 
circadian systems in nonmammalian vertebrates. Comp. Biochem. 
Physiol. B 119, 65–72.


