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Cephalopods have very conspicuous eyes that are often compared to fish eyes. However, in contrast to many fish, the eyes of cephalopods possess mobile pupils. To increase the knowledge of pupillary and thus visual function in cephalopods, the dynamics of the pupil of one of the model species among cephalopods, the common octopus (Octopus vulgaris), was determined in this study. We measured pupillary area as a function of ambient luminance to document the light and dark reaction of the octopus eye. The results show that weak light (<1 cd/m2) is enough to cause a pupil constriction in octopus, and that the pupil reacts fast to changing light conditions. The t50-value defined as the time required for achieving half-maximum constriction ranged from 0.45 to 1.29 s and maximal constriction from 10 to 20% of the fully dilated pupil area, depending on the experimental condition. Axial light had a stronger influence on pupil shape than light from above, which hints at a shadow effect of the horizontal slit pupil. We observed substantial variation of the pupil area under all light conditions indicating that light-independent factors such as arousal or the need to camouflage the eye affect pupil dilation/constriction. In conclusion, the documentation of pupil dynamics provides evidence that the pupil of octopus is adapted to low ambient light levels. Nevertheless it can quickly adapt to and thus function under brighter illumination and in a very inhomogeneous light environment, an ability mediated by the dynamic pupil in combination with previously described additional processes of light/dark adaptation in octopus.
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INTRODUCTION

The cephalopods are a molluscan class that differs from other members of the phylum by a number of characters such as the anatomy of the body and the organization of the nervous system. One of the most prominent characteristics of cephalopods are their eyes (for review see Packard, 1972; Messenger, 1979; Land, 1984; Budelmann, 1994, 1996). They are large and often actively scanning the animal’s surrounding. To some extent, cephalopod eyes resemble vertebrate camera-type eyes.

A conspicuous feature of the cephalopod eye is its pupil, which is peculiarly shaped in some species. Pupil shape varies from horizontal to U- or W-shaped in bright light depending on species (see Figure 1 and photos within for example Douglas, 2018). A number of studies have already tried to assess the function of these specific pupillary shapes (Hanlon and Messenger, 1988; Schaeffel et al., 1999; Mäthger et al., 2013; Stubbs and Stubbs, 2016) or provided descriptions of the anatomy of the iris as well as of pupillary dynamics in some species (Beer, 1897; Magnus, 1902; Wiley, 1902; Hess, 1910; Heidermanns, 1928; Weel and Thore, 1936; Froesch, 1973; Muntz, 1977; Hurley et al., 1978; Muntz and Ray, 1984; Douglas et al., 2005; Bozzano et al., 2009; McCormick and Cohen, 2012; Matsui et al., 2016).


[image: image]

FIGURE 1. Experimental setup and procedure. (A) Sketch of the experimental setup to record pupillary responses. During measurements, the animal (Ov) was hiding in its den (D) in its holding tank (T). The scene was either illuminated axially with the light box (LB) and camera C as shown or from dorsal (position of light box shaded, DI; camera remains in position as during axial illumination). Within the light box, light of three reflector light bulbs (L) was reflected numerous times by aluminum foil lining the inside of the box before it indirectly hit the semitransparent front plate (FP). The scene was additionally illuminated by infrared light (IR) allowing to document the pupil in darkness/dim light conditions. Not drawn to scale. (B–D) Pupil of Octopus vulgaris. B Constricted pupil when the scene was illuminated with 170.3 cd/m2 axially. Absolute pupil area was 4 mm2 on this frame. C Dilated pupil measured in darkness under IR-light before the light was switched on. Absolute pupil area was determined as 33 mm2 on this frame. (D) Image of the dilated pupil showing how the pupil was encircled in ImageJ to determine the pupil area. Scale 10 mm. (E,F) Sketch of the experimental procedure to document (E) the pupil light reaction (PLR) and (F) the pupil dark reaction (PDR). For both pupil reactions, the animal was first kept in darkness (dark period 1) followed by a light period. During this light period with a specific light level set up, the pupil light reaction was documented. The pupil dark reaction was recorded in a subsequent dark period (dark period 2).


A dynamic pupil, as present in cephalopods, generally helps (1) to balance sensitivity and resolution of an eye (Douglas, 2018), and (2) to adapt the eye to different light conditions thereby avoiding the saturation of the photoreceptors and increasing the probability of light detection. Besides pupillary changes, adaptation to light can involve the migration of screening pigment – separating the two rhabdoms of a photoreceptor and separating the distal segments of the photoreceptors, or changes in the photoreceptor length in cephalopods (Babuchin, 1864; Rawitz, 1891; Hesse, 1900; Hess, 1905; Glockauer, 1915; Hagins and Liebman, 1962; Young, 1963; Daw and Pearlman, 1974; Suzuki et al., 1985; Suzuki and Takahashi, 1988; Gleadall et al., 1993; Bozzano et al., 2009). Cellular processes within the photoreceptors might additionally adapt the eye.

The pupillary reflex is usually considered to be a fast mechanism of adaptation. A fast pupil response is indeed characteristic for the eyes of some cephalopod species (Table 1). It takes the pupils of Lolliguncula brevis (McCormick and Cohen, 2012), Sepia officinalis, and Eledone cirrhosa (Douglas et al., 2005), Todarodes pacificus (Matsui et al., 2016) as well as Sepioloidea lineolate (Douglas, 2018) only 1–3 s to constrict; the t50-values, defined as the time required to achieve 50% pupil constriction, were assessed as 0.3–1.5 s in these species. In contrast, the pupils of Japetella diaphana and Nautilus pompilius react more slowly to changes in light condition (Table 1; Hurley et al., 1978; Douglas, 2018). Previous studies described that diffuse light is sufficient to cause constriction of the cephalopod pupil (Beer, 1897; Weel and Thore, 1936). Most cephalopods seem to lack a consensual pupil response (Beer, 1897; Magnus, 1902; Weel and Thore, 1936; Douglas et al., 2005; McCormick and Cohen, 2012), thus if one eye is illuminated, only the pupil of this eye constricts but not the pupil of the non-illuminated eye. Nautilus (Nautilus pompilius), on the other hand, has a consensual pupil response (Hurley et al., 1978), meaning that both pupils constrict even if only one eye is illuminated. In the Atlantic brief squid (Lolliguncula brevis), the pupil of the unstimulated eye also contracts, but less so than the pupil of the stimulated eye (McCormick and Cohen, 2012).


TABLE 1. Overview of the results obtained in previous studies on pupillary reactions in cephalopods including the t50-value, the time interval after light onset, at which half-maximum constriction is reached (in s), the maximal constriction of the pupil (in % of the fully dilated pupil before light onset), the pupillary parameter (either pupil area or pupil diameter) measured during the study, and the reference.
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In this study, the pupil light and dark reaction of the common octopus, Octopus vulgaris, was analyzed; throughout the text, we will refer to the common octopus as octopus for simplicity. The pupil of octopus is circular when the eye is in darkness and constricted to a horizontal slit in bright light (Figures 1B,C). Previous researchers have already described some aspects of the pupil/iris of octopus such as the brain centers, nerves, and muscles controlling pupillary function (Magnus, 1902; Weel and Thore, 1936; Budelmann and Young, 1984), the histological fine structure of the iris (Froesch, 1973), and the fact that the octopus always keeps its slit-shaped pupil horizontal irrespective of body position (Wells, 1960). In a similar way as in other animals (Douglas, 2018), the pupil size of octopus is not only depending on the ambient illumination but also on other factors such as arousal (Weel and Thore, 1936). According to Weel and Thore (1936), the octopus has a non-consensual pupil response thus the pupil is only constricting when the respective eye is illuminated by light but not when the contralateral eye is illuminated. This observation is consistent with the octopus often looking at objects with one of its laterally placed eyes only (Heidermanns, 1928; Muntz, 1963; Byrne et al., 2002) and showing asymmetry in eye use (Byrne et al., 2002).

Pupillary dynamics in Octopus vulgaris, which, according to our knowledge, have not been quantified before, were of interest as one tessera of the mosaic of vision and the visual abilities in octopus. The rate of pupillary constriction and dilation reflects the rate of light changes experienced by the animal in its daily life, and the light range within which the pupil dilates or constricts differentially is informative regarding the animal’s light environment. Besides the documentation of the pupillary dynamics, the aim of this study was to compare the pupil light and dark reaction when the eye is illuminated axially or from above (called dorsal illumination hereafter). Observations made by ourselves and others (Hess, 1909, 1910; Douglas et al., 2005; McCormick and Cohen, 2012; Mäthger et al., 2013) suggested that the horizontal and probably even more the W- or U-shaped pupils of cephalopods serve to protect the eyes from down-welling light. Consequently, dorsal compared to axial illumination should affect the octopus pupil less; a hypothesis tested in the study at hand.



MATERIALS AND METHODS


Experimental Animal

Pupillary reactions were documented in one wild-caught (Tuscan Archipelago of the Mediterranean Sea), female adult common octopus, Octopus vulgaris, with a mantle length of 6.5 cm. At the Marine Science Center Rostock, Germany, it was housed solitarily in a compartment (130 × 85 × 78 cm) of a 3,000 l seawater aquarium with a substrate composed of small stones and small pieces of corals. Large stones as well as shells were provided to allow the animal to hide underneath or to construct a den. In the aquarium, salinity was kept at 32–33 g/kg, temperature was adjusted to 21–23°C, and water quality was regularly checked. After transport, the animal was adapted to the salinity and temperature of the aquarium by adding water from the holding tank dropwise to the container the animal was residing in and that contained natural ocean water from the point of capture. During the phase of adaptation, lasting several hours, the animal was continuously monitored.

A day and night cycle with 9 h daylight, 1 h dusk and dawn, and 13 h night was achieved with the help of artificial illumination (Aqua Medic Ocean Lights, Reef blue, 2× 150 W and T52×54 W, Bissendorf, Deutschland; Starlicht KOS Cut-Case 1×13L White, Herzebrock-Clarholz, Deutschland).

During the study with an experimental phase of 2 months, the octopus was fed with a mixture of northern prawn (Pandulus borealis), petan fish (Osmerus eperlanus), and saltwater mussles (Mytilidae sp.) 6–7 days a week ad libitum.

Maintenance, care, and welfare followed published recommendations (Smith et al., 2013; Fiorito et al., 2014, 2015). This study was conducted in accordance with the directive 2010/63/EU, and maintenance and the measurements (Permit No. 6712GH00113, Staatliches Amt für Umwelt und Natur Rostock, Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei, Mecklenburg-Vorpommern) as well as the transport (EG Verordnung 1/2005, Reg.-Nr. 082120000714) were approved by local authorities. The ARRIVE guidelines (Kilkenny et al., 2010) checklist was the basis for the preparation of this manuscript.



Experimental Setup

The pupillary reactions of the octopus were documented with the animal residing in its home tank (Figure 1A). For the documentation of the pupil light and dark response (PLR, PDR), the octopus eye was illuminated with light emitted from a light box that was directly attached to the aquarium from outside. The light box was installed either on the side of the aquarium to illuminate the eye axially or placed on top of the aquarium to illuminate the eye from above.

The front plate of the light box was a square acrylic plate with 25 cm side length. It allowed 92% of the light to be transmitted. This plate was indirectly illuminated by the light of three 20 W lamps (mirror reflector bulb, CIL FTD/A 20W/12 V, diameter 77 mm) reflected by aluminum foil lining the inside of the box. The position of the lamps was adjusted to achieve a homogenous illumination of the front plate varying only by ± 12% across the surface on average. The light box emitted light of wavelengths between 400 and 860 nm (measured with Ocean Optics spectrometer USB 2000). Additional infrared light at 850 nm was always illuminating the scene allowing the documentation of the pupil responses with an infrared-sensitive camera even at the lowest light intensities.

The light emitted from the light box could be dimmed with a dimmer (REV Ritter GmbH, 40–300W, 230V, Typ EMD 200). Nine different light intensities ranging from 0.7 ± 0.4 cd/m2 to 186.1 ± 18.7 cd/m2 were chosen to document the pupil responses (Table 2). The luminance of the light box was measured with a luminance meter (Minolta Luminance Meter LS-110, Japan) from the distance at which the eye of the octopus had been within the aquarium during measurements, at five points on the front plate after every measurement/light period. Final luminance values (Table 2) represent averages of all measurements per light level (axial illumination N = 45, dorsal illumination N = 40). Additionally we assessed t50-values of the light unit for three luminances: 0.29 ± 0.017 s for 1 cd/m2, 0.25 ± 0.000 s for 60 cd/m2, and 0.142 ± 0.003 s for 150 cd/m2; the t50 value indicates the time needed to reach half maximum luminance.


TABLE 2. Light levels used to elicit a pupil response of Octopus vulgaris during axial and dorsal illumination average luminance as well as log (luminance) in cd/m2 ± SD) as well as the t50-values (in s) determined during the respective pupillary light reaction with the number of measurements (N) performed to determine the t50-value.
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The pupil responses were recorded with a camera (DSP CCD Camera XC229SR) at 30 fps, which was always filming the octopus eye axially (Figures 1B,C).



Experimental Procedure

The octopus was filmed when sitting in its den with only its eyes protruding. Before each experimental session, the room was completed darkened, and the octopus was kept in darkness for a minimum of 3 min during which time the pupil dilated fully (Figure 1C). After this initial dark period (dark period 1, Figure 1E), the light source was switched on with the lowest luminance (light period with light level 1, Figure 2E and Table 2). The PLR was recorded during this light period that lasted 15–600 s depending on the experimental phase. Immediately after the recordings were finished, the luminance of the front plate was measured. Before the next measurement, the animal was again in darkness for at least 3 min, ensuring that the pupil was fully dilated before the animal was exposed to the next light level. This way the luminance was increased stepwise from light level 1 to light level 9 (Table 2).


[image: image]

FIGURE 2. Light reaction of the octopus pupil when (A) illuminated axially or (B) from dorsal. The area of the pupil is depicted as percentage of the area of the maximally dilated pupil at light onset. Each data point represents the mean value of the pupillary area of 3–9 measurements. The luminance of the light source in cd/m2 measured from the distance at which the eye of the octopus had been during measurement is indicated in the legend. Light onset is zero on the time axis.


To assess the PDR, the octopus was first exposed to a dark period (dark period 1, Figure 1F), and second to a light period (Figure 1F) as during the documentation of the PLR. After this light period, during which a specific light level was set up (Table 2), the light was switched off, and the camera recorded the response of the pupil to sudden darkness over time (dark period 2, Figure 1F).



Data Analysis

For every PLR measurement, 140 frames (4.6 s) during the light period with the first frame at light onset were analyzed in ImageJ (Wayne Rasband). For the documentation of the PDR, 140 frames (4.6 s) during the dark period with the first frame at light turn-off were taken for the analysis, respectively. Thus the PLR and the PDR were assessed over a time interval of 4.6 s with time steps of 0.125 s.

Pupillary area (Figure 1D) was measured with ImageJ (Wayne Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD, United States, 1997–20181) on all selected frames. A few frames could not be analyzed as


(1) the frame was blurred, mainly due to movements of the animal, or

(2) the pupil was fully or partially occluded, for example by an arm of the octopus.



To present the PLR and PDR, the pupil area was expressed as percent of the fully dilated pupil area measured on the first frame of the corresponding light period (Douglas et al., 1998, 2005; McCormick and Cohen, 2012).

The following aspects were analyzed:


(1) Pupil light reaction (PLR) – analysis of the pupil over time as a reaction to axial and dorsal light.


a. t50-value defined as the time after the onset of the light phase to achieve 50% maximum pupil constriction, derived from the minimal and the maximal pupil area measured.

b. the PLR over a prolonged time period of 10 min as exemplary measurements

c. maximum pupil constriction, defined as the minimal pupil area occurring during a measurement



(2) Pupil dark reaction (PDR) – analysis of the pupil area over time as reaction to darkness after axial and dorsal illumination in the light period.


a. the PDR over a prolonged time period of 10 min as exemplary measurements

b. maximum pupil dilation relative to maximal pupil area assessed right at the onset of the light period.




The data were statistically analyzed in R [R Core Team (2017) R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria2 ].



RESULTS

After light onset, the pupil constricted within less than 1 s (Figure 2; all measurements can be found in Supplementary Figure 1 and Figure 3). The t50-values ranged from 0.45 to 0.83 s for axial illumination and from 0.54 to 1.29 s for dorsal illumination (Table 2). The pupil response was significantly faster to axial illumination than to dorsal illumination for low luminance values up to 2.4 cd/m2 (general linear model with comparison of means, p < 0.01; Figure 3A). For higher luminance values, pupil reaction was not significantly faster during axial illumination in comparison to dorsal illumination (p > 0.05).
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FIGURE 3. Summary graphs showing for the pupillary light reaction with dorsal and axial illumination A the t50 value (in s) and B minimal pupil area (in % of the maximum pupil area at light onset) as a function of log (luminance).


With luminance values up to 17.6 cd/m2 for axial illumination (general linear model with comparison of means, p < 0.001) and to 26.4 cd/m2 for dorsal illumination (general linear model with comparison of means, p < 0.05), the pupil only closed partially (Figures 2, 3B). Higher ambient luminance values did not result in a significantly different pupil reaction.

Single measurements over a time period of 10 min revealed that the pupil finally re-dilated in light up to 86.4% of its maximal area for axial illumination (Figure 4). For dorsal illumination, the pupil even dilated completely with the pupil area reaching values above 100% of its initial maximal area at the onset of the light period.
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FIGURE 4. Pupillary reactions measured over a prolonged time period of 10 min. (A,B) Illustrate the pupillary light reaction (PLR) for (A) axial (N = 4) and (B) dorsal illumination (N = 3). (C,D) Illustrate the pupillary dark reaction (PDR) for (C) axial (N = 4) and (D) dorsal illumination (N = 1). Only one low and one higher luminance were chosen for these long-term recordings. All measurements performed are plotted in this figure. The pupil size on the first frame of the light period was taken as 100% pupillary area. Each data point represents one measurement of pupillary area. The luminance of the light source in cd/m2 measured from the distance at which the eye of the octopus had been during measurement is indicated in the legend. Light onset is zero on the time axis.


The pupil area at maximum constriction of 10.3% of the dilated pupil area for axial illumination and 18.1% for dorsal illumination was reached after 4.3 and 3.5 s, respectively. For every light level, the pupil area was smaller during axial than during dorsal illumination (general linear model with comparison of means, p < 0.05).

During the PDR, full pupillary dilation (Figure 5; all measurements can be found in Supplementary Figure 2 and Figure 4) took slightly longer than 1 s especially when the eye was illuminated axially. Under this condition, there was more variation in the final pupil area than under dorsal illumination, and low light levels experienced before the documentation of the PDR caused the pupil to dilate to a larger area than the pupil area measured on the first frame of the light period. Prolonged measurements in darkness revealed that pupillary area varied drastically even in darkness with the pupil sometimes constricting even down to 66.9% for previous axial illumination and 84.3% for previous dorsal illumination (Figure 3).
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FIGURE 5. Dark reaction of the octopus pupil when (A) illuminated axially or (B) from dorsal. The pupil size on the first frame of the light period was taken as 100% pupillary area. Therefore values above 100% occur. Zero on the time axis indicates when the light was switched off. Each data point represents the mean value of the pupillary area of 3–9 measurements. The luminance of the light source in cd/m2 in the light period preceding the respective dark phase 2 is indicated in the legend.




DISCUSSION

In this study, we documented the course of the pupil light and dark reaction of one common octopus, Octopus vulgaris. This octopus showed vivid pupillary responses, and the resulting data are similar to pupillary reactions documented for other animals including other cephalopods (Douglas, 2018). Furthermore the reproducibility of our measurements is high. Thus we are confident that our measurements are reliable for this individual. Future measurements could help to clarify whether our results are representative for the species by measuring pupillary responses in other octopus individuals that will allow us to document their pupillary response without restrain. At the same time, the non-consensual pupillary response of the octopus described by Weel and Thore (1936) could be quantified in these future experiments.

Only weak light of <1 cd/m2 was necessary to cause the pupil of Octopus vulgaris to constrict, similar to observations by previous researchers (Beer, 1897; Weel and Thore, 1936). A pupil constriction upon experiencing low ambient light is generally found in animals that are active under low light conditions (Douglas, 2018). The octopus experiences low light intensities for example in its den or when being active at night (Woods, 1965; Altman, 1966; Kayes, 1974) or during dusk or dawn (Mather, 1988). Thus a pupillary response adapted to operate under dim light conditions fits the ecology of the common octopus.

After the light was switched on, the octopus pupil closed within approximately 1 s. It needs to be mentioned that, in this study, we might have slightly overestimated the t50 value as the light was not instantaneously on; in the future, the pupillary responses could be re-determined and compared with new data obtained with a different light source that can be switched on instantaneously. The PLR of octopus as currently determined was slower than that of birds, but similar to that of humans or teleost fish (for overview see Douglas, 2018). Time for pupil closure was also in the same range as for many previously examined cephalopods (Table 1; Douglas et al., 2005; McCormick and Cohen, 2012; Matsui et al., 2016; Douglas, 2018). Most likely, the PLR is fast in these cephalopods as they experience rapid changes in ambient illumination in their natural habitat. Octopus vulgaris that can show diurnal activity (Meisel et al., 2003, 2006), might experience a fast and large increase of light intensity when leaving its dark den in shallow water during daytime. In this or similar situations, light incidence into the eye is regulated rapidly by the pupil, avoiding photon overload. However, under these circumstances, the pupil alone is not sufficient to adapt the eye; it has to be accompanied by other mechanisms (Douglas et al., 2005) such as pigment migration and/or changes in the length of the photoreceptors as mentioned in the introduction.

During our measurements, light caused the pupil to maximally constrict to approximately 10% of the dark-adapted pupil area. This maximal value is similar to previous results obtained in cephalopods (Table 1). However, we never observed the octopus pupil to constrict even further allowing light to only penetrate the eye at the two corners of the pupil as described for Octopus vulgaris by Weel and Thore (1936) and by Heidermanns (1928). It remains to be determined whether the pupil of other Octopus vulgaris individuals would constrict to less than 10% of the dark-adapted pupil area. A constriction down to 10% fits to the octopus being a shallow-water species (Jereb et al., 2014; Sanchez et al., 2015). By contrast, many species diving fast and deep can close the pupil to much smaller areas (see for example data obtained in seals Levenson and Schusterman, 1997), which prepares the eyes for the darkness encountered at depth.

Under dorsal illumination, light had less effect on pupil area, compared to axial illumination; higher light intensities were required to cause pupillary constriction, and maximal constriction was 18%, thus less closed by almost a factor of two. In line with Jagger and Sands (1999) and Mäthger et al. (2013), we conclude that these effects were likely caused by the horizontal pupillary slit of octopus shielding light from above. Such a shadow effect is beneficial in the habitat of octopus (Jereb et al., 2014), in which light incidence is almost exclusively from above (see for example Figure 5B in Mäthger et al., 2013). As a consequence, a homogeneous illumination in the eye is most likely achieved (Jagger and Sands, 1999; Mäthger et al., 2013), and local adaptation of the retina will not be necessary. To support this consideration, a retinal illumination map would need to be computed for octopus the same way as was done in Sepia officinalis (Mäthger et al., 2013) and the octopus pupillary responses would need to be recorded with illumination from different sectors for comparison.

The PLR was slightly faster than the PDR in octopus as documented for humans (Mathôt, 2018) or insects (Stavenga, 1979; Stavenga et al., 1979). The fact that both reactions are fast, suggests that the eye of octopus possesses a dilator and a sphincter muscle. Froesch (1973) described a muscle layer within the iris of octopus, however, he could not distinguish between sphincters and dilators; an aspect that still awaits examination in a future project. Modeling the pupillary responses of Octopus vulgaris (see models for the human pupil such as Longtin and Milton, 1989; Pamplona et al., 2009; Fan and Yao, 2011; Johansson and Balkenius, 2017), another possible direction of current research, might additionally help to understand the underlying mechanisms.

We observed variations in pupil area under all experimental conditions. These variations can possibly be explained by pupil size serving additional functions besides the regulation of light incidence. First, if the lens suffers from longitudinal spherical aberration, a constricted pupil can result in an enhanced quality of the image, because light is restricted to the central part of the lens (Sivak, 1991; Douglas et al., 2005). Most likely the spherical lenses of Octopus vulgaris and other octopus species are corrected for longitudinal spherical aberration (Jagger and Sands, 1999). However, if some residual longitudinal spherical aberration was present as in other cephalopods (Sivak, 1982; Sroczynski and Muntz, 1985; Sroczynski and Muntz, 1987; Sivak, 1991; Sivak et al., 1994; Kröger and Gislen, 2004; Sweeney et al., 2007), closing the aperture of the eye would benefit image quality. Second, depth of focus is large in an eye with constricted pupil; being horizontally slit-shaped, depth of field is increased for horizontal contours (Banks et al., 2015). At specific times, it might be advantageous to have several objects in focus simultaneously eliminating the need for strong accommodation, even though Octopus vulgaris might be able to accommodate (Beer, 1897). Third, a constricted pupil could help to camouflage the eye. Cephalopods are masters of camouflage, however, camouflaging the eye is challenging especially if the pupil is dilated and can thus be seen as a large, dark, and regular spot. In contrast, a constricted pupil is less conspicuous than a dilated pupil as the dark area is smaller. Thus constricting the pupil, in combination with chromatophores and iridophores on the iris (Froesch, 1973), might conceal the eye for example in the presence of predators. In a benthic animal, predators might primarily approach from above, the direction which might be perfectly shielded by the horizontal arrangement of the pupil of octopus if the dorsal part of the eye lid indeed serves as a dorsal shield; an aspect that needs to be worked on in the future. An eye concealment function of the pupil has already been put forward for bottom-dwelling fish with mobile irises (Douglas, 2018; Youn et al., 2019) that stand in contrast to most teleost fish with immobile irises (Douglas, 2018). Lastely, a constricted and especially constricted off-axis pupil can increase chromatic blur of the optical system which monochromats might be able to use to obtain color information nevertheless (Stubbs and Stubbs, 2016).

While the previously mentioned functions relate to a constricted pupil, a dilated pupil can also fulfill additional functions; these might explain why we observed a strong re-dilation in light over time. The pupil might dilate due to arousal (Weel and Thore, 1936), or the dilated pupil could serve as an intraspecific signal (Packard, 1972). Additionally, if the pupil dilated when viewing close objects, defined as the near response, then the animal could use accommodation to judge its distance to an object (Wells, 1966). In general, pupil dilation can also be part of a deimatic display, as it possibly creates the illusion of being larger which could be essential when a predator suddenly appears (Wells, 1966; Hanlon and Messenger, 1988, 1996; Messenger, 2001).



CONCLUSION

In conclusion, the common octopus can rely on a mobile pupil to assist light and dark adaptation in its at times light-inhomogeneous environment.
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