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1. Abstract 1 

Bats are nocturnal mammals known for their ability to echolocate, yet all bats can see and most bats 2 

of the family Pteropodidae (fruit bats) do not echolocate – instead they rely mainly on vision and 3 

olfaction to forage. We investigated whether echolocating bats, given their limited reliance on vision, 4 

have poorer spatial resolving power than pteropodids and whether tongue-click echolocating fruit 5 

bats differ from non-echolocating fruit bats in terms of visual performance. We compared the 6 

number and distribution of retinal ganglion cells, and the maximum anatomical spatial resolving 7 

power derived from these distributions, in four species of bats: Myotis daubentonii a laryngeal 8 

echolocating bat from the family Vespertiollionidae, Rousettus aegyptiacus a tongue-clicking 9 

echolocating bat from the family Pteropodiae, and Pteropus alecto and P. poliocephalus, two non-10 

echolocating bats (also from the Pteropodidae). We find that all three pteropodids have a similar 11 

number (≈200,000 cells) and distribution of retinal ganglion cells and a similar maximum spatial 12 

resolving power (≈4 cycles/degree). M. daubentonii has fewer (≈6,000 cells) and sparser retinal 13 

ganglion cells than the pteropodids and thus a significantly lower spatial resolving power (0.6 14 

cycles/degree). M. daubentonii also differs in terms of the distribution of retinal ganglion cells by 15 

having a unique dorsal area of specialization in the retina. Our findings are consistent with the 16 

existing literature and suggest that M. daubentonii likely only uses vision for orientation, while for 17 

pteropodids vision is also important for foraging.  18 
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2. Introduction 19 

Animal sensory systems are crucial for survival and can detect a large variety of stimuli ranging from 20 

electromagnetic fields to large aromatic molecules. The ability to perceive information carried by 21 

light is purportedly one of the strongest selective forces in nature, and a large number of animal 22 

species have light sensitive organs [Land, and Nilsson, 2002]. 23 

An animal’s visual ability strongly depends on its life history [Cronin et al., 2014] and vision is not 24 

restricted to animals dwelling in well-lit environments. Indeed, many animals can see well in very dim 25 

habitats, although remarkable adaptations have evolved to permit vision in such environments 26 

[Warrant, and Locket, 2004; Warrant, 2008]. For animals living in complete darkness, the eyes and 27 

visual system typically reduce over evolutionary time (e.g. the Mexican cave-fish (genus Astyanax)) 28 

some of which have completely lost their visual sense [Avise, and Selander, 1972; Kirby et al., 1977; 29 

Jeffrey et al., 2003; Moran et al., 2015]. 30 

Bats are well known for their ability to use echolocation to hunt and navigate in complete darkness 31 

[Griffin, 1958]. Echolocation in bats involves the emission of high-frequency sound pulses and the 32 

identification and localization of objects (such as prey) from the returning echo. Echolocation call 33 

design varies greatly depending on phylogeny and ecology, encompassing simple tongue-click 34 

echolocation (i.e. bats from the genus Rousettus) and a multitude of different laryngeally-produced 35 

echolocation calls ranging from short multi-harmonic calls (e.g. Phyllostomidae) to long constant-36 

frequency calls (e.g. Rhinolophidae) [Jones, and Teeling, 2006]. However, most bats of the 37 

frugivorous Pteropodidae family do not echolocate (with the exception of the Rousettus bats). 38 

Instead, they rely mainly on vision and olfaction to orient and forage [Fleming, 1982; Luft et al., 2003; 39 

Jones, and Teeling, 2006; Raghuram et al., 2009]. 40 

Although some echolocating bats use vision to complement echolocation when hunting [Bell, and 41 

Fenton, 1986; Suthers et al., 1969; Eklöf et al., 2002b; Rydell, and Eklöf, 2003], laryngeally 42 
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echolocating bats likely use vision primarily for orientation and in some cases for obstacle avoidance 43 

[Davis, and Barbour, 1965; Layne, 1967; Bradbury, and Nottebohm, 1969; Eklöf et al., 2002a]. 44 

Blindfolded Myotis lucifugus fly lower and more erratically, indicating that vision is used to maintain 45 

flight stability, probably by gauging the horizon line [Mueller, 1968]. 46 

A reliance on vision is reflected directly in the morphology and physiology of the eyes (e.g. the size of 47 

the eyes, the presence of a tapetum lucidum, and the distribution of retinal ganglion cells). The 48 

retinal ganglion cells (RGCs) are the final cells involved in the chain of visual processing events in the 49 

vertebrate retina, and their axons carry the retinally processed visual information to the brain for 50 

further processing. Their distribution in the retina also reveals areas of specialization: higher RGC 51 

densities tend to indicate higher spatial resolution, while lower cell densities tend to indicate higher 52 

sensitivity [Hughes, 1977; Collin, 1999; Cronin et al., 2014]. An extreme example of specialization can 53 

be found in animals living in open environments. The retinas of these animals often possess 54 

horizontal “visual streaks” of high ganglion cell density to optimize the detection of objects at the 55 

horizon, as seen in penguins [Coimbra et al., 2012] or in horses [Hebel, 1976], while animals living in 56 

more cluttered environments (such as a forest) tend to have more circularly concentric ganglion cell 57 

density distributions (to create an area centralis), as in mice [Dräger, and Olsen, 1981], or in humans 58 

[Curcio, and Allen, 1990].  59 

African pteropodids (such as Roussettus sp.), which eat fruit from trees and roost in caves, have a 60 

peak ganglion cell density in the temporal part of the retina (viewing the frontal visual field) with a 61 

weak horizontal streak [Coimbra et al., 2017]. However, the distribution of RGCs in echolocating bats 62 

shows no density peak in the temporal retina but rather in the ventral retina (viewing the dorsal 63 

visual field) [Pettigrew et al., 1988]. Moreover, the maximum spatial resolving power of pteropodids 64 

(based on retinal ganglion cell peak density) is higher than that found in both frugivorous and 65 

insectivorous echolocating bats [Pettigrew et al., 1988; Coimbra et al., 2017]. 66 
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 Therefore, we hypothesise that the use of echolocation is reflected in the morphology and 67 

physiology of the eyes of echolocating bats, and that laryngeally echolocating bats will have the 68 

lowest overall visual acuity but good sensitivity. While Rousettus bats do echolocate, we expect their 69 

visual acuity and sensitivity to be similar to that of the other pteropodids (as shown in Coimbra et al., 70 

[2017]) since their feeding ecology shares many similarities with other pteropodids and because their 71 

mode of echolocation is less sophisticated than in laryngeally echolocating bats [Holland et al., 2004]. 72 

To test these hypotheses, we compared retinal ganglion cell distributions and spatial resolving power 73 

in a laryngeal echolocator (Myotis daubentonii), a tongue-click echolocator (Rousettus aegyptiacus), 74 

and two non-echolocating pteropodids (Pteropus alecto and P. poliocephalus). 75 

3. Materials and Methods 76 

3.1. Sample collection 77 

We collected eyes from three individual M. daubentonii (Daubenton’s bat), three individuals for both 78 

R. aegyptiacus (the Egyptian fruit bat), and P. poliocephalus (the grey-headed flying fox), and one 79 

individual from P. alecto (the black flying fox). Myotis daubentonii were caught wild in various 80 

locations within the Odense region of Denmark. Animals were either euthanized using isoflurane or 81 

were collected after they had died from sedation in an unrelated project. Rousettus aegyptiacus bats 82 

were obtained from the Copenhagen Zoo, where bats were euthanized for an unrelated study. Eyes 83 

from both Pteropus species came from injured individuals that had to be euthanised and were 84 

generously donated by rescue centres in Queensland. Eyes were enucleated and fixed by each 85 

centre’s veterinarian. 86 

3.2. Retinal wholemount preparation 87 

We marked the orientation of the eye prior to enucleation, by burning the dorsal part of the cornea 88 

very slightly with a cautery pen or a heated needle. Once enucleated, the eyes were fixed in 4% 89 

paraformaldehyde for half an hour for M. daubentonii and overnight for R. aegyptiacus, P. 90 
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poliocephalus and P. alecto. We made a small incision on the cornea of the eyes of R. aegyptiacus to 91 

allow faster and better fixation. After fixation, the eyes were kept in 0.1M phosphate buffer at pH 92 

7.2-7.4 with 1% sodium azide to prevent any bacterial or fungal growth. 93 

Retinas were then dissected according to standard protocols [Stone, 1981; Coimbra et al., 2006]. 94 

Tension releasing cuts were made to flatten the retina (six cuts for the pteropodid eyes and four for 95 

M. daubentonii). Then the sclera, choroid and retinal pigment epithelium were removed. For some 96 

retinas, the pigmented epithelium could not be completely removed mechanically and in these cases 97 

the preparation was bleached for 12 hours in a solution of 3% hydrogen peroxide in 0.1M phosphate 98 

buffer. Retinas were then mounted on gelatinized slides (with chromium gelatine), left to dry in 37% 99 

formaldehyde vapours for 2 to 8 hours, to enhance the retinal fixation on the slide and to better 100 

differentiate the different types of retinal neurons, stained in an aqueous solution of 0.1% Cresyl 101 

violet (5 mins for R. aegyptiacus and M. daubentonii retinas and 7 mins for P. poliocephalus and P. 102 

alecto) using the Nissl method and mounted using Entellan New (Merck, Kenilworth, NJ) [Boycott, 103 

1982].  104 

3.3. Retinal ganglion cells distribution and density 105 

We estimated the distribution and total number of RGCs using the optical fractionator method 106 

(Appendix 1, [West et al., 1991]) modified for retinal wholemounts as described by Coimbra and 107 

colleagues [2009]. We considered the retina as a single section. The ganglion cell layer was a single 108 

layer in all bat species (previously described for pteropodids [Coimbra et al., 2016] and observed 109 

here for M. daubentonii). We thus only used the areal sampling fraction (asf), which is the ratio of 110 
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the area of the counting frame to the area of the grid, to estimate the number of cells N using the 111 

following formula [West et al., 1991]:  112 

𝑁 =∑𝑄
−∙

1
𝑎𝑠𝑓 113 

where Q-  is the total number of retinal ganglion cells counted. 114 

We outlined the retina and the optic disc using a 10x objective for M. daubentonii and R. aegyptiacus 115 

(Lund University, Sweden), and a 5x objective for both P. alecto and P. poliocephalus (Queensland 116 

Brain Institute, The University of Queensland, Australia). In all species we counted the retinal 117 

ganglion cells using a 63x oil immersion objective. We used the same apparatus for both P. alecto 118 

and P. poliocephalus, and a slightly different apparatus for M. daubentonii and R. aegyptiacus 119 

depending on where the analysis was carried out (Australia or Sweden): a compound microscope 120 

(respectively Zeiss Imager.Z2 or Zeiss Imager.M2) equipped with a motorised stage (respectively MAC 121 

6000 System, Microbrightfield, USA or Märzhäuser Wetzlar EK 75x50), a digital colour camera 122 

(Microbrightfield, USA or AxioCam MRc) and a computer running Stereo Investigator software 123 

(Microbrightfield, USA) for all four species. 124 

We expected a shallow density gradient of RGCs with a peak in density in the temporal part of the 125 

retina for the pteropodids and a higher density in the ventral part of the retina for M. daubentonii 126 

[Pettigrew et al., 1988; Coimbra et al., 2016]. We therefore used a single grid and counting frame size 127 

to map the topographical distribution of RGCs across the whole retina.  We fixed the size of the grid 128 

and the counting frame to ensure that the Schaeffer coefficient of error was under 0.1 [Glaser, and 129 

Wilson, 1998; Slomianka, and West, 2005; Coimbra et al., 2016]. We did a subsampling of the peak 130 

region (identified during the initial counting) using the same counting frame size but with a grid of 131 

half the size to more precisely determine the peak density and its location (Table 1) (except in the 132 
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case of M. daubentonii as the counting frame size was bigger than half the grid size in which case we 133 

used a grid of 120×120 µm.  134 

Three types of cells can be found in the ganglion cell layer of bats: retinal ganglion cells, amacrine 135 

cells and glial cells, identified using the cytological criterion described in Hughes [1977]. RGCs were 136 

identified by the large irregular shape of their soma and the darker staining of their nucleus and 137 

nucleolus. Amacrine cells were identified as smaller cells with a more regular shape and a lighter and 138 

more uniform staining. Glial cells were identified by their small, round and very darkly stained profile 139 

(Figure 1). We used these criteria and only counted RGCs in this study since the three cell types could 140 

easily be discriminated from one another in all the regions of the RGC layer of each species.  141 

Topographic maps were constructed using R v3.3.0 (Team R Core 2016) with results exported from 142 

the StereoInvestigator software according to Garza-Gisholt and colleagues [2014]. We used the 143 

Gaussian Kernel smoother present in the Spatstat package [Baddeley, and Turner, 2005] and 144 

adjusted the sigma value (i.e. the parameter controlling the smoothness of the isocurves) to be the 145 

distance between points (the grid size) for each map. 146 

 147 

3.4. Estimation of the resolving power 148 

We estimated the upper bound of the spatial resolving power by taking the peak value RGC density 149 

measured in the retina [Coimbra et al., 2016] and since all four bat species are nocturnal [Nowak, 150 

and Walker, 1994], we estimated the posterior nodal distance (PND) by multiplying the axial length 151 

of the eye by 0.52, the assumed ratio between PND and axial length in nocturnal species [Pettigrew 152 

et al., 1988]. 153 

To calculate the maximum spatial resolving power (SRP), we assume a square sampling lattice of 154 

ganglion cells and recognise that two ganglion cells are required to resolve one black-and-white 155 
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stripe pair in a grating pattern (the Nyquist limit). The SRP (cycles/deg) is thus expressed as 156 

[Pettigrew et al., 1988; Collin, and Pettigrew, 1989]: 157 

𝑆𝑅𝑃 =
√𝑛

2𝛼
 158 

where n is the number of ganglion cells/mm2 and   is the angle subtending 1 mm on the retina. 159 

This angle is easily calculated from the PND in mm (tan  = 1 mm/PND). 160 

The variance introduced by the stereological procedure should not be above 50% of the group 161 

variance. This can be verified by calculating the ratio of the squared mean Schaeffer Coefficient of 162 

Error (CE) to the squared Coefficient of Variation (CV), which must have a value below 0.5 163 

[Slomianka, and West, 2005]. We found that this was the case for M. daubentonii (0.014), R. 164 

aegyptiacus (0.014) and P. alecto (0.098). In P. poliocephalus it was 2.33 (Appendix 1). However, 165 

since the Schaeffer CE was low in all estimates for this species (<0.05), this is likely caused by low 166 

variability within the group (CV = 0.031). 167 

4. Results 168 

We found that M. daubentonii has a lower total number of ganglion cells (~6,000) than the 169 

pteropodids (~200,000) (Figure 2A, Table 2). All three species of pteropodids have similar retinal 170 

ganglion cell topography patterns with an area centralis in the temporal part of the retina (Figures 3-171 

5). In P. poliocephalus (Figure 3) a second specialisation could be identified, a weak horizontal streak 172 

defined by more elliptical iso-density lines with densities ranging from 1200 to 1800 cells/mm2. The 173 

retinal topographic maps for M. daubentonii (Figure 6) were different from those of the pteropodids. 174 

They appear to have two or even three area centralae, one in the dorsal part of the retina, one in the 175 

ventral part and one in the temporal part (Figure 6). However, one of the maps doesn’t show the 176 

ventral specialisation, and all maps seem to have noise which could be due to individual variation or 177 

shrinking of the retinae when they were stained or uneven staining of the retina. The temporal area 178 
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is also not very clear in all individual (e.g. Figure 6A) and could be part of the dorsal area seen 179 

temporally due to the cut. 180 

The average maximum retinal ganglion density of cells was found to be ~6000 cells/mm2 for all 181 

species (Figure 2B, Table 2) with no significant difference between the peak values between species. 182 

We found an average maximum resolving power of 0.6±0.1 cycles/degree for M. daubentonii, 183 

2.8±0.3 cycles/degree for R. aegyptiacus, 3.8±0.5 cycles/degree for P. poliocephalus, and 3.9±1.5 184 

cycles/degree for P. alecto. Thus M. daubentonii has a significantly lower spatial resolving power than 185 

the three pteropodid bats. We find no significant difference between the three Pteropodid species, 186 

but it seems that the spatial resolving power of R. aegyptiacus tends to be somewhat lower than in 187 

the two other Pteropodids (Figure 2C and Table 2).  188 

5. Discussion/Conclusion 189 

In line with our hypothesis we find that the laryngeal echolocator, M. daubentonii, has the lowest 190 

total number of RGCs (~6,000 cells) and the lowest spatial resolving power (~ 0.6 cycles/degree). 191 

There seems to be no significant difference in the total number of cells and peak cell densities 192 

between R. aegyptiacus, P. poliocephalus, and P. alecto, but we found a lower spatial resolving 193 

power for R. aegyptiacus than the two other pteropodids, however that difference is at the limit of 194 

significance (p=0.05). 195 

Our results are consistent with existing literature on pteropodid and vespertilionid bats. Coimbra et 196 

al. [2017] found a similar spatial resolving power in R. aegyptiacus (2.81 cycles/degree) and in other 197 

African pteropodid bats with spatial resolving power ranging from 2.0 cycles/degree for 198 

Megaloglossus woermanni to 3.8 cycles/degree for Hypsignathus montrosus. Therefore, spatial 199 

resolving power in R. aegyptiacus seems to be within the range of other pteropodids, even though 200 

bats of this genus are the only ones capable of echolocation. Thus, the ability of R. aegyptiacus to 201 
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echolocate appears to have had no effect on its visual acuity, indicating that they rely on vision to the 202 

same extent as other pteropodids. 203 

Pettigrew et al. [1988] measured the visual acuities of six species of echolocating bats including one 204 

vespertilionid bat, Nyctophilus gouldi, and found a spatial resolving power of 0.6 cycles/degree. This 205 

is similar to what we find for M. daubentonii, the vespertilionid in our study. As hypothesised, due to 206 

its small eye size and low ganglion cell number, visual acuity in M. daubentonii is significantly lower 207 

than in the pteropodid bats (Figure 2). 208 

Our results thus support the notion that pteropodids use vision to locate fruit during foraging [Jones, 209 

1972; Eby, 1998] and that M. daubentonii uses its vision primarily for large scale navigation and 210 

orientation, as seen in other echolocating bats (Figure 7) [Chase, and Suthers, 1969; Eklöf et al., 211 

2002b; Rydell, and Eklöf, 2003]. 212 

The topographic map of ganglion cell densities in M. daubentonii shows three areas of high density 213 

(Figure 6) (one in the ventral retina, one in the dorsal retina and one temporal). The temporal 214 

specialisation is common for binocular vision [Hughes, 1977] while the ventral specialisation is 215 

consistent with a possible use of celestial cues during visual navigation as it would allow the animal 216 

to more easily resolve cues in the sky, such as stars [ Davis, and Barbour, 1965; Layne, 1967; 217 

Bradbury, and Nottebohm, 1969; Suthers, and Wallis, 1970]. Many bats use visual cues when 218 

navigating, such as the big brown bat Eptesicus fuscus which is able to perceive simulated stars 219 

[Davis, and Barbour, 1965; Layne, 1967; Bradbury, and Nottebohm, 1969; Childs, and Buchler, 1981].  220 

The dorsal specialisation in M. daubentonii is an entirely new finding that could be related to its 221 

feeding ecology. Myotis daubentonii primarily hunts for insects immediately above or on water 222 

surfaces [Jones, and Rayner, 1988; Kalko, and Schnitzler, 1989]. Large flat surfaces will reflect sound 223 

that is not projected directly towards the surface away from the bat, effectively creating a moving 224 

acoustic blind-spot that may be problematic for bats relying solely on echolocation [Greif et al., 225 

2017]. A dorsal specialisation in the retina provides a better downward resolution and may be an 226 
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adaptation to feeding close to the water surface. It is unlikely that the dorsal specialisation could be 227 

used for prey detection as the minimum size for an object to be resolved from half a meter away 228 

(with a spatial resolution of 0.6 cycles/degree) is about 15 mm (see Coimbra et al. [2017] for 229 

calculation details). However, this is an estimation of the minimum object size in ideal circumstances 230 

- in reality the bat would be flying rapidly in a dark environment, which would make the minimum 231 

size resolvable by the bat a lot larger.  232 

 233 

The dorsal specialisation could also be an adaptation for visually gauging altitude since M. lucifugus 234 

flies lower and more erratically when blinded or blindfolded [Mueller, 1968]. Thus, we speculate that 235 

the dorsal retinal specialization of M. daubentonii may be an ecological adaptation used for judging 236 

the distance to the water surface. Further investigations into the retinal topography of other trawling 237 

bats (e.g. Myotis dasycneme, M. capaccinii, Noctilio leporinus, N. albiventris) compared to non-238 

trawling echolocating bats will undoubtedly shed further light on this. 239 

 240 

The topographic maps of Pteropus sp. all show a temporal specialization (Figure 3-5) consistent with 241 

other pteropodid species [Heffner et al., 1999; Coimbra et al., 2017]. Pteropodid bats feed on fruit 242 

and a temporal specialisation improves resolution in the binocular part of the visual field, thus 243 

assisting them to accurately pick fruit without the use of echolocation [Jones, 1972; Hughes, 1977]. 244 

Interestingly, in R. aegyptiacus we did not detect the horizontal streak previously found in this 245 

species by Coimbra et al. [2017]. We speculate that the absence of a clear streak in our bats may be 246 

due to a lighter staining which led to a lower cell count around the optic disc, thus failing to reveal 247 

the streak. The presence of a horizontal streak of high ganglion cell density in the retina indicates 248 

that Pteropodids use their vision to scan the horizon [Graydon et al., 1987; Coimbra et al., 2017]. 249 

 250 
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In conclusion, we find a temporal specialization in the retinas of all three pteropodid species that is 251 

consistent with their feeding ecology and consistent with previous findings from pteropodid bats 252 

[Coimbra et al., 2017]. In the retina of M. daubentonii, we find a ventral specialization previously 253 

described in other echolocating bats as well as a temporal specialization and a unique dorsal 254 

specialization which we hypothesise is an adaptation to the bat’s trawling mode of feeding, and thus 255 

might be a general feature of all trawling bats (Figure 7). Further studies of vision in other trawling 256 

bats, and in bats with different feeding ecologies should help to clarify this question and may very 257 

well lead to discoveries of other unique specialisations. 258 

 259 

6. Appendix  260 

Appendix 1: To estimate the number of cells in a sample the optical fractionator divides the sample 261 

into a systematically and randomly placed number of sections. It then utilizes three variables: 1. the 262 

section sampling fraction (ssf), which is the ratio of the number of sampled sections to the total 263 

number of sections, 2. the area sampling fraction (asf), which is the ratio of the area of the counting 264 

frame to the area of the counting grid, and 3. the thickness sampling factor (tsf) which is the ratio of 265 

the height of the dissector to the thickness of the sample. The retina is considered as a single section 266 

– therefore, ssf is set to 1. Moreover, the ganglion cell layer in all the bat species we examined was a 267 

single layer, therefore we set the dissector height at the same thickness as the retinal ganglion cell 268 

layer giving a tsf of 1. Because both tsf and ssf were set to one, we can simply use the areal sampling 269 

fraction (asf) to estimate the number of cells. To measure the accuracy of the estimate using the 270 

optical fractionator we calculated the Coefficient of Error (CE) (Table A1), which is defined as the 271 

standard error of the mean of repeated estimates divided by the mean.   Different formulas have 272 

been developed to estimate the CE using models based upon different assumptions. We used the 273 

Schaeffer Coefficient of Error as it has been validated for retinal ganglion cells before [Glaser, and 274 

Wilson, 1998].  275 
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To check if the variance introduced by the stereological procedure does not account for more than 276 

50% of the observed variance, we checked if the ratio between CE2/CV2 was less than 0.5 (Table A1). 277 

CV denotes the Coefficient of Variance and is defined as the ratio of the Standard deviation to the 278 

mean (Table A1).   279 
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9. Figure Legends 397 

 398 

Fig. 1. Cell identification in high (A) and low (B) density zones in the retina of P. alecto. GC ganglion 399 

cell, GLC glial cell, AC amacrine cell. Scale bars represent 20 µm. 400 

 401 
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 402 

Fig. 2. Comparison of total numbers of cells (A), peak ganglion cell densities (B) and maximal 403 

resolving powers (C) in Myotis daubentonii (MD), Rousettus aegyptiacus (RA), Pteropus poliocephalus 404 

(PP). Error bars show the maximum deviation from the average. 405 

 406 
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 407 

Fig. 3. Topographic maps of retinal ganglion cell densities in P. poliocephalus. Orientation is shown on 408 

the figure where T stands for temporal, N stands for nasal, D stands for dorsal and V stands for 409 

ventral. The colour scale is in thousands of cells/mm2. The scale bar represents 1 mm. Each panel 410 

represents a different individual. 411 
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 412 

Fig. 4. Topographic maps of retinal ganglion cell densities in P. alecto. Other conventions as in Figure 413 

3.  414 

415 
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 416 

Fig. 5. Topographic maps of retinal ganglion cell densities in R. aegyptiacus. Each panel represents a 417 

different individual. Other conventions as in Figure 3. 418 

419 
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 420 

Fig. 6. Topographic maps of retinal ganglion cell densities in M. daubentonii. Each panel represents a 421 

different individual. The scale bar represents 0.1 mm. Other conventions as in Figure 3. 422 

423 
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 424 

Fig. 7. Schematic drawings of the ganglion cell distributions in each of three bat species, as well as 425 

representation of the hunting environment for each bat species.  A. Pteropus sp.; B. R. aegyptiacus; 426 

C. M. daubentonii A darker grey represents a higher ganglion cell density. The cross represent the 427 

orientation of the schematic drawing (T stands for temporal, N stands for nasal, V stands for ventral 428 

and D stands for dorsal). The symbols next to the schematic drawings represent what we hypothesize 429 

the specialization in for. 430 

431 
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 432 

Individual 
Counting 

frame (µm) 
Grid (µm) 

Number of 
sites 

counted 

Pteropodidae    

P. alecto 215x215 
1000x100
0 

 

A Right eye   221 

P. poliocephalus 215x215 
1000x100
0 

 

A Left eye   221 
B Left eye   229 

C Right eye   228 

R. aegyptiacus 150x150 660x660  

A Left eye   230 
B Left eye   217 

C Right eye   192 

Vespertillionidae    

M. daubentonii 120x120 160x160  

A Left eye   120 
B Left eye   141 
C Left eye   108 

 433 

Table 1. Parameters of the optical fractionator used for each individual. 434 



 

 435 

Individual 
Eye 

diameter 
(mm) 

Retinal area 
(mm2) 

Area 
Sampling 
fraction 

CE PND 
Est. number of 

cells 
Peak number 

of cells 

Spatial 
resolution 

(cycles/degree
) 

Pteropodidae         

P. Alecto         

Right eye 11.2 201.50 0.0462 0.050 5.82 322855 9432 4.94 

P. poliocephalus         

A Left eye 11.2 203.69 0.0462 0.045 5.82 246230 7442 4.38 
B Left eye 9.7 208.57 0.0462 0.049 5.82 261914 5127 3.64 

C Right eye 11.2 205.90 0.0462 0.049 5.04 256960 6425 3.53 
R. aegyptiacus         

A Left eye 8.0 93.78 0.0230 0.029 4.16 197335 5555 2.71 
B Left eye 8.0 90.57 0.0230 0.038 4.16 120673 7300 3.10 

C Right eye 7.0 75.15 0.0230 0.039 3.64 191199 6888 2.64 

Vespertillionida
e 

        

M. daubentonii         

A Left eye 1.8 1.68 0.5625 0.032 0.94 4718 6400 0.66 
B Left eye 1.8 2.90 0.5625 0.027 0.91 7240 4900 0.56 
C Left eye 1.8 2.10 0.5625 0.036 0.94 5840 4792 0.57 

Table 2. Estimated total and maximum number of ganglion cells using the optical fractionator method. CE stands for Coefficient of Error and PND for Posterior 436 

Nodal Distance. 437 
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 M. daubentonii R. aegyptiacus P. alecto* P. poliocephalus 
Mean number 
of cells 

5933 169742 322855 255034 

SD 1307 49069  8804 
CV 0.220 0.289  0.035 
CE 0.032 0.035 0.050 0.048 
CE2/CV2 0.021 0.015  1.938 

*Since there was only one individual from P. alecto it was not possible to calculate SD and thus estimate CV and CE2/CV2 438 

Table A1. Estimated mean number of cells, Standard Deviation (SD), Coefficient of Error (CE) and 439 

Coefficient of Variance (CV) per species. 440 


