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Abstract 

 The eye is a complex organ which plays a crucial role in how an animal perceives and 

responds to its environment. Recent evidence has suggested that visual predation in an animal’s 

environment can influence the eye size morphology. Despite mounting evidence suggesting other 

factors that may be involved in evolution of eyes the literature is heavily dominated by articles 

solely looking at the effects of environmental light levels. Therefore, this study aimed to add to 

the literature regarding predation and eye size by looking at how varying degrees of predation 

affect eye morphology in a population of a small freshwater crustacean, Daphnia. Here, I test the 

visual target hypothesis the hypothesis predicts that the eye size of a Daphnia population under 

heavy predation will be significantly smaller than the populations exposed to little or no 

predation. In order to test this hypothesis, four species of Daphnia were split into two groups 

which were raised in water containing mosquitofish kairomones or filtered lake water. The 

groups were raised for two weeks and then body and eye size measurements were taken and 

showed that absolute body size and eye size were affected by the fish, but not relative eye size. 



Therefore, the visual target hypothesis was not supported in these species, but it was shown that 

predation does have an effect on other morphological or life history traits.  

Introduction  

 The eye is an incredibly complex organ which allows an organism to interpret and 

respond to environmental information encoded in light. The eye accomplishes this by capturing 

photons of light from the environment and focusing them onto photosensitive cells in the back of 

the eye. Most animals have developed some form of light sensitive apparatus with abilities 

ranging from simple light-dark detection to accurate snapshots of the environment. It is for this 

reason that much research has been done to understand the factors which influence the evolution 

of the eye as it can provide valuable insights into the animal’s environment and behavior.  

It is generally accepted that aspects of organism’s morphology must reflect the 

environment the organism lives in. As the eye works by collecting light it is assumed that 

ambient light levels are an important factor in the development of the eye, and for this reason 

much of the literature consists of studies comparing eye size to light levels. Studies comparing 

the relative eye size of nocturnal and diurnal species in a variety of taxa, including butterflies 

(Rutowski, 2000), bees (Somanathan et al., 2009), birds (Hall & Ross, 2007), lizards (Hall, 

2008), and mammals (Veilleux & Lewis, 2011) show that in general nocturnal species have 

developed a larger eye and larger corneas or rhabdoms. Nocturnal species have developed these 

adaptations because they allow them to capture more photons in an environment that is photon 

scarce. While light levels are important it has been shown that other environmental factors such 

as habitat and behavior will affect the actual amount an animal receives and therefore affect their 

eye morphology. Studies have shown that fish living in more turbid waters and birds which 



exhibit edge avoidance behavior also have larger eyes as the circumstance of their habitat or 

behavior limit the amount of light they receive (Dugas & Franssen, 2012; Martínez-Ortega et al., 

2014). Therefore, light is an important aspect in the evolution of eye morphology as if light 

levels are lower for any reason large will develop. However, as other factors affect the light an 

organism receives indirectly it is possible that perhaps other factors besides light can influence 

eye morphology.  

The literature does indeed show that eye development can be influenced by factors not 

related to light such as the amount of resources in an environment. For instance, the blind 

cavefish has near useless eyes while many of its surface dwelling relatives have functioning eyes 

(Jeffery, 2005). It has been suggested that the reason for this observation is that caves have 

limited resources and the benefits of large eyes are diminished since little light is available 

(Niven & Laughlin, 2008). This interpretation has been further supported in a laboratory study 

on the freshwater zooplankton Daphnia which found that resource limitation will generally lead 

to smaller eye (Brandon & Dudycha, 2014). The reason being that in an environment with 

limited resources an individual is unable to allocate resources to the production of a highly 

sophisticated organ such as the eye (Hiller-Adams & Case, 1984). Therefore, if environmental 

conditions are correct the costs of producing a large eye will outweigh the benefits leading to the 

evolution of smaller eyes.  

One of the most interesting non-visual factors which may affect the morphology of the 

eye is the level of predation in an ecosystem. A study on wild population of the Trinidadian 

killifish (Rivulus hartii) found that on average fish in a stream with higher levels of predation 

had smaller eyes (Beston et al., 2017). It has been shown that predators will often target large 

highly pigmented eyes, and the study suggests that this is the reason for the collected results 



(Zaret & Kerfoot, 1975). Similar results were collected in a studies on Eurasian perch which 

found that perch raised in tanks with a large amount of predators have smaller eyes and the 

Ambon damselfish who also had smaller eyes when exposed to predators (Lönnstedt et al., 2013; 

Svanbäck & Johansson, 2019). These results support the visual target hypothesis which suggests 

that visual predators will specifically target individuals with large eyes relative to their body size. 

However, despite initial evidence that supports this hypothesis there have been few laboratory 

studies to support it. The purpose of this study is to provide evidence in support of the visual 

target hypothesis through a laboratory study on Daphnia.  

Phenotypic plasticity is a change in the outward expression of a gene due to 

environmental factors and it has been argued that such changes could provide a key first step in 

the evolution of adaptive traits by providing a morphological difference for selection to act on 

(Via et al., 1995). Daphnia has been shown to have a wide variety of plastic responses to 

predator cues such as fish kairomones including decreased pigmentation (Tollrian & Heibl, 

2004), lengthened head and tail spines (Dzialowski et al., 2003), and the production of neckteeth 

(Naraki et al., 2013). Studies in other invertebrates and zooplankton using fish kairomones have 

shown that visual sensitivity can also increase due to the presence of a predatory cue (C. L. 

Charpentier & Cohen, 2015; Corie L. Charpentier & Cohen, 2018). The wide range of plastic 

responses Daphnia show due to predatory cues as well as the plasticity’s possible ability to 

influence evolution makes them an ideal candidate for determining the effect of predation on eye 

evolution. 

Daphnia have also been shown to engage in anti-predatory behaviors which would 

suggest a decreased eye size in response to predators. The majority of zooplankton predators are 

visual hunters and have been shown to target large conspicuous individuals in a population 



(Confer & Blades, 1975). For this reason predator exposed Daphnia have been shown to display 

increased diel vertical migration, a behavior where they migrate to the dark bottom of the water 

column in order to avoid visual predators (Effertz & von Elert, 2014). It has also been shown that 

Daphnia will actively seek shelter in macrophytes at the bottom of the column in order to hide 

from predators (Burks et al., 2001; Lauridsen & Lodge, 1996). If Daphnia avoid predators by 

hiding in deeper parts of the water column evolution would predict that they also acquire 

morphological traits which will make them less conspicuous to predators in response to heavy 

predation. Indeed, the literature does support this as individuals exposed to kairomones have 

been shown to have reduced body sizes (Weider & Pijanowska, 1993).  

 We performed this study by raising four species of Daphnia (D. pulex, D. pulicaria, D. 

laevis, and D. Obtusa) in either filtered lake water or water containing Gambushia affinis (a 

known zooplankton predator) kairomones (Hurlbert et al., 1972). We predict that the kairomone 

treated Daphnia should develop smaller eyes as it would allow them to more efficiently hide 

from predators. This prediction is in agreement with a the current understanding of Daphnia anti-

predator behavior as well as field studies in other organisms such as Rivulus hartii (Beston et al., 

2017). If the results do indicate smaller relative eye sizes this study would be one of the first 

laboratory studies supporting the visual target hypothesis.  

Methods 

 Fish Care  

 Then the fish were cared for in three individuals 10-gallon tanks containing four-five fish 

each. Before the addition of the fish a commercial instant safe start was added to the water to 

establish a bio-filter of bacteria in the water making it safe for the fish. Each day the fish were 



fed with commercial fish flakes and the temperature of the water was also checked to ensure that 

it was maintained at approximately 25 ̊ C. The animals where kept on a 14:10 light to dark 

photoperiod and twice a week chemistry checks were performed on the fish water to ensure that 

it remained within a pH range of six-eight and nitrite/ammonia levels remained low. The tank 

itself had the bottom covered with gravel and artificial plants, an oxygen pump, a filter, and a 

heater were added to ensure the fish remained healthy. The tank was covered to lower the rate of 

evaporation and spring water was added to maintain water levels either through evaporation or 

the water being removed for the study. The tank was checked daily for algae buildup and 

noticeable amounts of algae were removed using commercially available removal products. The 

fish were monitored daily for signs of stress including eye color, ventilation rates, swimming 

behavior food intake, and inactivity. All mosquitofish care and procedures were carried out 

according to an FSC approved IACUC protocol 2019-2020.  

Experiment  

In each of our four trials adult Daphnia were removed from a large general population 

and placed into 150 mL of filtered lake water to produce neonates that were less than 15 hours 

old. These beakers were checked daily for neonates which were then split into two groups of 30 

(N=30). The individuals in the first group were isolated in beakers containing 100 mL of water 

filtered from nearby Lake Hollingsworth in Lakeland, Florida. The second group was isolated in 

beakers which contained 100 mL of water collected from the mosquito fish tanks. The trials each 

lasted a total of two weeks and the animals were fed each day with 20,000 cells of green algae 

(Ankistrodemus falcultus) which were counted under a hemocytometer and then administered 

using a micropipette. During the duration of the experimental procedure the animals were kept in 

a 20 ̊ C environmental chamber on a 12:12 light: dark photoperiod. The water was changed every 



two days and the number of neonates produced was also recorded and any individuals that died 

were removed from the set. Following the water change the beakers were randomized and placed 

back in their environmental chamber.  

At the end of the two-week period the individuals in each group were removed from their 

beakers and preserved in 70% ethanol. Once preserved the Daphnia were photographed under a 

dual-power dissecting scope 3-5 days after experimental procedures ended. Then eye diameter 

and body length measurements were taken using the program imageJ (Figure 1). I performed an 

analysis on the four measured parameters (absolute eye size, absolute body size, relative eye 

size, and progeny) using a Kruskal-Wallis test to determine if predatory cues had a significant 

effect on Daphnia morphology. Also, relative eye size was determined using an ANOVA test on 

the residuals derived from the regression of body size and eye diameter.  

Results 

 Relative eye size showed no significant differences between control and experimental 

trials in any of the four species (Figure 2). The Kruskal-Wallis tests showed that D. pulex (N=23) 

and D. pulicaria (N=27) had significant differences in eye diameter compared to controls, 

P=0.001902 and P=2.044e-07 respectively (Table 1). In contrast D. obtusa (N=29; P=.7486) and 

D. laevis (N=14; P=.1286) exhibited no significant differences between the control and 

experimental groups (Table 1).  

 The data for body size reflects a similar trend as D. pulex (P=0.008183) and D. pulicaria 

(4.238*10-7) showed significant differences in body size compared to control groups (Table 2). 

D. obtusa (P=.05111) and D. laevis (P=0.08057) showed no significant differences in body size 



in the fish treatments (Table 2). The control groups for D. pulex and D. laevis had a rather large 

range of sizes with values ranging from 1200-1500 μm and 900-1700 μm respectively (Figure 4).  

 Fish kairomones were shown to have a significant effect on the amount of progeny 

produced by all four species. The results of the Kruskal-Wallis tests showed significant decreases 

in progeny in D. pulex (P=0.001682), D. obtusa (P=6.218*10-10) D. laevis (P=.04996), and D. 

pulicaria (P=2.676*10-11) (Table 3). The mean of each of the control sets of data were all higher 

than the experimental for each species and there was a higher variation in progeny in the controls 

of D. pulex and D. laevis (Figure 5).  

Discussion 

 Our results do not support the visual target hypothesis as we found that fish kairomones 

have no effect on relative eye size. The relative eye site data indicates that fish do not likely 

target eye size, specifically in Daphnia. The hypothesis that fish specifically target large 

pigmented eyes would predict that individuals exposed to high levels of predation in a field or 

lab setting should have smaller eyes. Indeed, this is the result found in R. hartii where 

individuals in high prey environments have smaller eyes (Beston et al., 2017). This was not the 

case in this study as each species showed no significant differences in relative eye size between 

the control and experimental groups. Therefore, the visual targeting hypothesis is not supported 

by this data and thus predation is likely not a factor influencing the relative eye size in Daphnia. 

 While fish kairomones did not influence relative eye size the results do show that they 

influence absolute body size. We found that fish kairomones lead to a much smaller body size 

when compared to control groups in D. pulex and D. pulicaria. This result agrees with the 

current literature as other studies on Daphnia exposed to Gambusia kairomones have a smaller 



size (Chakri et al., 2010). It is thought that the phenotypic changes induced by kairomones must 

have some kind of adaptive benefit (Eitam et al., 2002). Therefore, given the fact that fish 

predators of Daphnia are known to be visual predators one can assume that this reduced body 

size helps the species avoid predators (Warshaw, 1972). This conclusion is further supported by 

similar results in studies on Daphnia with the kairomones of other fish predators including Perca 

fluviatilis (Reede, 1995) and Lepomis macrochiru (Dodson, 1989). Daphnia have also been 

shown to show increased diel vertical migration for predator avoidance when exposed to large 

concentrations of fish kairomones (Von Elert & Pohnert, 2000). A smaller body size would 

enable an individual to more efficiently find refuge and avoid the site of visually sensitive 

predators. Thus, it is likely that Daphnia exhibit this response in order to better escape whilst in a 

area with heavy predation.  

 The results suggest that fish kairomones will also lead to a smaller absolute eye size. It 

has been shown that Daphnia exposed to high fish predation will generally migrate during the 

brightest hours of the day (Ringelberg & Gool, 1995). It is likely that having smaller eyes is a 

benefit to Daphnia in this environment in the same way as smaller body size. It is known that the 

environment during the lower part of the migration is generally resource poor (Lampert, 1989). 

Large compound eyes have been shown to provide better images of the environment, but their 

growth has been limited by resources (Brandon & Dudycha, 2014; Land & Nilsson, 1990). 

Predator exposed Daphnia have also showed increased negative phototactic behavior which 

likely explains their daytime migrations to the bottom of the water column (Ringelberg, 1991). 

As the experimental groups of D. pulex and D. pulicaria produced significantly smaller eyes it is 

probable that this is an adaptation to better enable them to survive in the darker more resource 

deficient areas in the water column.  



 Fish kairomones were shown to have a dramatic impact on the amount of progeny each 

species produced. This effect on progeny must provide an adaptive advantage for it be found in 

all four species, and this would predict that there should be evidence suggesting that lower 

progeny leads to decreased predation. Indeed this is what the research shows as in other species 

of zooplankton it has been shown that visual predators such as fish will target females carrying 

eggs (Vuorinen et al., 1983). It has also been shown that the reason for this is likely that a large 

amount of eggs will make them more conspicuous to predators as fish are able to locate these 

individuals from a much farther distance than individuals no carrying eggs (Tucker & Woolpy, 

1984). However, it has also been shown that Daphnia may reproduce earlier and increase the 

amount of offspring at first reproduction to improve their chances of survival (Touati & 

Samraoui, 2002). As the results of this study showed consistent decreases in progeny in the fish 

trials of all species one can conclude that this is not a prime factor in the plastic response of 

Daphnia. Furthermore, the results suggest that traits which favor a more efficient antipredator 

response are favored in these four species of Daphnia. 

Species Differences  

 Unlike D. pulex and D. pulicaria D. obtusa showed no differences between absolute body 

size or absolute eye size which suggests that changes in these traits provide no benefit in wild 

population. The literature does support this claim as a study comparing the kairomone responses 

of two species of Daphnia found that D. obtusa showed almost no responses (Macháček, 1993). 

D. obtusa are known to live in small temporary lakes which generally contain no fish (Nix & 

Jenkins, 2000). It has also been shown in a laboratory study on artificial environments of 

Daphnia that D. obtusa will quickly take over an environment, but will be hunted to extinction 

quickly as soon as a predator is added (Louette & De Meester, 2007). Taken together these 



studies explain the results of this experiment as D. obtusa do not have much experience in the 

wild with predators and thus have not developed many responses to combat it. However, D. 

obtusa did exhibit similar progeny results as the other three species indicating that they may also 

be less conspicuous to predators when they have less eggs. D. laevis was also shown to not have 

any significant results regarding body size and eye diameter, but this is likely due to the small 

sample size which may have skewed the results. In addition, this species did show similar 

progeny results indicating that reduced progeny may be an effective strategy against predation in 

most Daphnia species.  

Conclusion 

 Overall, the data collected from this study shows that fish kairomones due indeed 

influence Daphnia morphology. Absolute body and eye size were reduced in response to the fish 

kairomones. D. obtusa were an exception to this pattern as they generally live in low predator 

environments and thus most likely have not evolved a plastic response to predatory cues. The 

data does not support the visual target hypothesis as none of the four species showed drastic 

differences between relative eye size. Ultimately, this study shows that light is not the only factor 

influencing morphology of the eye in Daphnia and more studies on this relationship are advised 

to better understand plankton communities.  
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Figure 1: Photographs of the Daphnia used in this study. Red lines represent body length 

measurements and blue lines represent eye diameter measurements 

Figure 2: Box plots of relative eye size in each of the four species 

Table 1: Kruskal-Wallis tests for eye diameter. A p-value < .05 was considered significant 

Figure 3: Box plot for absolute eye size in each of the four species 

Figure 4: Box plot for absolute body size in each of the four species 

Table 2: Kruskal-Wallis tests for body length. A p-value <.05 was considered significant  

Figure 5: Box plot for progeny in each of the four species 

Table 3: Kruskal-Wallis tests for progeny. A p-value <.05 was considered significant 



 

Figure 1 



 

Figure 2 

 D. pulex D. obtusa D. laevis  D. pulicaria  

Chi-Squared 9.6421 .10273 2.3088 26.991 

df 1 1 1 1 



P-value .001902 .7486 .1286 2.044*10-7 

Table 1 

 

Figure 3 



 

Figure 4 

 D. pulex  D. obtusa D. laevis  D. pulicaria 

Chi-Squared  6.9929 3.8045 3.0534 39 

df 1 1 1 1 

P-value .008183 .05111 .08057 4.238*10-10 

Table 2 



 

Figure 5  

 D. pulex  D. obtusa  D. laevis  D. pulicaria  

Chi-squared  9.8676 38.252 3.8427 44.401 

df 1 1 1 1 



P-value  0.001682 6.218*10-10 0.04996 2.676*10-11 

Table 3 

 

 

 

 

 

 

 

 

 

 

 

 

 


