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Abstract 
 

Behaviour is important for the fitness of an individual animal and is a part of its phenotype. 

Behaviour can change in its form and function over ontogeny and due to environmental factors. 

The results presented here are from an experiment that investigated changes in behaviour over 

ontogeny and under varying food levels for individual specimen of Heterandria formosa, a 

small live bearing fish. The experimental fish were raised individually with food as the only 

manipulated environmental factor (low-food vs. high-food) and as a potential driver for the 

shaping of different behaviours. Behavioural differences among individuals were assessed 

across ontogeny with forced open field tests. Evaluating recorded tracks for movement and 

considering variables such as swimming speed and zonal positioning of the test fish gave 

valuable insights into behavioural changes over ontogeny. Furthermore, interactions between 

food treatments, sex and life-stage that potentially fostered differences in behaviour were 

identified. Food played a lesser role than expected. It shaped behaviour differently across stages 

and sexes in rather specific ways. Finally, repeatability of behaviour as a sign of behavioural 

types and within-individual and among-individual differences in behaviour were compared. 

These results suggest the consolidation of behaviour with age due to increased among-

individual differences. The overall results underline the importance of longitudinal studies to 

understand the ontogenetic development of behaviour and behavioural types and to identify the 

role of environmental factors. 
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1 Animal behaviour 
 

The aim of this introductory section is to provide basic information on what animal behaviour 

is, what behavioural types are and how they are formed, and what ecological and evolutionary 

implications they can have. Ultimately it should be regarded as the basic train of thought of this 

thesis. It leads from the basic principles towards assessing behaviour and behavioural 

differences while contemplating the potential influence food could have on behaviour at an 

individual level. 

 

1.1 What is animal behaviour 
 

Generally, behaviour is a fast response to changes in the environmental factors that an animal 

experiences and to the changing challenges an animal encounters as it follows its own ontogeny 

(SCOTT 2004). The field of animal behaviour is very broad and its questions range from specific 

feeding behaviour to organization of social groups. Animal behaviour draws scientific attention 

because it can help to deepen the understanding of our own species. Especially social 

interactions of other species (mostly primates) are often applied to human behaviour. At the 

same time, insights into animal behaviour also offer more effective approaches to address 

conservation problems and predict impacts of environmental changes on ecosystems (BOLNICK 

ET AL. 2003; GOSLING 2001). 

A pioneer of studying animal behaviour, NIKO TINBERGEN, formulated four major questions 

that should be asked when addressing a specific behaviour.  Generally, all four questions 

explain a different aspect of why a behaviour is expressed. First, Causation explains the 

physiological and endocrinological causes of a behaviour, like changes in hormone titres or 

triggered nerve impulses. Second, development covers aspects like imprinting and experience 

gathered over ontogeny. The third aspect, Evolution, refers to an animal’s phylogeny and the 

associated behaviours, e.g. why parental care prevailed in one taxa but not the other. Lastly 

question four, Function, evaluates the adaptive value of a behaviour and how it might improve 

the fitness of an animal (TINBERGEN 1963). Figure 1 shows a more contemporary approach 

further dividing the four questions into Proximate (how) and Ultimate (why) causes.  
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Figure 1. Tinbergen's four questions, divided by Proximate und Ultimate Causes (on the basis of: 

reed.edu). 

With regard to TINBERGEN’S approach, environmental stress is an important aspect in studies of 

animal behaviour. Environmental stress factors can have many forms but the two most 

prominent ones are stress exerted by predator presence and by low food availability (LIMA & 

DILL 1990). As mentioned before when faced with changes in environmental stressors, an 

animal will respond with behavioural changes. Taking the predator example (Causation), an 

animal could potentially decrease activity to reduce the risk of meeting a predator or change its 

preferred habitat as an avoidance strategy (Function) (TEMPLETON & SHRINER 2004). In the 

case of food, mostly the lack of it, the animal would either have to increase activity to increase 

foraging success or reduce activity in order to save energy (SOGARD & OLLA 1996). Behaviour 

can also change over ontogeny again (Development), for instance in the predator case when the 

prey reaches a certain size and no longer faces the risk of being eaten. The acquired information 

and adaption to environmental conditions, then can be passed on to a certain degree to the next 

generation (Evolution) (CONRAD ET AL. 2011). However, in complex ecosystems multiple stress 

factors are present simultaneously. This ultimately leads to so called trade-offs. For instance, 
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an increased activity might counter stress, induced by food scarcity, but at the same time could 

increase the risk of falling victim to a predator (LIMA & DILL 1990). Overall in most cases there 

is no adaptation without trade-offs, while the outcomes are also dependent on the ecological 

scenario. An increased activity in a scenario with no predator presence might lead to a higher 

growth rate while in another scenario, with high predator presence, it would also increase 

mortality (HOYLE ET AL. 2008). However, animals always must maintain a certain degree of 

foraging, exploration, mating and other behaviours despite the risks or costs to balance survival 

and lifetime reproductive success (BIRO ET AL. 2006). For instance, METACALFE ET AL. 

observed a change in feeding behaviour for juvenile Atlantic salmon (Salmo salar) when 

sighting a brown trout (Salmo trutta), a potential predator. This reduction in feeding amount 

and alteration in prey selection was seen as a trade-off between foraging and predator detection 

(METCALFE ET AL. 1987A). Predation risk here is the factor that influences the trade-off between 

foraging and vigilance and between growth and survival. While high activity might increase 

foraging success it also often increases the predation risk at the same time (BIRO ET AL. 2006; 

LIMA & DILL 1990). 

Compared to environmental stress induced by predation pressure, food as an influential 

environmental factor is less studied. Nonetheless, food is an important factor since scarcity in 

resources and ensuing competition and adaptation to it are often present in nature (ANHOLT & 

WERNER 1995; HEITHAUS & DILL 2002; TESTER & FIGALA 1990). 

 

1.2 What is animal personality? – Behavioural types 

 

Moving from the broader topic of behaviour, what it is and how it can be influenced to an 

individual level poses the question on how individuals differ concerning their behaviour. “No 

one can suppose that all individuals of the same species are cast in the very same mould” 

(DARWIN 1859). DARWIN already assumed individual differences in behaviour but for the most 

part individual differences have been regarded as white noise or simply maladaptive deviations 

from the mean (ARAK 1984; RINGLER 1983). Though not ignored completely, intraspecific 

behavioural differences have been regarded as less important compared to between species 

differences (MAGGURRAN 1986). The newer state of scientific knowledge has accepted that 

behaviour is not completely flexible (plastic) as previously assumed and as WILSON suggests 

that individual differences are rather the “end product of natural selection”, than “random 

variation around an adaptive mean” (BELL ET AL. 2009; CONRAD ET AL. 2011; DEWITT ET AL. 

1998; SIH ET AL. 2004A; WILSON ET AL. 1993). In an ideal scenario, an individual would be 100 
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percent plastic and would be able to adjust optimally to every new situation or environmental 

stressor (BELL 2007). The main reason for limited plasticity seems to be the costs of plasticity. 

These costs can range from energetic expenses to maintain regulatory and sensory processes 

needed to keep up plasticity, to the unreliability of environmental cues fostering plastic 

development (DEWITT ET AL. 1998; FAWCETT & FRANKENHUIS 2015). These newer insights 

have led to the emergence of the study of animal personality which is now at the forefront of 

the field of behavioural ecology (KAPPELER ET AL. 2013; KOSKI 2014). 

Animal personality or behavioural types are defined as consistent differences in behaviour 

among individuals within a population (MACKAY & HASKELL 2015). Variation in behaviour 

may be regarded as different solutions to a certain driver or stressor imposed by the environment 

(WOLF & MCNAMARA 2012). Different behavioural types can have ecological as well as 

biological consequences on different organizational levels, from individuals to populations and 

whole ecosystems (MITTELBACH ET AL. 2014).  For behavioural types to exist the behaviour of 

an individual has to a) be different when compared to the behaviour of other individuals and b) 

has to be consistent over certain time periods and across situations (DINGEMANSE ET AL 2010; 

SIH ET AL. 2004B). Thus, the aspects of consistency and individual differences include two types 

of variation.  Individuals can vary in the expressed behaviour among each other (among-

individual variation) or within themselves (within-individual variation). As seen in Figure 2, 

measuring a certain behaviour repeatedly and comparing the differences among individual 1 

(I1) and individual 2 (I2) yields the among-individual variation for said behaviour between the 

two individuals at a chosen point in time. The same applies for the within-individual variation. 

This variation represents the variation in behaviour for an individual among different 

measurements. As shown in Figure 2, one can see that I1 and I2 vary in their behaviour among 

each other when compared but also vary within themselves over time or a chosen environmental 

gradient (“Behavioural reaction norm”) (MARTIN & REALE 2008). So I1 behaves differently 

from I2 but also varies in its own behaviour at different measuring points. When comparing the 

magnitude, one sees that I2 is more consistent in its own behaviour since it shows less within-

individual variation (DINGEMANSE ET AL 2010). 
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Figure 2. Within-individual and among-individual differences in behaviour across situations (on the 

basis of: DINGEMANSE ET AL. 2010). 

 

These two types of variation are key factors for my thesis because they are both necessary to 

quantify variation in behaviour between and within individuals and thus potentially show the 

presence of different behavioural types and their consistency over ontogeny. The different 

variance components will be discussed further in the light of repeatability and the methods 

section. 

 

1.2.1 Development of behavioural types 
 

In this thesis, I focus mainly on the question of the development of behavioural types since the 

existence of behavioural types requires the explanation why they exist and how they develop. 

Development of behavioural types over ontogeny is a complex and much discussed topic. 

Evaluating published data, DOCHTERMAN ET AL. found for the evaluated data that 

“approximately 52% of animal personality variation was attributable to additive genetic 

variation” (DOCHTERMAN ET AL. 2005). Deducing from that they concluded that genetic 

differences could be a major factor for variation in animal personality (DOCHTERMAN ET AL. 

2005). Another approach, discussed by POLVERINO ET AL., is that behavioural types develop 

over ontogeny and become more distinct with increasing age even without genetic or 

environmental variation and thus reducing plasticity for individuals. This discussion, based on 

experimental results, indicates an experiential effect potentially fostering the development of 

behavioural types with age (POLVERINO ET AL. 2016). Lastly, many studies suggest the shaping 

of behaviour by environmental factors. For instance, EDENBROW and CROFT did not find any 
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maternal effects on behaviour for different groups of mangrove killifish (Kryptolebias 

marmoratus). However, their results suggest that risk perception and food as well as social 

experience were important factors in shaping personality (EDENBROW & CROFT 2013). 

Additional literature confirms the crucial role environmental factors seem to play for the 

development of behavioural differences. Most of these studies utilize predation risks as key 

driving factors when it comes to behavioural differences (BELL & SIH 2007; EDENBROW & CROFT 

2013; MAGNHAGEN ET AL. 2012; METCALFE ET AL. 1987A). However, food availability plays an 

equally important part for life history and behavioural development. Food has the potential to 

affect life history traits like growth rates and reproductive output as well as fostering 

behavioural changes in activity or exploration to increase foraging success (EDENBROW & 

CROFT 2013; LEIPS ET AL. 2009; MITTELBACH ET AL 2014; REZNICK ET AL. 1996). Overall many 

newer approaches consider all three aspects (genetic, experiential, and environmental) when 

considering personality studies (GROOTHUIS & TRILLMICH 2011; RÉLAE ET AL. 2010; STAMPS 

& GROOTHUIS 2009). This however was simply not feasible within the scope of a master thesis.  

 

1.2.2 Ecological and evolutionary consequences of behavioural differences 
 

Acknowledging the presence of behavioural types in animals, fish in the case of this experiment, 

leads to the question of consequences individual variation can have. While a lot of focus has 

been put on characterizing behavioural types, their potential evolutionary and ecological 

consequences equally important. Behavioural types further “should be considered a key 

dimension of ecologically and evolutionarily relevant intraspecific variation” (WOLF & 

WEISSING 2012).  They influence the fitness of an animal in many ways (growth, mortality, 

reproductive output) and can act on an individual level, population level or across populations 

and ecological contexts (CONRAD ET AL. 2011; DUGATKIN 1992; HÖJESJÖ ET AL. 2011; 

MITTELBACH ET AL. 2014; WARD ET AL. 2004).   Behavioural types influence distribution and 

abundance, species interactions, population dynamics, responses to novel environments or 

novel stressors and determine the ecological invasion potential of a species (SIH ET AL. 2012). 

An animal can change its behaviour throughout its whole ontogeny (CONRAD ET AL. 2011; 

MITTELBACH ET AL. 2014). Therefore, it is important to understand the development of 

behavioural types since they imply various fitness consequences in most cases. Figure 3 

visualizes these effects at an individual level which was the focus of the experiment. In an 

extreme case of high predator presence fish A would likely be eaten when being bold in order 

to increase foraging success but B would survive, being shyer (DUGATKIN 1992). Projected on 
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a population level such a situation could lead to a fish population of mainly shy and small (less 

foraging) specimen like B. An excellent example for that is the timidity syndrome. In that 

specific example, an increased expressed timidity in fish, induced by passive fishing gear would 

ultimately change whole populations, food webs and associated fisheries (ARLINGHAUS ET AL. 

2017).  

As for food, it should be safe to assume that in order to maximize net energy intake, an animal 

would increase activity and exploration when faced with scarcity of available resources. This 

notion would occur while trying to minimize predation risk. A total lack of food or an 

insufficient energy budget would have an adverse effect forcing the animal to conserve energy 

and thus reducing activity and movement (DILL 1986). These assumptions directly link 

behaviour to the present food level. A bold specimen might secure more food than a shy one 

but low-food conditions also might foster an increase in boldness and exploration for instance 

(CONRAD ET AL. 2011; DILL 1986; MITTELBACH ET AL. 2014; WERNER & HALL 1974). 

 

Figure 3. Consequences for individual specimen due to different behavioural types for individual life 

histories and fitness components (growth, mortality, reproductive success). Different ecosystems and 

interaction of environmental factors yield different trade-offs and behavioural effects. (on the basis of: 

MITTELBACH ET AL. 2014, image source: clipartfest.com). 
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To summarize the thesis relevant implications personality can have on ecology and evolution 

(for more implications see WOLF & WEISSING 2012), one should note that boldness, aggression, 

and activity are in many cases related to survival and/or fecundity and general life history traits. 

Different behavioural types occur across different environments, depending on species and 

environmental conditions like predator presence or resource availability (WOLF & WEISSING 

2012). Therefore, the motivation of the thesis was to observe and further understand the 

development of behavioural types since they can have significant fitness effects for individuals 

and on higher organizational levels.  

 

1.3 Hypotheses of the thesis 
 

The main purpose of the experiment was to observe und analyse behaviour over ontogeny under 

high and low-food treatments in Heterandria formosa, a small live bearing fish, originating 

from the south-eastern parts of the United States (ROSS & BRENNEMAN 1991). The previous 

sections have already explained what animal behaviour is, what behavioural types are, how they 

emerge and their potential consequences. The formulated hypotheses are based on these 

information and thoughts.   

Considering the information: 

1) For the first hypothesis, I assume that individual specimen of Heterandria formosa will 

show differences in their life history due to varying amounts of food. 

This hypothesis is based on the mentioned physiological facts. Being exposed to either high-

food or low-food conditions naturally has an influence on growth and available energy. This 

would lead to size and growth rate differences and potentially reproductive output between the 

treatments (EDENBROW & CROFT 2013). The general growth model visualizes the switch in 

energy allocation from growth to reproduction over ontogeny (Figure 4). Furthermore, different 

food levels could induce a shift in age or size at reproduction as also seen in Figure 4. When 

maturing at a certain length, low-food conditions for instance would delay the point of 

maturation. Another possibility would be to mature earlier despite the lack of food but do so at 

a smaller size than usual (ISHII & BÅMSTED 1998). 
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Figure 4. Growth model visualizing changes in energetic investment between growth and reproduction 

and the expected shifts in age/ length at maturation (on the basis of: LESTER ET AL. 2004). 

 

Furthermore, food availability could become apparent in the reproductive output in terms of 

litter size and number. Many species produce bigger but fewer offspring to increase their fitness 

under low-food conditions (BALTZ 1984; LABRECQUE ET AL. 2014; OKAMOTO ET AL. 2012; 

REZNICK ET AL. 1996).   

Facing those decisions under either high or low-food conditions will also potentially foster the 

emergence of behavioural differences, therefore: 

2) Secondly, I predict that besides life history, mean behaviour will also vary between the 

two food treatment groups. An ontogeny and sex effect should be present as well in the 

form that the food treatment effect on mean behaviour may depend on the life history 

stage of individuals and potentially also on its sex.  

The second hypothesis is linked to the first one. When faced with either food abundance or 

scarcity and the linked energy budget, it is likely that fish will differ in their behaviour as 

different solutions to a certain driver or stressor imposed by the environment (WOLF & 

MCNAMARA 2012). On the one hand, a low-food fish might have less energy and therefore be 

less active than a high-food fish. On the other hand, it could exhibit an increase in boldness or 

exploration in a new environment in order to increase foraging success (FAWCETT & 

FRANKENHUIS 2015; NISLOW ET AL. 1998; WHITE ET AL. 2013). Mean behaviour also might 

change over ontogeny depending on the life-stage, since different life-stages potentially require 

different strategies (BALLEW ET AL. 2017; BROWN & BRAITHWAITE 2004). Juvenile fish require 
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food to grow as fast as possible, while adult females may try to increase survival to reproduce 

(asset protection) and males tend to be more active in order to find suitable mating partners. 

This would also imply possible behavioural differences between sexes, manifesting over 

ontogeny besides the food induced difference (EDENBROW & CROFT 2013; REZNICK 1983). 

Most likely all three aspects, life-stage, food and sex will interact and become apparent in the 

mean behavioural differences.  

Concerning behavioural types: 

3) The third hypothesis states that among-individual and within-individual variation in 

behaviour changes over ontogeny in a food-dependent way and thus also the 

development of behavioural types. 

While the second hypothesis focusses on the mean behavioural differences, this third hypothesis 

focuses on behavioural types and their components among and within-individual variation 

(BELL ET AL. 2009). Food as an environmental stress factor could lead to more distinct 

behavioural types as an adaptive response as shown for predator prey interaction studies 

(MCGHEE ET AL. 2013; SHIMIZU & SHIMANO 2010). Consolidation of behavioural types with 

age is an expected result due to reduced developmental plasticity and increased cumulative 

experiential effect (POLVERINO ET AL. 2016). It is further supported by an increased energy cost 

when switching life history strategies at a later point (DEWITT ET AL. 1998; FAWCETT & 

FRANKENHUIS 2015).  

Below, the planed variable assessment (Table 1), as well as the linkage and train of thought of 

the hypotheses (Figure 5) are shown to show the required data necessary to test the hypotheses 

and leading to the methods part of the thesis.  

 

Table 1. Required variables to assess behavioural and life history differences in relation to food and 

ontogeny. 

1. Basic life history data (growth, offspring number, age at maturation) 

2. Behavioural data, mean behavioural trait assessment 

3. Repeatability of behavioural traits 

4. Among-individual variance of behavioural traits 

5. Within-individual variance of behavioural traits 
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Figure 5. Train of thought for the hypotheses and their linkage. Repeatability (Within and among-

individual differences), differences in mean behaviour and life history parameters assessed for all life-

stages and compared over ontogeny and food treatments. 

 

 

2 Methods 
 

This section provides information about the test species, Heterandria formosa, their housing 

during the experiment and the setup used to assess behaviour. It also explains which tests were 

chosen to record behaviour variables and why these variables were selected.  

 

2.1 Study organism – Heterandria formosa 
 

Heterandria formosa, belongs to the 

life-bearers (Poeciliidae) and is native 

to different freshwater habitats in the 

south-eastern parts of the United 

States of America. Populations can be 

found from southern North Carolina 

to southern Texas (PAGE & BURR 

1991; PAGE & BURR 2011) (Figure 6). 

Heterandria formosa occupies many 

different microhabitats. Generally, 

the species prefers vegetated standing 

water bodies, marshes, or slow-

flowing streams. Salt concentrations, 

Figure 6. Extant and extinct distribution of Heterandria 

formosa (on the basis of: iucnredlist.org). 
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mostly on peninsular Florida, 

can be tolerated up to 30ppt 

(LEE ET AL. 1980; PAGE & BURR 

2011). Heterandria formosa is 

omnivorous and their main diet 

is comprised out of small 

aquatic invertebrates (ostracods, 

copepods) (BOSCHUNG & 

MAYDEN 2004; MENHINICK 

1991). As seen in the image 

below (Figure 7), the species 

displays a distinct sexual dimorphism, in size and with the males developing an elongated 

gonopodium. Females grow to around 32 mm and mature at 15 mm (standard length), while 

males normally reach half that size and mature at 12 mm (PAGE & BURR 1991). Regarding mode 

of reproduction, Heterandria formosa expresses a highly-developed form of superfetation. Up 

to eight litters are developed simultaneously in a female specimen, with each litter consisting 

on average out of 3-5 juveniles (length at birth: 5-7 mm) and time intervals of 5-7 days between 

individual litters (SCRIMSHAW 1944).  While having only a small initial yolk reserve on their 

own, the maternal supply of sustenance till birth is of vital importance in Heterandria formosa. 

During their matrotroph development, juveniles increase in dry mass by nearly 30-fold, 

compared to lecitroph species, whose juveniles decrease in dry mass, relying mostly on their 

bigger yolk reserves (REZNICK ET AL. 1996; SCRIMSHAW 1944). 

 

2.2 Experimental fish and their housing 
 

Initially 40 females were selected from a large rearing tank, as parental fish (F0), their standard-

length measured (anesthetized with clove oil), and assigned to individual standardized 

containers (10x20x12 cm), containing 2 litres of water (26 ± 1.3 C° SD) and two small plastic 

refuges. Choosing females of approximate similar size (21.45 – 25.2 mm, range) was done to 

reduce the parental effect as much as possible. Females were kept in their housings for 14 days 

allowing them to spawn under ad libitum food conditions. They were fed 1x per day 3200 

Artemia salina nauplii and 1x per day 40µg liver paste with at least 3-hour time intervals 

between feedings. The containers were cleaned once a week and were checked for offspring 

three times daily (morning, noon, afternoon). Born juveniles were photographed, dated, 

Figure 7. Heterandria formosa and the expressed sexual 

dimorphism between the larger female and the smaller male 

specimen (source: houseaqua.ru). 
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separated and two half-siblings per female (if two or more born on that day) were randomly 

chosen and one assigned to the low and one to the high-food treatment. If only one offspring 

was born on a certain day, it was made sure that the maximal age difference between the two 

half-siblings that entered the experiment in the low or high-food treatment was not more than 

7 days. Assigned numbers to each fish allowed to identify the half-siblings and the 

corresponding mother. After producing two offspring, the parental fish were put back to their 

original rearing tank.  

The collected 40 half-sibling pairs (total n = 80), were then used for the experiment and 

behavioural type assays, representing the F1 generation. The juveniles were housed in the same 

type of transparent plastic containers as their mothers (10x20x12cm), containing 2 litres of 

water with a mean temperature over the course of the experiment of 26 C° (± 1.6 SD) and a 

small refuge (green plastic tube ~7 cm long), in a 12-hour light and 12-hour dark rhythm. The 

housings were positioned on shelves side by side, allowing for visual contact (transparent 

containers) to conspecifics. Furthermore, the water provided by a closed recirculation system 

allowed for chemical cues being exchanged between the individual containers as shown in 

Figure 8. The boxes were numbered to identify the individual fish and later complemented by 

their sex after maturation. 

 

Figure 8. Experimental housing setup of the individual test fish. Each fish had an individual housing 

container with a small refuge. The housings were connected to a central closed recirculation system 

through water in- and outlets. Tops were closed by plastic lids to prevent fish from jumping out of their 

containers. 
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2.3 Rearing treatments 
 

On days zero to two, fish were not fed due to their remaining yolk reserve. Starting from day 

three, they were fed two times daily. The daily provision was comprised out of 200 (± 62 SD) 

Artemia salina nauplii and 5 µg (± 0.8 SD) of liver paste for the low-food treatment and 800 (± 

98 SD) Artemia and 20 µg (± 0.6 SD) of liver paste for the high-food treatment fish. These 

amounts were results of a prior experiment I conducted with juvenile specimen of Heterandria 

formosa to observe growth under five different feeding conditions, to determine the proper 

amount for a low and high-food treatment for said species. Feeding times were randomized 

within a day to avoid habituation to certain times of the day which would have artificially 

triggered activity-peaks during fixed times. Therefore, all fish were fed at random times each 

day and the feeding intervals were also randomized. The preparation of the liver paste was 

based (measurements converted from US to European standards) on a recipe from DR. MYRON 

GORDON from 1943. All ingredients and preparation steps can be found in the appendix. 

Artemia were reared every day in highly aerated salt water and each batch harvested and fed 

after 48 hours. Live Artemia and unhatched eggs were separated and the Artemia were 

thoroughly washed through a 200 µm sieve and moved to a feeding jar, containing water from 

the experimental system. Liver paste and Artemia were administered into the housing tanks 

with a Hamilton 250 µl pipette and a 1000 µl Eppendorf pipette, respectively. A general Artemia 

count was conducted each morning under a microscope for seven drops of 50µl water from the 

harvested batch to precisely feed the desired 200 and 800 Artemia as best as possible. Excess 

food, especially the liver paste sitting on the bottom of the container, was removed the next day 

by siphoning out the remains. Furthermore, each box was cleaned once a week completely. The 

fish was relocated temporarily to another small aquarium and algae growth was removed with 

a sponge and warm water. Having to take out the fish for the cleaning process gave the 

opportunity to simultaneously do the weekly length measurements without stressing the fish 

twice.    Having the same rearing conditions for all fish except for different food levels, allowed 

to draw food related conclusions (HENRICH & TRAVIS 1988). 

 

2.4 Life history measurements 
 

Over the course of the experiment, which lasted from February to July (2016), continuous life 

history measurements were documented. Growth was recorded for every fish in the form of 

weekly length measurements by taking a photo in a small petri dish. These images were later 
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 digitally measured using the freeware digital software package “Measure” (Figure 9). From the 

age of four weeks, 

female experimental fish 

were allowed to mate by 

adding every 7th day two 

random male fish for 24 

hours. These males were 

randomly selected from 

the big holding tank. 

Once the weekly mating 

started, each tank 

housing a female was 

checked daily for 

juveniles. If present, 

juveniles were removed 

and counted. These 

longitudinal 

measurements produced data for growth rate, number of offspring and age at maturation/ 

fecundity. Experimental fish which died during the experiment were frozen und their date of 

death noted.  

 

2.5 The open field test and behavioural assessment 
 

Before choosing a specific experimental setup, it is important to consider the desired goal of 

the measurements again. The goal was to identify potential behavioural types and their 

development over ontogeny under low and high-food conditions. Therefore, is important to 

measure repeatability, since repeatability of individual behaviour and the differences between 

specimen defines a behavioural type (RÉALE ET AL. 2007; SIH ET AL. 2004B). To calculate the 

repeatability of different behavioural traits, like boldness or exploration, a basic framework 

should be considered. Two repeated measurements for each trait and individual are the absolute 

minimum to be able to detect among and within-individual variances (DINGEMANSE & 

DOCHTERMANN 2013). DINGEMANSE and DOCHTERMANN also suggest an increase in individual 

repeated measurements rather than an increase in test subjects (DINGEMANSE & DOCHTERMANN 

2013). I therefore chose to measure each fish 4 times on 4 consecutive days for each life history 

Figure 9. Weekly length measurement (with the measuring software) of 

an individuum with a small petri dish.  
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stage. For sample size, DINGEMANSE & DOCHTERMANN recommend an ample sample size of 

40 individuals to increase measurement power, hence our decision to choose 80 juveniles (40 

for each treatment) (DINGEMANSE & DOCHTERMANN 2013).  

Recording behaviour requires tests that are theoretically and empirically validated (REALE ET 

AL. 2007). Tests need to be reliable and valid to produce reasonable data. However, reliability 

and validity are often weighed against aspects of feasibility and practicality. It is safe to say that 

in most cases the optimal test does not exist (HANELL & MARKLUND 2014). Main foundation 

for choosing the open field test for this thesis was a study conducted in 2008 by JAMES G. 

BURNS. Since the experimental fish were isolated, the three main behavioural traits most 

prominent in other behavioural literature were boldness, exploration and activity (BURNS 2008; 

CONRAD ET AL. 2011; MITTELBACH ET AL. 2014). An open field test seemed to be the best choice 

to measure these behavioural traits, since they all can be assessed when individuals are exposed 

to a novel environment. Open field tests have been used for a long time to measure boldness 

and exploratory behaviour reliably and moreover depict natural scenarios most fish species can 

experience when facing a novel environment (BURNS 2008; CRUSIO 2001). Components for 

open field tests mainly include freezing time, as a shy vs bold indicator and ambulation for 

exploratory behaviour or general activity (BURNS 2008; CRUSIO 2001; TEMPLETON & SHRINER 

2004). Based on this literature I decided to measure four distinct variables as separate boldness 

and exploration indicators (Table 2.) 

 

2.5.1 What is measured? 
 

To evaluate and discuss the collected data in a sensible fashion it is necessary to set the 

measured attributes into a behavioural context. What behaviour does actual velocity for 

example give evidence for and why? Since attributes can vary depending on their context, the 

assessed ones should be examined with the background of the open field test. Originally 

designed for rats and most commonly used for small mammals, the benefits of the test are to 

observe various behaviours at once (HANSEN & BERTELSEN 2000; WILSON ET AL. 1976). As 

already mentioned in section 2.5, the test generally measures boldness, activity and exploration 

behaviour (CRUSIO 2001).  

An often-considered measured variable in an open field test is Movement. Movement is often 

captured by the total distance a test-subject moves during the test or by the movement rate when 

not freezing (BURNS 2008). Swimming distance (Table 2) is suggested to be regarded as a 
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measure for exploratory behaviour, either by curiosity or by means of returning to a familiar 

environment (SUAREZ & GALLUP 1985). Therefore, measured total swimming distance in a 

given time will be used as an indicator for exploratory behaviour in Heterandria formosa 

(BURNS 2008).   

The time an individual spends moving compared to time not moving (Moving time, Table 2) 

can also be regarded as exploratory behaviour. It has been argued to be a boldness-shyness 

indicator but for instance MIKHEEV and ANDREEV (1993) concluded it to be mostly exploratory 

behaviour, since most fish increased their time spent moving when given new environments to 

explore compared to making smaller changes to the environment (MIKHEEV & ANDREEV 1993). 

Factorial analysis by BUDAEV attributed swimming rate to both boldness and exploration but 

he also included predator interactions which were not part of this experiment (BUDAEV 1997). 

Therefore, the proportional time each fish spent moving compared to being inactive will be 

used as an indicator for exploratory behaviour.  

As the third behavioural variable measured I chose actual velocity. Actual velocity is the 

swimming speed of an individual when it is actually moving, and not just the mean swimming 

speed over the complete time interval studied. Actual velocity can be seen as a general 

descriptor for activity since it indicates higher ground coverage and energy expenditure, 

(BAINBRIDGE 1957; WARDLE 1975; YANASE ET AL. 2007) and will be used as such here.     

The fourth behavioural variable, time spent in the outer area compared to the time spent in the 

inner area (Time spent in outer area, Table 2), should be interpreted as a boldness-shyness 

measure as traditionally assumed (BROWN ET AL. 2005; DAHLBOM ET AL. 2011). Spending more 

time in the outer area and closer to the “safe” walls (Thigmotaxis) would be attributed to the 

shyer individuals whereas bolder specimen would frequent the potentially “unsafe” open centre 

for longer periods of time (WALSH & CUMMINS 1976). Consequently, I will use the time spent 

in the outer area as a shyness indicator. 

 

Table 2. The four measured attributes during the experiment and their corresponding behaviour 

Attribute Measurement Behaviour 

Swimming distance Distance swum during experiment Exploration 

Moving time 

Actual velocity 

Time spent in motion (above threshold) 

Mean velocity when moving 

Exploration 

Activity 

Time spent in outer area Time spent close to the arena walls Shyness 
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2.5.2 Arena setup and behavioural assays 
 

The general setup for the open field test can be seen in Figure 10. A round, white plastic arena 

was used (d= 35 cm, h= 15 cm) and filled (5 cm) with similarly temperate water as the housing 

tanks, from a separate reservoir tank without fish. Filling the arena with unfamiliar water during 

the behavioural tests 

was done to further 

expose the fish to a 

truly novel and 

foreign environment. 

The water in the 

arena was changed 

after each fish to 

avoid chemical cues 

or residual waste-

droppings left by the 

previous fish. The 

arena was lit 

indirectly by two, 40 

watt lightbulbs 

positioned behind the 

arena as seen in the 

schematics. The test fish was initially placed into a small grey circular plastic refuge (d = 4.5 

cm, h = 8 cm). The refuge was retractable by strings to be able to remove it for the behavioural 

test with as little disturbance as possible. Behaviour was recorded by an overhead webcam 

(Logitech) with 18 megapixels.   

 

To estimate repeatability, and consistency of within and among-individual differences, 

behavioural tests were conducted repeatedly during the three main developmental stages of life 

history for all fish, that is as juveniles, as sub-adults and as adults. As seen below in Table 3, 

the first testing period started when the juveniles were exactly seven days old. Each fish was 

exposed to the tests in the arena on 4 consecutive days within a life-stage to increase the 

statistical power of the data and identify outliers in behaviour (DINGEMANSE & DOCHTERMAN 

Figure 10. Plastic arena for behavioural assessments. Lighting and  

recording setup/ directions are indicated by arrows.  
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2013). The second testing period was conducted during the subadult stage of the fish, 6 weeks 

post birth but before any of the tested fish reached sexual maturity. Subadults could already be 

sex based on morphological signs (black dot on female anal fin, start of elongation of anal fin 

to a gonopodium in males). The last behavioural tests were done with the adult fish after 12 

weeks and post maturation., i.e. when nearly all females had already reproduced at least once 

and when all males had fully developed gonopodia.  

 

Table 3. Behavioural data collection scheme for each of the 80-individual fish across life-stages and the 

variances estimable from this design. The design allows to estimate both variance components and 

differences between measured behavioural attributes. 

  Juvenile (7 days) Subadult (6 weeks) Adult (12 weeks) 

Individual Time Attributes xyz Attributes xyz Attributes xyz 

1 1 Data Data Data 

1 2 Data Data Data 

1 3 Data Data Data 

1 4 Data Data Data 

2 1 Data Data Data 

2 2 Data Data Data 

2 3 Data Data Data 

2 4 Data Data Data 

3 1 Data Data Data 

3 2 Data Data Data 

3 3 Data Data Data 

3 4 Data Data Data 

… … … … … 

 

Estimable? 

Phenotypic variance between attributes Yes 

Among-individual variance between attributes Yes 

 Within-individual variance between attributes Yes 

 

During all testing phases (Figure 11), tests were conducted in the same manner. Each test started 

with a two-minute acclimatization period of the test fish in the small refuge inside the arena to 
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let it calm down and recover after the handling. After the two minutes, the refuge was lifted und 

the camera turned on remotely via the computer. These assay conditions should be regarded as 

a forced open field test. The fish is forced into the novel environment and is not allowed to 

leave a refuge on their own as facultative open field designs incorporate. This was done since 

especially juvenile fish in previous trials did not leave the refuge at all when given the choice. 

So, one can compare across stages. After the refuge was lifted the fish then had the chance to 

explore its novel environment for four minutes before being netted and returned to its housing 

container. 

 

Figure 11. The two stages of each behavioural trial phase. Inner and outer areas in picture a) were 

defined post recording but pre-tracking with EthoVision. a) acclimatisation phase for two minutes in a 

small retractable refuge. b) refuge is removed and fish allowed to move freely in the novel environment. 

 

 

3 Analysis 
 

In the following analysis section, all steps leading to the quantification of behaviour and 

behavioural differences, repeatability, and life history measurements are described. Applied 

statistical test and used digital software are also listed according to their use and utility. 
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3.1 EthoVision XT 
 

The three behavioural assessment periods produced 917 videos. The fish movement in those 

videos was tracked with EthoVision XT. The sampling rate was 10.0001 frames per second 

with varying subject detections settings for the different life-stages (100-2322 pixels for adults, 

60-1315 pixels for subadults, 0-200 pixels for juveniles). Settings were chosen after various 

trial runs for each life-stage. An inner (21cm width, figure 11) and outer zone (7cm width, 

figure 11) in the arena were defined to measure the time the fish spent in the centre and in the 

periphery. Velocity, total swimming distance, and activity (time moving/ not moving) were also 

calculated. Track evaluation, started for each video after a 30 second delay and stopped after 

another 180 seconds. This was done to cancel out disturbances by the removed shelter in the 

first 30 seconds. The tracking points were compared and in cases of missing values interpolated. 

Videos with large amounts of signal losses were tracked again with adjusted settings. The 

complete data sets were converted into excel tables, cleaned and retroactively checked for 

outliers. Data of supposedly highly active or highly immobile fish were matched to its video 

material manually to ensure the validity of the data and identify measuring errors by 

EthoVision. This was done because light reflections were sometimes preventing a clear tracking 

of the fish, either simulating highly active or immobile fish.  

 

3.2 Analysis in R 
 

Data analyses were done using the statistical software R, Version 3.3.2. The analysis aim was 

to: 

1) Analyse mean behaviour and differences over ontogeny with a mixed effect model. 

2) Calculate repeatability over life-stages and food treatments. 

3) Identify differences in growth rates and offspring number between food treatments. 

With its highly customable layout, R was able to provide, through various packages, all 

necessary visual and statistical analyses. Some basic calculations and data organization and 

cleaning was done in Excel 2013. 
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3.2.1 Repeatability and behaviour analysis in R 
 

As initially mentioned behavioural types 

as consistent differences in behaviour 

among individuals are comprised out of 

two types of variation, within and among-

individual variation. Repeatability as a 

concept, measures the variance proportion 

of a trait that is due to among-individual 

and within-individual variation 

differences. It requires multiple measurements and can therefore quantify how consistent a 

behaviour is over time. (DINGEMANSE & DOCHTERMANN 2013; DOHM 2002; FALCONER & 

MACKAY 1996). Figure 12 shows how repeatability is the variation fraction attributed due to 

among-individual variation regarding total variation, i.e. the sum of among and within variation. 

Therefore, a low within-individual variation and a high among-individual variation yield a 

higher repeatability score. The question is what does repeatability scores predicate in terms of 

behavioural traits. High repeatability scores (the closer to 1, the higher), indicate a strong and 

consistent expression of behavioural differences across the measurements (DOHM 2002). Vice 

versa if individuals do not differ a lot in their behaviour from each other and do not behave 

consistently over time it would show in a low repeatability score since among-individual 

variation would decrease and within-individual variation increase (DOHM 2002). Overall, 

repeatability in the light of the thesis is an estimate to evaluate whether there is evidence for 

behavioural types and whether specific factors might have lead up to those behavioural 

differences (BELL ET AL. 2009). 

Estimating repeatability was done in the linear mixed effect model framework of the rptR 

package in R, shown in Figure 12. Mixed-effect models, allow to quantify repeatability and 

thus allow to clearly define unambiguous terms like animal personality or behavioural type 

(DINGEMANSE & DOCHTERMANN 2013).  In the case of Heterandria formosa, behaviour was 

repeatedly quantified for each individual fish (STOFFEL ET AL. 2017). If necessary, behavioural 

trait values were log or arcsine (for proportions) transformed to normalize the error distribution 

and variance (DINGEMANSE & DOCHTERMAN 2013).  

In the applied model (Figure 13), repeatability for the measured variable was calculated as 

shown from the variance components in the model. Life-stage, food-treatment and sex and their 

interactions were included as the fixed effects of most interest. (DINGEMANSE & DOCHTERMANN 

Figure 12. Repeatability as the variation proportion 

due to among-individual and within individual 

variation (DINGEMANSE & DOCHTERMANN 2013). 
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2013). For Heterandria formosa it is most likely that the dimorphic effect has full effect in later 

life-stages and in combination with food levels, thus the inclusion of sex into the 

Stage:Sex:Food interaction.   Trial (days 0 to 3 of behavioural assays within each stage) was 

another fixed effect included to correct for possible trial effects over time. The trial effect is 

based on habituation, which is a form of learning after an animal is exposed to the same stimulus 

repeatedly. In our case fish might behave differently when being exposed to the novel 

environment on 4 consecutive days based on their prior experience and linked changes in the 

nervous system (COHEN ET AL. 1997). The extent of habituation may vary over ontogeny and 

therefore the Trial:Stage interaction was controlled for in the model but not further evaluated 

or discussed. Fish-length as a fixed covariate was controlled for and Fish ID as a grouping factor 

was included as a random effect. Using fixed effects, affecting the behavioural traits, ultimately 

produced values for “adjusted repeatability”. “Fixed effects explain part of the variances in the 

data and the variance assigned to fixed effects in the model will not appear in the denominator 

of the repeatability as is the default in rptR” (NAKAGAWA & SCHIELZETH 2010; STOFFEL ET AL. 

2017). Therefore, the used model incorporated the adjusted repeatability, with fitted fixed 

effects. Repeatability scores for this “whole” model, including all factors and effects, should be 

regarded as a behavioural type indicator. Getting values > 0 would show the existence and 

quantification of behaviour over ontogeny (CHERVET ET AL. 2011). The second half of Figure 

13 shows a second model (B). This reduced model was applied for each individual effect 

combination (sex, food, stage). It thus produced repeatability scores for each stage, sex and 

food combination, for instance female fish during their subadult stage under low-food 

conditions. These repeatability scores allowed for comparing behavioural development over 

ontogeny and its consistency within and among individuals.  

 

Figure 13. Linear mixed effect model approach used for whole model repeatability (A) calculations and 

individual Stage:Sex:Food combinations (B). 
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Repeatability scores and its partitioning in 

within-individual and among-individual 

differences were tested in a linear model for 

the three fixed effects food, sex and age to 

account for their influence (Figure 14). Age 

was chosen instead of stage to later test for 

correlations and apply linear regressions. Ages 

for the three different behavioural assessments 

were after 7, 42 and 84 days’ post birth corresponding to the juvenile, subadult and adult stage 

of the experimental fish as explained earlier in the method section. 

 

Behaviour was modelled by using the same mixed effect model as in Figure 13A, with the 

difference of estimating the influential values for the fixed effects on the behavioural response 

variable and not repeatability.  

   

 

3.2.2 Linear mixed effect model in R and model simplification 

 

Stepwise model simplification was applied to the models by means of removing non-significant 

factors according to the F-tests of the ANOVA, starting with the interactions, and then adjusting 

the model for it. Non-significant factors were of course kept in the model when being linked to 

a significant interaction. Finally, differences for least square means for significant factors or 

interactions were then plotted and compiled in tables.   

 

3.2.3 Specific growth rates 
 

Specific growth rates for the fish were computed by the percent change from one period to 

another and calculated from the formula (Figure 15): 

 

Figure 15. Formula for specific growth rate calculations (on the basis of: fishbase.org) 

Figure 14. Linear model used for single 

Age:Food:Sex combination calculation of 

repeatability. 



26 
 

 

Growth rates were determined two distinct growth phases using the weekly length 

measurements of the fish. Juvenile growth rates extended from day 0 to 42 and subadult growth 

rates covered days 43 to 98, the end of the experiment.  

 

3.2.4 Life history data analysis in R 
 

Offspring numbers over the course of the experiment and size at maturation (standard length in 

mm) were compared with a non-parametric KRUSKAL-WALLIS test rank-test for unequal sample 

sizes between groups. It allowed for comparing the mean offspring number and size and age at 

reproduction for females between the two food treatment groups. Specific growth rates were 

compared with a liner mixed effect model and ANOVA, testing the significance of the fixed 

effects food, sex, age class (0-42 days and 43-98 days) and their interactions on the specific 

growth rate, as well as Fish ID as random effect. 

 

 

4 Results 
 

In this section results are presented as followed. First, results for repeatability and its variance 

components (among and within-individual variance) are described and significant food, sex or 

stage effects on each of these three variance components are presented and plotted. These 

results are complemented by additional data tables (full models before simplification, 

repeatability and variance tables and their CI), provided in the appendix to avoid interruption 

of the reading flow. The tables contain the same information as presented in the figures. After 

the variance components follows an analysis of variance and lsmeans comparison for the 

relevant mean behavioural variable, showing the significant effects of the factors mentioned in 

section 3 on each of the four measured mean behavioural variables. The ANOVA-tables are 

supplemented by bar graphs and tables that show the significant differences in least square 

means, allowing to further assess the magnitude of the significant factors.  This structure is kept 

for all four behavioural variables to quickly highlight the most relevant results. Life history 

measurements validated by statistical tests are also presented and possible significant 

differences between age, treatments or sexes shown.  
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4.1 Repeatability and variance components for swimming distance 

 

Swimming distance was repeatable 

over all life-stages, food treatments 

and sexes (R = 0.287, 95% CI 

(0.205, 0.366)). Swimming distance 

was also repeatable for each single 

Stage:Sex:Food combination (all R 

> 0.347, Figure 17 and Table A4). 

While the among-individual 

variance statistically significantly 

increased with age (Table 4, Figure 

16 B), repeatability and within-

individual variance showed no 

relationship with age (Table 4, 

Figure 16 A and C). Neither food 

nor sex had an influence on 

repeatability or any of the variance 

components as seen in Table 4.  

 

Figure 16. Repeatability (give each subpanel label), within and among-individual variance scores and 

confidence intervals for swimming distance and the factors sex, food and age. Linear regression lines 

are plotted for significant effects. Data points are jittered by the factor 0.4. RptR package does not 

provide CI for within-individual variance. 

Table 4. ANOVA-table for repeatability, among-

individual and within-individual variance for swimming 

distance on the basis of a linear model lm(Response-

Variable ~ Age + Sex + Food). Significant factors 

highlighted in grey. Results after model simplification. 

Repeatability for swimming distance. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 0.084485 0.042243 3.2896 0.09835 

Sex 1 0.010325 0.010325 0.8041 0.39966 

Food 1 0.016576 0.016576 1.2909 0.29329 

Among-individual variance for swimming distance. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 492570921 246285461 8.1185 0.0150 

Sex 1 16342668 16342668 0.5387 0.4868 

Food 1 2645163 2645163 0.0872 0.7763 

Within-individual variance for swimming distance. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 92787345 46393673 1.4850 0.2900 

Sex 1 108498574 108498574 3.4728 0.1047 

Food 1 32864990 32864990 1.0519 0.3392 
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4.1.1 Stage, sex and food effects on mean swimming distance 
 

Results from the ANOVA after model simplification (Table 5) identified Stage, Stage:Sex, 

Stage:Trial (not further discussed) and Stage:Food as significant factors (Pr (>F) < 0.05) for 

mean swimming distance. Food as a single factor was non-significant for swimming distance. 

Fish-Length in mm as a fixed covariate did not have a significant effect on swimming distance. 

Complete ANOVA-table for the full model can be found in the appendix (Table 5.1). 

Table 5. Analysis of Variance Table (after model simplification) of type III with Satterthwaite 

approximation for degrees of freedom in Response to Distance (cm) swum in 180 seconds. 

Lmer(Distance_cm ~ Stage*Sex*Food + Length_mm + Trial + Stage*Trial +( (1|Fish_ID). Non-

significant factors kept in the model due to significance in other interactions are highlighted grey. Trial 

and Stage:Trial were not further discussed. 

 NumDF DenDF Sum Sq Mean Sq F-value Pr(>F) 

Stage 2 835.78 3588531.76 1794265.88 85.4481 <1e-07 

Sex 1 76.11 20218.71 20218.71 0.9629 0.3296 

Stage:Sex 2 835.78 259061.43 129530.72 6.1686 0.0022 

Stage:Trial 

Stage:Food 

2 

2 

832.74 

833.38 

860917.46 

22523.81 

430458.73 

22523.81 

21.2888 

5.1228 

<1e-07 

0.0037 

Trial 1 830.48 67835.02 67835.02 3.3975 0.0657 

 

For stage as a single factor, there was a significant difference in swimming distance during the 

180 seconds between juveniles and subadults. Subadults covered a significant greater distance 

than juveniles (~100 cm more). Though 

adults also swam more than juveniles as 

seen in the bar graph (Figure 17), the 

difference was not significant. The 

significant Stage:Sex interaction (Table 

5), was due to various differences 

between juveniles and subadults. 

According to the lsmeans results 

subadult females swam significantly 

more than juvenile males (~99 cm more) 

and juvenile females (~114 cm). This 

Stage:Sex difference also applied for 

subadult male fish in regards to juvenile 

male and female fish. Examining the 

Stage:Food interaction, juvenile high-

food fish moved between ~87 to ~129 

Figure 17.  Mean swimming distance with standard 

errors over all Stage:Sex:Food interactions. 
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cm less than subadult high and low-food specimen and adult low-food fish. There was a 

significant difference in lsmeans between high-food adults. Low-food adults moved 

significantly more than high-food adults. Adult fish from the high-food treatment also moved 

significantly less than subadults from the low-food treatment. Low-food juveniles differed 

significantly in swimming distance from their later stages (subadult and adult), by swimming 

less (~114 & 105 cm less). Generally, there was an increase in swimming distance across stages 

with a slight decrease during the adult stage. This development was mostly significant for the 

changes in swimming distance from the juvenile to the subadult stage as described before. Only 

low-food females constantly increased swimming distances across all stages as the graph shows 

(Figure 17). Furthermore, low-food fish tended to swim greater distances than high-food fish. 

Especially the differences comparing high-food adults and low-food adults become in Figure 

17 more apparent.  Summarizing these results, a peak in swimming distance was present for 

most groups during their subadult stage, except low-food females who peaked upon adulthood.  

 

Table 6. Significant differences in least square means for factors and interactions in response to 

distance (cm) swum in 180 seconds.  

Factors & Interactions Estimate SE DF t-value Lower 

CI 

Upper CI p-

value 

Stage        

juv – sub -100.3 31.48 797.1 -3.19 -162.08 -38.48 0.002 

Stage:Sex          

juv female -  sub female -114.4 36.35 818.0 -3.15 -185.72 -43.03 0.002 

juv female -  sub male   -102.1 36.98 280.5 -2.76 -174.85 -29.27 0.006 

sub female -  juv male   98.5 42.25 353.2 2.33 15.41 181.59 0.020 

juv male -  sub male -86.2 30.75 850.1 -2.80 -146.53 -25.83 0.005 

Stage:Food          

juv high -  sub high -86.5 36.38 822.3 -2.38 -157.95 -15.15 0.018 

juv high -  sub low -129.3 36.66 276.2 -3.53 -201.44 -57.10 5e-04 

juv high -  adult low -120.4 48.46 426.0 -2.48 -215.65 -25.15   0.013 

adult high -  sub low   -74.7 35.60 261.4 -2.10 -144.82 -4.64 0.037 

adult high -  adult low -65.9 28.09 150.6 -2.35 -121.36 -10.37 0.020 

juv low -  sub low -114.0 30.63 845.2 -3.72 -174.13 -53.88 2e-04 

juv low -  adult low   -105.1 44.36 796.9 -2.37 -192.22 -18.07 0.018 
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4.2 Repeatability and variance components for moving time 
 

 Moving time was moderately 

repeatable over all life-stages, 

food treatments and sexes (R = 

0.237, 95% CI (0.163, 0.318). 

Moving time was also repeatable 

for each single Stage:Sex:Food 

combination (all R > 0.077, 

Figure 18 and Table A7). The CI 

for all low-food male stages 

included 0 (Table A7). While the 

among-individual variance and 

repeatability were statistically 

significantly higher in the high-

food treatment (Table 7, Figure 

18 A and B), within-individual 

variance showed no relationship 

for food (Table 7, Figure 18 C). Neither stage or sex had an influence on repeatability nor any 

of the two variance components (Table 7).  

 

Figure 18. Repeatability, within and among-individual variance scores and confidence intervals for 

moving time and the factors sex, food and age. Mean-line for treatment effect plotted. Data points are 

jittered by the factor 0.4. RptR package does not provide CI for within-individual variance. 

Table 7. ANOVA-table for repeatability, among-individual 

and within-individual variance for moving time on the basis 

of a linear model lm(Response-Variable ~ Age + Sex + 

Food). Significant factors highlighted in grey. Results after 

model simplification. 

Repeatability for moving time. 

 DF Sum Sq Mean Sq F-value Pr(>F) 

Age 2 0.147981 0.073991 2.5346 0.14858 

Sex 1 0.048641 0.048641 1.6662 0.23776 

Food 1 0.300200 0.300200 10.2835 0.01492 

Among-individual variance for moving time. 

 DF Sum Sq Mean Sq F-value Pr(>F) 

Age 2 0.00072800 0.00036400 1.1936 0.35807 

Sex 1 0.00006075 0.00006075 0.1992 0.66884 

Food 1 0.00279075 0.00279075 9.1511 0.01925 

Within-individual variance for moving time. 

 DF Sum Sq Mean Sq F-value Pr(>F) 

Age 2 0.00151511 0.00075755 3.3214 0.09676 

Sex 1 0.00014506 0.00014506 0.6360 0.45137 

Food 1 0.00023364 0.00023364 1.0243 0.34519 
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4.2.1 Analysis of variance and lsmeans comparison for time spent moving 

 

Results from the ANOVA after model simplification (Table 8) identified Stage, Stage:Food and 

Stage:Trial (not further discussed), as significant factors (Pr (>F) < 0.05) for moving time.  Fish-

Length in mm as a fixed covariate did not have a significant effect on time spent moving. 

Complete ANOVA-table for the full model can be found in the appendix (Table 8.1). 

Table 8. Analysis of Variance Table (after model simplification) of type III with Satterthwaite 

approximation for degrees of freedom in response to time spent moving (arcsine of s). 

Lmer(Moving_sec_arcsine~ Stage*Sex*Food + Length_mm + Trial + Stage*Trial +(1|Fish_ID). Non-

significant factors kept in the model due to significance in other interactions are highlighted grey.  Trial 

and Stage:Trial were not further discussed. 

 NumDF DenDF Sum Sq Mean Sq F-value Pr(>F) 

Stage 2 833.60 5.3495 2.6748 44.6483 <1e-07 

Sex 1 73.62 0.0263 0.0263 0.4394 0.5095 

Food 1 73.62 0.1937 0.1937 3.2334 0.0762 

Trial 1 831.88 0.0003 0.0003 0.0049 0.9442 

Sex:Food 2 73.62 0.3565 0.3565 5.9512 0.0171 

Stage:Trial 2 831.88 2.2617 1.1309 18.8767 <1e-07 

 

As the bar graph in Figure 19 already suggests, estimates for lsmeans differences from Table 9 

confirm that adult and subadult fish 

spent significantly more time moving 

than during their juvenile stage. 

Considering the differences in 

lsmeans for the Sex:Food interaction, 

females exposed to the high-food 

treatment allocated more time into 

swimming than males of the same 

treatment group. This difference was 

not observed for fish of the low-food 

treatment. However, comparing 

males of both groups shows that low-

food males spent significantly more 

time swimming than high-food males. 

The increase in swimming time with 

stage becomes apparent as well as the 

mentioned differences between low 

and high-food males. Finally, there was a steady increase in time spent swimming for low-food 

Figure 19.  Mean time spent moving with standard errors 

over all Stage:Sex:Food interactions. 
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females even upon maturation, as opposed to the other groups reducing swimming time for a 

non-significant amount. Looking at all plots, displaying effects of the result section, confirms 

this trend of low-food females opposing the common trend of other adult treatment and sex 

groups. This trend was never found to be significant in a three-way Sex:Food:Stage interaction.  

Table 9. Significant differences in least square means for factors and interactions in response to mean 

time spent moving (arcsine s) swum in 180 seconds. 

Factors & Interactions Estimate SE DF t-value Lower 

CI 

Upper 

CI 

p-value 

Stage        

adult - juv  

juv – sub 

0.1 

-0.1 

0.0200 

0.0197 

838.9 

835.0 

6.59 

 -6.56 

0.0924 

-0.1681 
0.1708 

-0.0907 

<2e-16 

<2e-16 

Sex:Food          

female high -  male high 0.1 0.0526 74.2 2.16 0.0088 0.2184 0.034 

male high -  male low -0.2 0.0532 73.9 -2.92 -0.2611 -0.0492 0.005 

 

 

4.3 Repeatability and variance components for actual velocity 
 

Actual velocity distance was 

moderately repeatable over all life- 

stages, food treatments and sexes 

(R = 0.274, 95% CI (0.196, 0.353). 

Actual velocity was also 

repeatable for each single Stage: 

Sex:Food combination (all R > 

0.251, Figure 20 and Table A10). 

While the among-individual 

variance statistically significantly 

increased with age (Table 10, 

Figure 20 B), repeatability and 

within-individual variance showed 

no relationship with age (Table 10, 

Figure 21 A and C). Neither food 

or sex had an influence on 

repeatability nor any of the two 

variance components (Table 10).  

Table 10. ANOVA-table for repeatability, among-

individual and within-individual variance for actual velocity 

on the basis of a linear model lm(Response-Variable ~ Age 

+ Sex + Food). Significant factors highlighted in grey. 

Results after model simplification. 

Repeatability for actual velocity. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 0.111097 0.055549 4.2407 0.06216 

Sex 1 0.020008 0.020008 1.5275 0.25635 

Food 1 0.001240 0.001240 0.0947 0.76725 

Among-individual variance for actual velocity. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 0.00163817 0.00081908 7.3704 0.01894 

Sex 1 0.00001875 0.00001875 0.1687 0.69353 

Food 1 0.00008008 0.00008008 0.7206 0.42402 

Within-individual variance for actual velocity. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 0.00035366 1.7683e-04 1.5345 0.2802 

Sex 1 0.00031371 3.1371e-04 2.7222 0.1429 

Food 1 0.00004564 4.5637e-05 0.3960 0.5491 
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Figure 20. Repeatability, within and among-individual variance scores and confidence intervals for 

actual velocity and the factors sex, food and age. Linear regression lines are plotted for significant 

effects. Data points are jittered by the factor 0.4. RptR package does not provide CI for within-individual 

variance. 

 

4.3.1 Analysis of variance and lsmeans comparison for actual velocity 
 

Results from the ANOVA after model simplification (Table 11) identified Stage, Stage:Sex, 

Trial and Stage:Trial (both not discussed) as significant factors (Pr (>F) < 0.05) for mean actual 

velocity. Food as a single factor or interaction was non-significant for actual velocity. Fish-

Length in mm as a fixed covariate did not have a significant effect on actual velocity. Complete 

ANOVA-table for the full model can be found in the appendix (Table 11.1). 

 

Table 11. Analysis of Variance Table (after model simplification) of type III with Satterthwaite 

approximation for degrees of freedom in response to Actual Velocity log (cm/s). 

lmer(Actual_Velocity_log ~ Stage*Sex*Food + Length_mm + Trial + Stage*Trial +(1|Fish_ID). Non-

significant factors kept in the model due to significance in other interactions are highlighted grey.  Trial 

and Stage:Trial were not further discussed. 

 NumDF DenDF Sum Sq Mean Sq F-value Pr(>F) 

Stage 2 832.26 67.0162 33.5081 72.3950 <1e-07 

Sex 1 76.29 0.3195 0.3195 0.6904 0.4086 

Stage:Sex 2 835.03 6.9216 3.4608 7.4771 0.0006 

Stage:Trial 2 830.56 12.5169 6.2584 13.5215 <1e-07 

Trial 1 830.56 3.6392 3.6392 7.8625 0.0052 
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The bar graph in Figure 21, displays the 

mean swimming speed across treatments, 

sex and life-stages. It generally indicates 

an increase in actual velocity with 

advancing stage and a slight decrease for 

the adult phase.  Just considering actual 

velocity over stages, both adults and 

subadults had a significant higher actual 

velocity than juveniles (0.3 (log cm/s) 

higher) as the log-transformed data shows 

(Table 12). The more detailed Stage:Sex 

interaction confirms the implications 

made by stage as a single factor. Adult 

females and males both swam faster than 

juvenile males and females (P < 2e-16). 

Interestingly adult female fish, had a 

significantly higher actual velocity, especially due to the low-food females (Figure 21, Table 

12) when compared to adult males. Adult male fish featured a reduced actual velocity compared 

to the previous stage, while females maintained a higher speed throughout life. Values for actual 

velocity peaked during the subadult life-stage for male fish.  

Table 12. Significant differences in least square means for factors and interactions in response to mean 

actual velocity (log cm/s) swum in 180 seconds. 

 

 

Factors & Interactions Estimate SE DF t-value Lower 

CI 

Upper 

CI 

p-value 

Stage        

adult – juv 

juv - sub 

0.3 

-0.3 

0.0195 

0.0193 

836.9 

833.7 

13.16 

-14.25 

0.2185 

-0.3125 

0.2952 

-0.2368 

<2e-16 

<2e-16 

Stage:Sex          

adult female -  juv female 0.3 0.0268 835.0 12.39 0.2800 0.3854 <2e-16 

adult female -  adult male 0.1 0.0456 136.1 2.48 0.0231 0.2035 0.014 

adult female -  juv male 

juv female -  sub female 

juv female -  adult male 

juv female -  sub male 

sub female -  juv male 

adult male -  juv male 

0.3 

-0.3 

-0.2 

-0.3 

0.3 

0.2 

0.0453 

0.0264 

0.0453 

0.0452 

0.0450 

0.0284 

132.6 

830.5 

133.3 

131.5 

130.1 

838.6 

6.51 

-10.98 

-4.84 

-6.59 

5.60 

6.39 

0.2049 

-0.3420 

-0.3090 

-0.3868 

0.1628 

0.1254 

0.3839 

-0.2383 

-0.1297 

-0.2081 

0.3409 

0.2367 

<2e-16 

<2e-16 

<2e-16 

<2e-16 

<2e-16 

<2e-16 

adult male -  sub male 

juv male -  sub male 

-0.1 

-0.3 

0.0284 

0.0281 

832.7 

836.4 

-2.75 

-9.23 

-0.1339 

-0.3143 

-0.0223 

-0.2041 

0.006 

<2e-16 

Figure 21.  Mean actual velocity with standard errors 

over all Stage:Sex:Food interactions. 
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4.4 Repeatability and variance components for time spent in outer area 
 

Time spent in outer area was 

scantly repeatable over all life- 

stages, food treatments and sexes 

(R = 0.158, 95% CI (0.097, 0.227). 

Time spent in outer area was also 

repeatable for each single 

Stage:Sex:Food combination (all 

R > 0.151, Figure 22 and Table 

A13). While the among-individual 

variance statistically significantly 

increased with age (Table 13, 

Figure 22 B), repeatability and 

within-individual variance showed 

no relationship with age (Table 13, 

Fig. 23 A and C). Neither food or 

sex had an influence on 

repeatability nor any of the two 

variance components (Table 13).  

 

Figure 22. Repeatability, within and among-individual variance scores and confidence intervals for time 

spent in outer area and the factors sex, food and stage. Linear regression lines are plotted for significant 

effects. Data points are jittered by the factor 0.4. RptR package does not provide CI for within-individual 

variance. 

Table 13. ANOVA-table for repeatability, among-

individual and within-individual variance for time spent in 

outer area on the basis of a linear model lm(Response-

Variable ~ Age + Sex + Food). Significant factors 

highlighted in grey. Results after model simplification. 

Repeatability for time spent in outer area. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 0.072182 0.036091 1.4959 0.2878 

Sex 1 0.002028 0.002028 0.0841 0.7803 

Food 1 0.021505 0.021505 0.8913 0.3766 

Among-individual variance for time spent in outer 

area. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 0.00125450 0.00062725 3.8733 0.04969 

Sex 1 0.00002408 0.00002408 0.1487 0.71122 

Food 1 0.00025208 0.00025208 1.5566 0.25228 

Within-individual variance for time spent in outer area. 

 DF Sum Sq Mean Sq F-

value 

Pr(>F) 

Age 2 0.00033595 1.6798e-04 1.3317 0.3235 

Sex 1 0.00000004 4.1000e-08 0.0003 0.9861 

Food 1 0.00010038 1.0038e-04 0.7958 0.4020 
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4.4.1 Analysis of variance and lsmeans comparison for time spent in outer area 

 

Results from the ANOVA after model simplification (Table 14) identified Stage, Sex, 

Stage:Sex, Stage:Food and Stage:Trial (not further discussed), as significant factors (Pr (>F) < 

0.005) for time spent in outer area. Fish-Length in mm as a fixed covariate did not have a 

significant effect on time spent in outer area. The complete ANOVA-table for the full model 

can be found in the appendix (Table 14.1). 

Table 14. Analysis of Variance Table (after model simplification) of type III with Satterthwaite 

approximation for degrees of freedom in response to time spent in outer area (arcsine of s). 

Lmer(Outer_sec_arcsine~ Stage*Sex*Food + Length_mm + Trial + Stage*Trial +(1|Fish_ID). Non-

significant factors kept in the model due to significance in other interactions are highlighted grey. Trial 

and Stage:Trial were not further discussed. 

 NumDF DenDF Sum Sq Mean Sq F-value Pr(>F) 

Stage 2 815.14 1.2389 0.6195 10.0485 0e+00 

Sex 1 75.21 0.2879 0.2879 4.6702 0.0339 

Food 1 75.27 0.0462 0.0462 0.7501 0.3892 

Trial 1 812.30 0.0265 0.0265 0.4300 0.5122 

Stage:Sex 2 817.91 1.4052 0.7026 11.3972 0e+00 

Stage:Food 2 818.09 1.1530 0.5765 9.3519 1e-04 

Stage:Trial 2 812.89 0.7412 0.3706 6.0117 0.0026 

 

 

Starting with the single factors, stage in 

this case, adult and juvenile specimen 

spent less time in the outer area than 

subadults, or conversely adults and 

juveniles spent significantly more time 

in the centre of the arena than subadult 

fish (Figure 23, Table 15). The sex 

factor, as indicated by the simplified 

model (Table 14) (Pr (>F) = 0.0339), 

proved itself to yield no significant 

differences between sexes. The 

indication for sex as a significant factor 

is picked up in the Sex:Stage interaction.  

A notable difference is the contrary 

behaviour of adult male and female 

Heterandria formosa. Females adults 

Figure 23.  Mean time spent in outer area with standard 

errors over all Stage:Sex:Food interactions. 
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stayed closer to the rim of the arena than male adults which spent significantly less time in the 

outer area. Focusing on the significant differences in least square means (Table 15), subadult 

high-food fishes spent the most time in the outer area compared to their juvenile and adult stage 

and to towards all low-food stages. Generally, fish spent significantly more time in the outer 

area of the arena when reaching their subadult stage. This time allocation was reversed for male 

adults upon maturation while adult females mostly preferred the outer area. Figure 23 also 

shows that high-food fish spent more time in the outer area than low-food fish though this 

difference was non-significant. The significant differences for food were confined in the 

Stage:Food interaction. The main trend here was that the high-food treatment, especially for 

subadults, made them stick longer to the outer area than low-food subadults or compared to 

previous and later stages.  

Table 15. Significant differences in least square means for factors and interactions in response to mean 

time spent in outer area (arcsine s) swum in 180 seconds. 

Factors & Interactions Estimate SE DF t-value Lower 

CI 

Upper 

CI 

p-value 

Stage        

adult – sub 

juv - sub 

-0.1 

-0.1 

0.0206 

0.0202 

817.2 

816.2 

-3.62 

-5.64 

-0.1150 

-0.1535 

-0.0342 

-0.0742 

3e-04 

<2e-16 

Stage:Sex          

adult female -  juv female 

adult female -  adult male 

adult female -  juv male 

0.1 

0.2 

0.1 

0.0282 

0.0404 

0.0398 

817.8 

179.2 

172.0 

4.65 

4.50 

3.23 

0.0760 

0.1020 

0.0501 

0.1869 

0.2615 

0.2074 

<2e-16 

<2e-16 

0.002 

juv female -  sub female -0.1 0.0277 811.9 -4.69 -0.1844 -0.0755 <2e-16 

juv female -  sub male 

sub female -  adult male 

-0.1 

0.2 

0.0398 

0.0401 

170.7 

174.6 

-2.52 

4.50 

-0.1789 

0.1011 

-0.0219 

0.2593 

0.012 

<2e-16 

sub female -  juv male 

adult male -  sub male 

juv male -  sub male 

0.1 

-0.2 

-0.1 

0.0395 

0.0300 

0.0293 

167.1 

816.7 

819.7 

3.22 

-5.03 

-3.33 

0.0493 

-0.2094 

-0.1553 

0.2052 

-0.0919 

-0.0401 

0.002 

<2e-16 

9e-04 

Stage:Food 

adult high -  sub high 

juv high -  sub high 

sub high -  adult low 

sub high -  juv low   

sub high -  sub low 

adult low -  juv low 

juv low -  sub low 

 

-0.2 

-0.1 

0.1 

0.2 

0.1 

0.1 

-0.1 

 

0.0300 

0.0291 

0.0399 

0.0397 

0.0397 

0.0282 

0.0280 

 

819.8 

819.9 

172.5 

170.3 

170.1 

814.4 

811.8 

 

-5.16 

-4.10 

1.99 

4.86 

2.14 

4.04 

-3.87 

 

-0.2135 

-0.1766 

0.0008 

0.1148 

0.0066 

0.0584 

-0.1631 

 

-0.0958 

-0.0623 

0.1582 

0.2716 

0.1633 

0.1690 

-0.0534 

 

<2e-16 

<2e-16 

0.048 

<2e-16 

0.034 

1e-04 

1e-04 

 

 

 

 

 

 

 



38 
 

4.5 Life history data 
 

In this section, the three basic life history parameters: specific growth rates, offspring number 

and age at maturation are compiled and tested for significant differences across stage, sex and 

food treatment.  

 

4.5.1 Growth rates  

 

Simply plotting the collected weekly length measurements (Figure 24) already reveals 

differences between treatments. High-food female fish grew faster and to larger size compared 

to low-food female fish. This effect somewhat also seemed present for males but not to that 

extent as for female fish.   

 

Figure 24. Growth of experimental fish over age in length measurements (mm). 
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Specific growth rates calculated as described in section 3, differentiate the actual treatment 

effects a little better by utilizing mean growth rates over stages. These rates allowed a better 

age comparison since accounting for length by only using changes from one period to another. 

The results of the linear mixed effect model and its ANOVA are presented in Table 16. As seen 

growth rates were age (Pr (>F) < 2.2e-16) and sex dependent (Pr (>F) = 7.713e-06). Differences 

in growth rates for an Age:Food interaction and food as a single effect were indicated being 

close to significant (Pr (>F) = 0.06367 & 0.08573). 

 

The significant differences are shown in Table 17 in the form of differences in least square 

means. First of all, fish grew significantly more during days 0 to 42 than during days 43 to 98 

(P < 2e-16). Females also grew more than males (sexual dimorphism) over ontogeny (P < 2e-

16). These findings can also be seen in the plotted length measurements in Figure 24. Fish of 

the high-food treatment had higher growth rates than the low-food fish but values were close 

to, but non-significant (P = 0.086). Significant differences occurred between food and age 

interactions. As seen in Table 17, it was confirmed that high-food as well as low-food fish grew 

more during days 0-42 compared to the second phase (P < 2e-16), as the estimates showed. The 

growth rates from days 43 to 98 did not differ for low-food and high-food fish. A real treatment 

difference was found for low-food and high-food fish specific growth rates during days 0 to 42. 

High-food fish grew significantly more during that period (P = 0.011). Overall, looking at 

specific growth rates rather than length measurements revealed age and sex dependent 

differences. Food as a single factor was non-significant over ontogeny but was present during 

the initial growth phase (days 0-42). 

 

Table 16.  Analysis of Variance Table in response to Specific growth rate. Lmer(SpGr ~ 

Age*Sex*Food + (1|Fish_ID). *Age in this case is comprised out of two phases (1: 0-42 days and 2: 

43-98 days). 

 Df DenDF Sum Sq Mean Sq F-value Pr(>F) 

Age* 1 144.01 331530 331530 473.52 < 2e-16 

Sex 1 144.01 1315 1315 1.88 7.713e-06 

Food 1 144.01 4037 4037 5.77 0.08573 

Age:Sex 1 144.01 109 109 0.16 0.69360 

Age:Food 1 144.01 2445 2445 3.49 0.06367 

Sex:Food 1 144.01 1472 1472 2.10 0.11557 

Age:Sex:Food 1 144.01 584 584 0.83 0.36280 
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Table 17. Significant differences in least square means for factors and interactions in response to 

specific growth rate of Heterandria formosa. 

Factors & Interactions Estimate SE DF t-value Lower 

CI 

Upper 

CI 

p-value 

Age        

Days 0-42 - 43-98 93.7 4.305 144.0 21.76 85.17 102.193 <2e-16 

Sex        

Male - Female 20.0 4.305 144.0 4.64 11.47 28.492 <2e-16 

Food        

High-Low 7.4 4.305 144.0 1.73 -1.06 15.959 0.086 

Age:Food        

0-42 high - 42-98 high 

0-42 high – 0-42 low 

101.7 

15.5 

6.215 

6.002 

144.0 

144.0 

16.37 

2.58 

89.44 

3.63 

114.014 

27.358 

<2e-16 

0.011 

0-42 high – 42-98 low 

42-98 high – 0-42 low 

101.1 

-86.2 

6.037 

6.140 

144.0 

144.0 

16.75 

-14.04 

89.20 

-98.37 

113.064 

-74.099 

<2e-16 

<2e-16 

42-98 high – 42-98 low 

0-42 low – 42-98 low 

-0.6 

85.6 

6.174 

5.959 

144.0 

144.0 

-0.10 

14.37 

-12.80 

73.86 

11.606 

97.416 

0.923 

<2e-16 

 

4.5.2 Reproduction and offspring 
 

This section contains some basic information about reproduction, since females were allowed 

to mate and the offspring produced was collected, as explained in section 3. Table 18 shows 

that females of both treatment groups did not differ significantly in their age of reproduction. 

High-food females had their first litter on average 3 days earlier than low-food females. As 

opposed to rather similar age of reproduction, high-food females produced significantly more 

offspring over the course of the experiment (19.2 compared to 11, P = 0.021). Adding to that, 

Table 18 features high variations for the offspring number for high-food females whereas the 

maximum offspring number for low-food females was more confined (standard deviations ~12 

compared to ~5). The findings are also visualized in Figure 25, showing both, the higher 

offspring number and maximum capacity of high-foods females.  

Table 18. Offspring number produced across treatments over the course of the experiment and mean 

age of reproduction, significance tested by a KRUSKAL-WALLIS test. 

Treatment 

(food) 

Mean age of 

reproduction 

(d) 

SD (d) Females 

reproducing 

Females not 

reproducing 

Mean 

offspring 

number 

SD 

low 81.375 13.225 17 4 11 4.979 

high 77.866 11.795 15 5 19.2 12.078 

 Chi-squared df p-value    

Offspring 

number 

5.3267 1 0.021    

Age of 

reproduction 

0.79438 1 0.3728    
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Figure 25. Mean Offspring number (A) produced and length of reproduction (B) across treatments 

over the course of the experiment. Significant differences indicated by the p-value on the base of a 

performed KRUSKAL-WALLIS test. 

 

Females of both treatments differed also in their size at reproduction. As seen in Figure 25 B 

and Table 19, high-food females were larger (19.1 ± 1.8 mm SD) at reproduction than low-food 

females (16.8 ± 1.5 mm SD) (P = 0.00095).    

 

 

 

 

 

 

Table 19. Size at reproduction (mm) across treatments over the course of the experiment and mean 

age of reproduction, significance tested by a KRUSKAL-WALLIS test. 

Treatment 

(food) 

Mean length at 

reproduction (mm) 

SD 

(mm) 

Females 

repro- 

ducing 

Females  

not reproducing 

low 16.8 1.5 17 4 

high 19.1 1.8 15 5 

 Chi-squared df p-value  

Length at 

maturation 

10.918 1 0.000095  
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5 Discussion 
 

5.1 Discussion of first hypothesis – life history effects of food 
 

For the first hypothesis, I expected that individual specimen of Heterandria formosa would 

show differences in their life-histories due to the varying amounts of food administered to them.  

The first main difference I observed was a higher growth rate for fish during days 0-42 

compared to days 42-98. This was mainly due to the juvenile stage-effect. Juvenile specimen 

generally grow faster than adults in most species, as suggested by many growth models (LESTER 

2004; VON BERTALANFFY 1957; WEST ET AL. 2001).  A fast juvenile growth increases fitness 

by leading to earlier maturation and/or higher reproductive size and also reduces susceptibility 

to size-selective predation (SOGARD 1992; SOGARD 1997). Thus, growth was the main goal for 

the juvenile Heterandria formosa which led to higher specific juvenile growth rates compared 

to later stages, independently of food treatments.  A food effect became apparent through the 

interaction with the different life history stages. High-food fish grew significantly more during 

the first 42 days than low food juveniles. The magnitude of the stage effect for higher specific 

growth rates for juveniles was therefore further determined by the food level. These findings 

also suggest that the highest food level effect on somatic growth took place during the transition 

from the juvenile to the subadult stage, between days 0 and 42. This was expected since most 

models of somatic growth, like the LESTER growth model, suggest an initial steep growth 

followed by a bottomed-out curve due to the switch in energy allocation from growth to 

reproduction upon maturation (LESTER ET AL. 2004). 

The reduced growth between days 42 and 98 potentially marked the start of investing energy 

into reproduction. This would fit very well with the approximated three to four weeks between 

the first potential fertilization and the first births. First births of offspring occurred around 60 

to 70 days (REZNICK 1996). (Table A2). Like the results in Table 18 show, the two food 

treatment groups did not differ significantly in their mean age at reproduction (~4 days 

difference).  Differences however were observed in offspring number and in length at first 

reproduction. Over the course of the experiment high-food females produced on average more 

offspring (19.2 ± 12.078 SD) than low-food females (11 ± 4.979 SD offspring, Table 18). Low-

food females also reproduced at smaller sizes (~ 2 mm smaller, Table 19). These results 

correspond to REZNICKS findings for the same species (REZNICK ET AL. 1996). It further 

suggests that while food did not influence age at first reproduction it had an influence on size 

at first reproduction and later had an influence on total offspring number directly via energy 
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and matter availability and indirectly via differences in body size between food-treatment 

(CHEONG ET AL. 1984; O’DEA ET AL. 2015). This would suggest that Heterandria formosa 

favours an earlier reproduction as a life history strategy (DESCAMPS ET AL. 2006), while 

accepting trade-offs like reduced size at maturation and lower overall offspring number due to 

food constraints (Table 18 and Table 19), like suggested by the life history theory (HARSHMAN 

& ZERA 2006; ROFF 2002). Finally, the overall proportion of reproducing females did not differ 

between treatments since 17 out of 21 (~81%) low-food females and 15 out of 20 (75%) high-

food females reproduced over the course of the experiment (Table 18).   

The question of further constraints like an in later life reduced reproductive potential under 

unfavourable conditions, as described by CODY or WILLIAMS, cannot be answered since not the 

whole ontogeny, i.e. until death of an individual, was considered in the experiment (CODY 1966; 

WILLIAMS 1966). Newer studies done on mammals investigated the cost of reproduction, and 

found interesting results. According to them the cost of reproduction becomes significantly 

higher - with age when individuals are subjected to unfavourable environmental conditions 

(DESCAMPS ET AL. 2009). This change in cost of reproduction might be another aspect to 

consider when looking at the non-differing ages at reproduction of Heterandria formosa in this 

experiment. Due to the potentially higher cost of reproduction under unfavourable conditions 

later in life, low-food Heterandria, might have traded size at reproduction for an earlier age at 

reproduction.  This could be a call for further testing in the future, as we did not consider 

metabolism and physiology, to investigate the cost of reproduction under varying conditions 

and its potential trade-offs.  

Finally, the applied life history measurements also serve as a control to show that the food 

treatments actually had a detectable effect on the experimental fish. As food had an effect on 

life history traits, it may also affect behaviour.  

 

5.2 Discussion of second hypothesis 
 

For the second hypothesis, I predicted that besides life history, behaviour would also vary 

between the two groups. I expected differences in mean behaviour between fish in the high-

food treatment and the fish in the low-food treatment and these effects would be different for 

life history stages and sex. This is indeed what I found. In general, all four measured behaviours 

changed over ontogeny and with life history stage. Food effects on behaviour were evident 

through the interaction of the food treatment with stage or sex and occurred generally later in 
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life in the subadult or adult stages. Considering the amount of data evaluated and the tables and 

figures presented, it seemed appropriate to compile a comprised overview of the main results 

under the aspect of validity and relevance in order to discuss the findings properly.  

 

5.2.1 Swimming distance 

 

Swimming distance as an indicator of exploratory behaviour increased significantly from the 

juvenile towards the subadult stage (Figure 26). There were no significant differences in 

exploration between the subadult and the adult stage. Different levels of exploration for 

different life-stages are an expected result. Each life-stage has different physiological 

requirements to which the fish must adapt. Especially the subadult stage requires a lot of 

resources to reach maturation while processing a lot of new information and to search for 

potential mating partners (BROWN & BRAITHWAITE 2005; CONRAD ET AL. 2011; FAWCETT & 

FRANKENHUIS 2015; PANCHANATHAN & FRANKENHUIS 2016; PLAUT 2000). In our case subadult 

Heterandria formosa were required to increase exploration in their subadult phase to extent 

foraging to meet the energetic and reproductive requirements of this crucial life-stage. Upon 

maturation, exploration actually decreased a little again (not significantly), showing the 

transition to the adult phase in which less exploration was required (MARCOTTE & BROWMAN 

1986; SOGARD 1997). 

 

Figure 26. Significant differences in swimming distance (exploration) and their stage, sex or food 

interactions. 
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Additionally, body size should be considered as a potential explanation of stage specific 

swimming distance. (BAINBRIDGE 1957; BALLAGH ET AL. 2011; MÜLLER & VAN LEEUWEN 

2004; NATE & BREMIGAN 2005; PADILLA ET AL. 2011; PLAUT 2000; WARDLE 1975). Older fish 

are generally larger. Being larger would mean being able to swim faster and cover greater 

distances (MIKHEEV & ANDREEV 1993). However, to simply explain the stage-effect through a 

length-effect is not possible. First, length as a factor never had a significant effect on mean 

behaviour (swimming distance in this case) in the mixed effect model, for the full and the 

reduced model. Secondly, low food adults were those that swam larger distances but were 

smaller than high food adults (Table 20). Therefore, length may have had an effect on 

exploratory behaviour over the different life-stages but was not the only influential factor.   

 

This becomes more apparent when looking at the other two significant effects for exploration. 

There was a significant Stage:Sex interaction. Male subadults and female subadults increased 

their exploratory behaviour significantly compared to their juvenile stage as shown in Figure 

26. This was true when comparing juvenile males to subadult males and subadult females and 

vice versa. Picking up the previously described arguments, subadult males and females explored 

more in order to procure more resources and potentially search for mates, as well as being larger 

and thus having a better swimming performance (BAINBRIDGE 1957; BALLAGH ET AL. 2011; 

BROWN & BRAITHWAITE 2005; LANGE ET AL. 2013; WARDLE 1975).  Sex in interaction with 

stage increased exploratory behaviour in females more than in male Heterandria formosa. This 

is an expected effect, since subadult females required more resources to invest into gonads and 

embryos. Males also invested into reproduction but not to that extend as females did (IMSLAND 

ET AL. 1997; RENNIE ET AL 2008; RLINSDORP & IBELINGS 1989). In principle males, also could 

have increased exploration to look for female mating partners (BISAZZA & MARIN 1995; 

BISAZZA ET AL. 1998; DADDA 2015), but it is questionable in what extend mating behaviour was 

expressed in males, since they were raised in physical thought not visual and chemical isolation 

Table 20. Size differences between food treatments during the adult stage to qualify the discussed 

length-effect, significance tested by a KRUSKAL-WALLIS test. 

Treatment (food) Mean length at adult stage (mm) SD (mm)  

low 15.86 1.85  

 high 17.52 3.31  

 Chi-squared df p-value 

Treatment effect 17.553 1 2.794e-05 
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(FARR 1980). Greater body length, as part of the sexual dimorphism in Heterandria formosa, 

could also have given females an advantage in exploration in terms swimming performance 

(BALLAGH ET AL. 2011; BISAZZA & MARIN 1995; BROWN & BRAITHWAITE 2005; LANGE ET AL. 

2013). Overall the initial stage effect was further affected by a Stage:Sex effect, enhancing the 

increase in exploration from the juvenile to the subadult stage more for females than males. 

Finally, food also had an effect on the mean exploratory behaviour. Similar to Sex, it was nested 

in a Stage:Food interaction. The main significant difference here was that high-food adults 

expressed a significant reduction in exploration compared to low-food adults and low-food 

subadults. This effect was primarily food induced, since high-food adults were larger than low-

food adults but did show a lower swimming distance instead of a higher exploration as would 

be expected if only length would drive swimming distance. Indeed, was length not a significant 

covariate when analysing swimming distance in either the full or the reduced model. This 

specific food-effect was somewhat along the lines of the hypotheses that low-food fish would 

increase exploration further than high-food fish. During the subadult stage, fish from both 

treatments increased exploration under the premise of foraging, learning and maturation 

(CONRAD ET AL. 2011; FAWCETT & FRANKENHUIS 2015; PANCHANATHAN & FRANKENHUIS 

2016). High-food adults did not need to keep up that high swimming behaviour upon adulthood 

since neither food nor physiological/ hormonal changes were drivers anymore. Low-food fish 

however needed to keep up the extensive exploratory behaviour to increase foraging in order to 

compensate scarcity in food (MARCOTTE & BROWMAN 1986; MITTLEBACH ET AL 2014; SOGARD 

1997). This potentially applied especially for females to ensure offspring production. As a side 

note, Figure 17 shows how, though non-significantly, that low-food females increased 

exploration throughout life, even compared to their subadult stage.  

 

The results imply, combined with the Stage and Stage:Sex effect, that food as an environmental 

cue fostering changes in exploratory behaviour did not take effect until later in life. Subadults 

in both treatments did increase exploration in a similar manner but in the adult stage food effect 

became evident. EDENBROW & CROFT however observed an adverse effect in mangrove killifish 

(Kryptolebias marmoratus). In their study, fish reared under low-food conditions expressed a 

reduced exploratory behaviour when compared to a control group. According to them, low-

food fish reduced exploratory behaviour in order to counter size selective mortality (EDENBROW 

& CROFT 2013; SOGARD 1997). They were not significantly shyer than conspecifics, their 

reduced boldness trajectories yet indicate evidence of size selective risk sensitivity (EDENBROW 
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& CROFT 2013). Results from my study differed possibly due to the fact of removing predation 

risk all together. A constant absence of predatory cues could have enhanced the urge to increase 

foraging and exploration without fearing adverse effects like an increase in mortality (FAWCETT 

& FRANKENHUIS 2015; PANCHANATHAN & FRANKENHUIS 2016).  

 

5.2.2 Moving time 

 

For the second behavioural variable, time spent swimming a s a second indicator variable for 

exploration, another stage effect was observed (Figure 27). The Figure depicts how fish spent 

significantly more time swimming with ongoing ontogeny. This effect of life history stage was 

present for subadults as well as adults when compared to their juvenile stage.  

 

Figure 27. Significant differences in swimming time (exploration) and their stage, sex or food 

interactions. 

 

One can apply the same life-stage dependent and physiological aspects as for swimming 

distance: the time spent moving increased with stage because of different energy requirements 

per life-stage and enhanced locomotion and swimming performance over development 

(BALLAGH ET AL. 2011; CONRAD ET AL. 2011; NATE & BREMIGAN 2005; PLAUT 2000). 

However, a length effect should not have played a big role for time spent moving, since moving 

time did not include swimming speed or distance.  A high moving time could be correlated with 

a high swimming speed if a fish is a superficial explorer or with a slow swimming speed 

indicating a thorough explorer (BENHAIM ET AL. 2013). Thus, a high moving time does not 
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consequently mean a higher swimming speed or a physiological advantage due to length or 

developmental stage. Therefore, older Heterandria formosa may have increased in moving time 

mostly due to biological life-stage dependent requirements like an increase in foraging to meet 

the higher energy demand. However, a stage-dependent effect of the food treatment on time 

spent moving, that would be expected with such an argument, was not detected.     

However, there was a Sex:Food interaction. Male high-food fish spent significantly less time 

moving compared to low-food males and high-food females. Female low-food fish moved more 

than male high-food fish as well though the difference was non-significant. The differences 

between low-food and high-food males are mostly derived from their energy requirements and 

food availability. Low-food males had less food than high food-males and thus kept a higher 

level of exploration throughout life to compensate for it (FAWCETT & FRANKENHUIS 2015; 

NISLOW ET AL. 1998). Furthermore, having never experienced social or mating related 

interactions could have reduced activity further for high-food males since food was their only 

influential cue throughout life and never a concern opposed to low-food fish for which food 

was a constraint (CHEN ET AL. 2011; DADDA 2015; SPENCE & SMITH 2006). 

As for the sex differences, comparing high-food females and high food males is somewhat 

challenging. Since both were part of the high-food treatment, food should not have been of 

concern for either of them. Females still could have increased their exploratory behaviour since 

they had a higher energy budget to spent compared to the low food treatment and to acquire 

even more resources since they needed a lot more energy in terms of reproduction requirements 

(IMSLAND ET AL. 1997; MAGURRAN & GARCIA 2005; RLJNSDORP & IBELINGS 1989; SOGARD & 

OLLA 1996). This also hints at the possibility that the amount fed in the high food treatment was 

to some extent not ad libitum for females. This is makes the Sex:Food effect very interesting 

but expectable since sex differences are normally accompanied by varying food requirements 

(MAGURRAN & GARCIA 2005; SOGARD & OLLA 1996). 

Therefore, I would conclude that the increased exploratory behaviour expressed by increased 

moving time for low-food males compared to high-food males was a response to scarcity in 

food (FAWCETT & FRANKENHUIS 2015; NISLOW ET AL. 1998). For high-food females it was 

potentially their higher overall energy demand that led to an increase in exploration compared 

to same treatment males (IMSLAND ET AL. 1997; MAGURRAN & GARCIA 2005; RLJNSDORP & 

IBELINGS 1989; SOGARD & OLLA 1996). Low-food females showed the same trend but it was 

non-significant as mentioned before, possibly as a measure to conserve energy by moving less 

(ORPWOOD ET AL. 2006). Food thus had a very specific influence on time spent moving with 
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different effects depending on sex and treatment. Food effects may be intertwined with 

physiology. Sexes in dimorphic species generally express differences in aspects like aggression, 

foraging and fitness (MAGURRAN & GARCIA 2005; SOGARD & OLLA 1996). This should be 

considered when trying to estimate the influential value of food in combination with sex. 

Overall, the somewhat different results of the behavioural variables swimming distance and 

time spent moving which both presumably assess exploratory behaviour (BUDAEV 1997; BURNS 

2008; MIKHEEV & ANDREEV 1993), suggest that swimming distance and moving time may 

quantify different aspects of exploration. The two behavioural measures were not 

interchangeable and therefore equally yielded valuable information.  

 

5.2.3 Actual velocity 
 

As stated in section 5.1, actual velocity, or swimming speed when actually moving, should be 

regarded as a general activity indicator (BURNS 2008). The figure below (Figure 29), shows that 

there was a distinct increase in swimming speed across stages. When they were swimming, fish 

swam faster on average during later life-stages. Most scientific works support this observation, 

since over ontogeny fish as indeterministic growing animals increase in length continuously, 

and also morphology changes, e.g. fins. Older larger fish can therefore sustain higher swimming 

speeds with ease and for longer periods (LANGE ET AL. 2013; PADILLA ET AL. 2011). 

Furthermore, the average cruising speed naturally increases with size (NATE & BREMIGAN 2005; 

PLAUT 2000; VIDELER 1981 & 1985). These facts could explain the constant increase in 

swimming speed for Heterandria formosa over ontogeny. However, once again length was 

never significant in neither the full nor reduced mixed effect model for actual velocity. 
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Figure 28. Significant differences in actual velocity (activity) and their stage, sex or food interactions. 

 

The significant Stage:Sex interaction shows similar results like the stage effect. There was a 

significant increase in swimming speed for both female and male specimen reaching the 

subadult stage. Velocity was ultimately reduced again in the case of adult males, while females 

maintained the higher speed observed for subadults throughout adulthood (Figure 28). At the 

first moment, this seems to contradict previous findings which attribute males to be more active 

in certain cases. However, looking at actual velocity and considering that the visible sexual 

dimorphism has the biggest effect on adult specimen (size ratio ~1:2 between males and 

females), the higher swimming speed seems natural. Females were larger and thus could swim 

faster. (BALLAGH ET AL. 2011; JONES ET AL. 1974; NATE & BREMIGAN 2005; PLAUT 2000; 

VIDELER 1981 & 1985). Furthermore, the increase in swimming speed for adult females was 

mostly attributed to low-food female adults whereas high-food female adults decreased in 

swimming speed upon maturation which hints at a foraging motivation for low-food fish to 

increase activity (Figure 19) (BROWN & BRAITHWAITE 2004; MARCOTTE & BROWMAN 1986; 

SMITH & BLUMSTEIN 2008). However, this was only a trend and food was not in any way a 

significant factor for differences in actual velocity. As a consequence, there was no detectable 

food treatment effect and variations in actual velocity over ontogeny should be attributed to 

physiological changes and size at age effects (JONES ET AL. 1974; MAGUIT ET AL. 2010; VIDELER 

1981 & 1985).  
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5.2.4 Time spent in outer area 
 

For boldness-shyness indications, as represented by the time spent in the outer area, one can 

assume that bolder fish spent more time in the centre whereas shy and cautious one stuck closer 

to the walls during the behavioural trials (WHITE ET AL. 2013). First of all, there was a stage-

effect as seen in Figure 29. Subadult fish became shyer than they were in their juvenile stage 

and later became less shy, i.e. bolder, again as adults.  

 

Figure 29. Significant differences in time spent in outer area (shyness) and their stage, sex or food 

interactions. 

 

BROWN & BRAITHWAITE observed a higher risk-taking behaviour in juvenile fish compared to 

larger and older ones (Brachyraphis episcopi). They explained said behaviour by a metabolic 

hypothesis, considering the higher urge for juvenile fish to feed and grow (BROWN & 

BRAITHWAITE 2004). For juveniles, the need to feed and grow might have reduced expressed 

shyness (BALLEW ET AL. 2017; BIRO ET AL. 2005; BROWN & BRAITHWAITE 2004). As for 

subadult fish scientific literature states the subadult stage as the most crucial for many species 

in terms of maturation and potential future reproductive success. An increase in shyness during 

that stage can be seen as a form of asset protection (REINHARDT & HEALEY 1999). Therefore, 

subadult Heterandria formosa preferred the safer outer areas to reduce risks by being shyer than 

in previous and later stages. This behaviour seems like a trade-off since subadults increased 
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their activity and exploration nonetheless (5.2.1, 5.2.2 & 5.2.3). Therefore, it seems likely that 

subadult fish in the experiment increased exploration to assess risks and increase foraging but 

in the same manner reduced risks by frequenting the so to speak safer outer area. They were 

more active and exploratory but in the safer habitat (BALLEW ET AL. 2017; BROWN & 

BRAITHWAITE 2004). 

Secondly a Stage:Sex interaction effect was found. This effect stemmed from a reduced shyness 

in adult male fish compared to both subadult sexes and adult females. In the light of the above 

life-stage effect, it seemed a natural response for adult males to become less shy after the critical 

subadult stage. Studies done on Brachyraphis fishes confirm that the two sexes can differ in 

shyness, with males being consistently less shy than females (CONRAD ET AL. 2011; EDENBROW 

& CROFT 2013; INGLEY ET AL. 2014). This result supports the idea that males are generally less 

shy, especially upon maturation to increase reproductive success (BALLEW ET AL. 2017; INGLEY 

ET AL. 2014). Being less shy in that case would be on a par with finding more potential mating 

partners (GODIN & AULD 2013; GODIN & DUGATKIN 1996). In contrast, females did not require 

this decrease in shyness to bolster reproduction (REZNICK ET AL. 1996). These findings confirm 

the already mentioned studies and, coincide with many of their results. 

As for food, it is often suggested that food and hunger can have different effects on expressed 

shyness (ARIYOMO & WATT 2015; BROWN & BRAITHWAITE 2004; EDENBROW & CROFT 2013). 

The results of the experiment show that for a Stage:Food effect, high-food subadults were 

significantly shyer than low-food subadults, before both fish in both treatments became less shy 

again upon adulthood. High-food conditions allow an animal to be shyer since the need to 

increase risk-taking to increase foraging is not as pressing as under low-food conditions 

(ARIYOMO & WATT 2015; BROWN & BRAITHWAITE 2004; CONRAD ET AL. 2011; HINTZE ET AL. 

2015). Low-food subadults became less shy during their developmental stage compared to their 

high-food conspecifics under the premise of procuring more food and to potentially express the 

same age at maturation as high-food fish as shown in the life history results (EDENBROW & 

CROFT 2013).  

Finally, the food treatment effect started to take effect only later in life, not directly affecting 

juveniles, since they did not differ in the measured behavioural variables across food-

treatments. This uniformity in lower shyness during early life without the treatment effect, 

matches the stage effect and literature. Juvenile fish in most species are solely focused on 

growth and to mature as fast as possible (BALLEW ET AL. 2017; BROWN & BRAITHWAITE 2004). 

Overall, shyness changed significantly over ontogeny. Distinct, changes were expressed over 
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sex and stage, with male adults being less shy and subadult fish preferring a safer environment. 

A treatment effect could not be generalized but food and its effect on shyness seemed to have 

been highly stage dependent, fostering fish to be less shy in their subadult stage when facing 

scarceness of food and at the same time to be shyer under high-food conditions. Once again this 

emphasizes the adverse effects environmental stressors can have during different 

developmental stages and across sexes. 

 

5.3 Discussion of third hypothesis 

 

Finally, the third hypothesis concerned the existence of behavioural types in Heterandira 

formosa and their food-dependent development over ontogeny. I expected that behavioural 

types, i.e. consistent differences over time in behaviour among individuals, expressed as 

repeatability and its components among-individual and within-individual variance would 

change over ontogeny and that food would influence this development.  

 

In general, Heterandria formosa expressed behavioural types in all four measured behavioural 

variables. Every behaviour was virtually always highly repeatable, and this finding holds for 

the adjusted repeatability across all life history stages and sex, and for each single food, stage, 

sex combination. Behavioural types thus existed already in juvenile fish seven days after birth. 

This is a remarkable finding since consistent behavioural differences are often attributed to 

mostly later life-stages, often after processing environmental cues or a change in physiology 

and metabolism (e.g. maturation and gonad production) (BOUCHARD & LOEHLIN 2001; 

FRANKENHUIS & PANCHANATHAN 2011; WILSON 1998). More, since I did not find a relationship 

between age and repeatability scores, behavioural types did not change over ontogeny. 

However, as summarized in Figure 30, it becomes apparent that for 3 out of 4 behavioural traits 

(one of the two different exploration measures (swimming distance), shyness and activity), 

among-individual variance increased significantly with age. Within-individual variance did not 

change in any significant way and repeatability was not affected as well. Thus, changes in 

among-individual variance did not impact repeatability enough to become significant, though 

they should have been as repeatability is the “fraction of behavioural variation due to 

differences between individuals” (BELL ET AL. 2009).  
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Figure 30. Main changes in variance components over ontogeny, sex and food for Heterandria formosa. 

Figure visualizes and summarizes the significant differences in repeatability and among- and within-

individual variation for measured behaviour and shows what the differences mean. (Among-individual 

differences: individuals become more distinct from each other with increasing among-individual 

variation).  

My results both confirm and contradict previous work on the ontogenetic development of behavioural 

types. POLVERINO ET AL. too, observed the emergence and development of behavioural types 

over ontogeny. They kept their test fish (Gambusia holbrooki) in similar conditions as I did: 

physically but not chemically and visually isolated and under constant environmental 

conditions but fed them ad libitum. They found that repeatability increased with age due to a 

reduction of behavioural plasticity, i.e. a reduction in within-individual variance while among-

individual variance remained unchanged over ontogeny (POLVERINO ET AL. 2016). Because they 

conducted their experiment in the absence of all possible stressors, their main findings were 

that behavioural differences emerge over ontogeny even without extrinsic factors.  

In contrast, consolidation of behaviour with age in my case was attributed due to higher among-

individual variation of older fish. Our test fish became more distinct from one another with age 

but did not change in their individual plasticity during their life-stages as assessed during the 

four consecutive behavioural trials. 
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Differing results between the two studies might be partially due to different behavioural traits 

featured in both experiments. POLVERINO ET AL. used an open field test, measuring emergency 

latency, and hiding time besides exploration and activity, while our experiment utilized a forced 

open field test, focusing mainly on exploration and spatial movement (BURNS 2008; POLVERINO 

ET AL. 2016). Furthermore, results of my thesis are based on four measurements per stage as 

opposed to two repetitions of POLVERINO ET AL. which also might have fostered differences in 

variance components (DINGEMANSE & DOCHTERMANN 2013; POLVERINO ET AL. 2016). 

Habituation or sensitization might be fostered as a trade-off between the amount of data gained 

and repeatability when measuring individuals more than twice (ADOLPH & HARDIN 2007; 

MARTIN & REALE 2008). A Meta-analysis though suggests that the number of observations does 

not affect repeatability in a significant way (BELL ET AL. 2009). 

The question remains now why fish developed behavioural differences when compared to each 

other and consolidate those throughout life, independent of sex and food? In this regard, an 

experiential effect could be a possible reason but only to some extent, as the conditions for each 

fish did not change significantly over ontogeny (BELL ET AL 2009; CONRAD ET AL. 2011). As 

one of the newest study available tackling that topic, BIERBACH ET AL. found that individual 

variation occurred even in clonal generations of the Amazon molly (Poecilia formosa), despite 

their clonal nature and near identical rearing conditions (BIERBACH ET AL 2017).  According to 

BIERBACH ET AL., it could be that “individuality might be an inevitable and potentially 

unpredictable outcome of development” (BIERBACH ET AL. 2017). They argue that so called 

“minute experiential and environmental experiences” could shape behavioural differentiation 

more than previously thought (BIERBACH ET AL. 2017). In our setup, each individual fish 

possibly made small, different experiences (placing of housing tank, mating for females, 

different water flow-through rates) throughout its life and formed a behavioural response. Even 

when experiencing the same small changes, each fish could potentially have responded 

differently and formed a different behavioural response (BIERBACH ET AL .2017). These 

differences are a result of the received and processed environmental cues (BELL ET AL 2009; 

CONRAD ET AL. 2011; FAWCETT & FRANKENHUIS 2015; FRANKENHUIS & PANCHANATHAN 2011; 

PANCHANATHAN & FRANKENHUIS 2016; POLVERINO ET AL. 2016). Similar results were observed 

in humans, where consistency in behaviour increased with age, often in the context of “identity 

consolidation” were previous experiences are evaluated to adapt to the new adult role (BELL ET 

AL. 2009; CONRAD ET AL. 2011; DALL ET AL. 2004; PALS 1999; ROBERTS & DELVECCHIO 2000). 

Additionally, the small experiential differences could have been enhanced by positive feedback 

mechanisms (BIERBACH ET AL. 2017; POLVERINO ET AL. 2016; WOLF & WEISSING 2010). 
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Furthermore, the not tested for genetic differences possibly also played a role as suggested by 

a meta-analysis (DOCHTERMAN ET AL. 2005). Though behavioural differences manifested in 

different variables (among-individual for Heterandria formosa, within-individual for 

POLVERINO ET AL.) it seems to have been driven by similar effects, becoming more distinct with 

age (“minute experiential and environmental experiences”) and different life-stage 

requirements from the juvenile over the subadult to the adult-stage (BIERBACH ET AL. 2017; 

BROWN & BRAITHWAITE 2005, CONRAD ET AL. 2011; PANCHANATHAN & FRANKENHUIS 2016; 

POLVERINO ET AL. 2016).  

As for food, it only had an influence on the second exploratory variable (moving time) (Figure 

30). Low-food fish had a significantly lower among-individual variation and repeatability than 

high-food fish. Among-individual differences and repeatability changed for low-food fish 

because under environmental food stress they were partially forced to a more uniform 

behaviour. Low food fish varied less among each other because they all had to explore to 

compensate the low-food conditions. In contrast high-food fish did not have that limitation by 

having always enough food and developing without constraints in an individual direction 

(CONRAD ET AL. 2011; FAWCETT & FRANKENHUIS 2015; FRANKENHUIS & PANCHANATHAN 

2011; PANCHANATHAN & FRANKENHUIS 2016).   Note however that those findings are, only 

implications, since the food effect was only detectable for 1 out of 4 measured traits but 

nonetheless interesting under the aspect of further, more extensive studies. 

 This concludes the general discussion of the variation components of this experiment. It should 

be noted that behavioural types were detectable from an early age and became more consistent 

with advancing age of the test fish, represented by the increased among-individual differences 

potentially due to an experiential/ genetic effect (Figure 30, results in chapter 4). Regarding the 

statement that “it remains not well understood whether among-individual differences tend to 

remain consistent over lifetime, or whether the behaviour of individuals relative to one another 

varies over time” (FISHER ET AL. 2015), my findings are interesting since they have shown a 

significant increase over time in among-individual differences and further underline the need 

to observe trait variation over ontogeny. Food however had only in one of the measured 

behavioural variables any influence on repeatability and among-individual variation and thus 

generally did not influence the development of behavioural types.  
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5.4 Summary and implications of the thesis 

 

As far as the results are concerned, a few key findings should be highlighted in this summary. 

First of all, behaviour was repeatable for all assessed variables and behavioural types already 

were present in juvenile specimen. With age. individuals became more and more distinct from 

each other in their behaviour. Potential drivers for a diversification were accumulated 

experiential effects combined with initial genetic and small environmental differences, as 

mainly argued for by newer literature (BIERBACH ET AL .2017; POLVERINO ET AL. 2016). Food 

only had limited influence on the expression of behavioural types as well as their development 

over ontogeny. However, when present, food affected behaviour during certain life-stages in a 

typical way. Scarcity in food, seems to have led to a more constrained and uniform exploratory 

behaviour in Heterandria formosa when compared to high-food fish.  

The measured mean behaviour also changed across life-stages. This was likely due to different 

energy requirements in each life-stage and the varying physiology of the fish across life -stages 

and between sexes (CONRAD ET AL. 2011; FAWCETT & FRANKENHUIS 2015). If food had an 

effect, it became evident through interactions with stage or sex. Those interactions and their 

effects suggest that the food shortage in the low food treatment fostered higher boldness and 

exploration in fish to increase foraging (CONRAD ET AL. 2011; MITTELBACH ET AL. 2014). 

Not all hypotheses could have been accepted and the results were sometimes inconsistent. This 

may be due to the selection of the behavioural variables measured. Especially the two variables 

potentially assessing exploratory behaviour but showing different results give room for 

improvement. While I based the variable selection and the interpretation on an extensive 

literature review, it may be that these selections and interpretations were not correct for the 

model system (despite that Heterandria formosa is, as many other fish model species like 

Guppies or Mollies, a member of the family of the Poecillidae). For future setups, it may be 

useful to explore whether the chosen behaviours form distinct behavioural axes, possibly by 

applying a Principal Component Analysis. A Principal Component Analysis would have 

potentially reduced the different measured variables by calculating correlations between the 

behavioural variables and forming new Principal Components which can substitute the original 

variables (BUADEV 2010). In our case this may have helped to show correlations between the 

measured behavioural attributes, especially in the case for the two exploratory variables. Using 

a multivariate mixed-effect-model approach to “decompose correlations between phenotypic 
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attributes” could have been another possibility and should be considered for future studies 

(DINGEMANSE & DOCHTERMANN 2013). 

 Despite potential improvements and constraints, it remains that in contrast to many studies the 

thesis assessed behavioural changes under different food conditions and covered a full life 

history. The interesting and comprehensive results consequently underline the advantages of 

longitudinal studies and their importance for the scientific field of behavioural ecology. 
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Appendix 
 

This section contains additional material and complementary tables as mentioned in the results 

and discussion which were not included in the text to maintain the reading flow in a proper 

fashion. The information ranges from time tables of the experiment over feed recipes to in detail 

repeatability and variance tables for more in-depth information of the results. 

 

Experiment tables and calendars 
 

 

 

Table A1. Experiment timetable and important dates. 

February 

 

March April May June July 

 

22.02 Female 

selection and 

measurements 

(n = 40) 

 

 

2.3-20.3 First 

behavioural 

assessment 

 

9.04-27.04 

Second 

behavioural 

assessment 

  

15.06 Third 

behavioural 

assessment 

 

03.07 End of third 

behavioural 

assessment 

23.02 Start of 

juvenile 

collection 

8.03 End of 

juvenile collection 

(n = 80) 

 

   09.07 End of Data 

collection for thesis 

23.02 Start of 

weekly 

measurements 

 

25.02 Start of 

daily feeding 

2 days’ post 

birth 

22.3 Start of 

weekly mating of 

females 

   “Feeding, length 

measurements etc. 

were continued after 

the official 

experiment (Table 

A2)” 
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Table A2. Important fish parameters. Data collection extended after experiment (March 2017). 

ID Sex Birth Death Age 

(days) 

Mother 

ID 

Mother 

length 

(mm) 

Treatment First 

Litter 

(date) 

First 

Litter 

(days) 

Total 

Offspring 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

M 

M 

F 

F 

M 

M 

M 

F 

M 

F 

F 

M 

M 

F 

M 

M 

NA 

M 

F 

F 

F 

M 

F 

M 

F 

M 

F 

M 

M 

F 

F 

F 

F 

M 

M 

F 

F 

M 

M 

M 

F 

F 

F 

M 

M 

F 

M 

F 

F 

F 

F 

28. Feb 

03. Mrz 

01. Mrz 

05. Mrz 

06. Mrz 

08. Mrz 

04. Mrz 

05. Mrz 

29. Feb 

06. Mrz 

28. Feb 

03. Mrz 

27. Feb 

04. Mrz 

05. Mrz 

07. Mrz 

08. Mrz 

27. Feb 

27. Feb 

08. Mrz 

02. Mrz 

27. Feb 

03. Mrz 

27. Feb 

07. Mrz 

01. Mrz 

08. Mrz 

01. Mrz 

27. Feb 

27. Feb 

03. Mrz 

01. Mrz 

04. Mrz 

04. Mrz 

27. Feb 

27. Feb 

27. Feb 

03. Mrz 

02. Mrz 

29. Feb 

07. Mrz 

28. Feb 

03. Mrz 

07. Mrz 

05. Mrz 

28. Feb 

04. Mrz 

01. Mrz 

01. Mrz 

04. Mrz 

27. Feb 

17. Sep 

17. Sep 

24. Sep 

18. Nov 

17. Sep 

17. Sep 

17. Sep 

05. Feb 

04. Jul 

25. Nov 

05. Feb 

17. Sep 

16. Sep 

20. Jun 

17. Sep 

17. Sep 

17. Mrz 

17. Sep 

23. Aug 

30. Dez 

16. Jul 

17. Sep 

14. Jul 

17. Sep 

17. Jun 

17. Sep 

ALIVE 

17. Sep 

17. Sep 

26. Sep 

13. Aug 

23. Dez 

29. Dez 

17. Sep 

23. Apr 

22. Dez 

08. Jul 

17. Sep 

17. Sep 

17. Sep 

26. Okt 

ALIVE 

22. Nov 

17. Sep 

16. Apr 

ALIVE 

17. Sep 

07. Jan 

22. Sep 

27. Jul 

13. Okt 

202 

197 

207 

258 

194 

192 

196 

337 

126 

264 

343 

197 

202 

108 

195 

193 

9 

203 

178 

297 

136 

203 

133 

203 

102 

199 

ALIVE 

199 

203 

212 

163 

175 

300 

196 

56 

299 

132 

197 

198 

201 

233 

ALIVE 

264 

193 

42 

ALIVE 

196 

312 

204 

145 

229 

1 

2 

32 

4 

5 

27 

7 

8 

40 

5 

42 

31 

35 

47 

4 

16 

17 

11 

11 

17 

12 

12 

23 

30 

25 

26 

27 

28 

30 

35 

31 

32 

33 

33 

43 

29 

29 

23 

39 

40 

16 

42 

2 

25 

8 

46 

47 

39 

49 

7 

3 

23.4 

24.15 

23.7 

22.95 

24.2 

25.05 

24.1 

24.9 

24.4 

24.2 

24.15 

22.5 

21.9 

21.8 

22.95 

24.7 

25 

21.45 

21.45 

25 

22.05 

22.05 

21.75 

24.05 

21.85 

24.6 

25.05 

24 

24.05 

21.9 

22.5 

23.7 

23.15 

23.15 

24 

23.25 

23.25 

21.75 

23.5 

24.4 

24.7 

24.15 

24.15 

21.85 

24.9 

25.2 

21.8 

23.5 

21.75 

24.1 

23.1 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

- 

- 

04. Mai 

14. Mai 

- 

- 

- 

11. Jun 

- 

21. Mai 

04. Jun 

- 

- 

17. Mai 

- 

- 

- 

- 

02. Jun 

12. Mai 

NA 

- 

18. Mai 

- 

24. Mai 

- 

14. Mai 

- 

- 

NA 

NA 

01. Jul 

05. Jun 

- 

- 

05. Jun 

NA 

- 

- 

- 

23. Mai 

01. Mai 

04. Jun 

- 

- 

16. Mai 

- 

NA 

NA 

11. Jun 

05. Mai 

- 

- 

64 

70 

- 

- 

- 

98 

- 

76 

97 

- 

- 

74 

- 

- 

- 

- 

96 

65 

NA 

- 

76 

- 

78 

- 

67 

- 

- 

NA 

NA 

122 

93 

- 

- 

99 

NA 

- 

- 

- 

77 

63 

93 

- 

- 

78 

- 

NA 

NA 

99 

68 

- 

- 

42 

7 

- 

- 

- 

7 

- 

16 

29 

- 

- 

18 

- 

- 

- 

- 

19 

13 

NA 

- 

18 

- 

11 

- 

19 

- 

- 

NA 

NA 

1 

3 

- 

- 

6 

NA 

- 

- 

- 

18 

15 

20 

- 

- 

14 

- 

NA 

NA 

12 

36 
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52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

F 

F 

F 

M 

M 

M 

M 

NA 

F 

F 

M 

M 

F 

F 

F 

F 

F 

F 

M 

M 

F 

M 

M 

M 

M 

F 

F 

M 

F 

24. Feb 

24. Feb 

24. Feb 

24. Feb 

24. Feb 

01. Mrz 

02. Mrz 

29. Feb 

25. Feb 

25. Feb 

25. Feb 

25. Feb 

25. Feb 

25. Feb 

25. Feb 

28. Feb 

27. Feb 

27. Feb 

26. Feb 

26. Feb 

26. Feb 

26. Feb 

26. Feb 

26. Feb 

26. Feb 

01. Mrz 

26. Feb 

26. Feb 

28. Feb 

ALIVE 

16. Jul 

27. Okt 

17. Sep 

17. Sep 

17. Sep 

17. Sep 

08. Mrz 

06. Jul 

ALIVE 

17. Sep 

17. Sep 

ALIVE 

02. Jul 

ALIVE 

18. Aug 

ALIVE 

08. Nov 

17. Sep 

17. Sep 

27. Jun 

17. Sep 

17. Sep 

17. Sep 

17. Sep 

12. Aug 

25. Nov 

17. Sep 

04. Jun 

ALIVE 

143 

246 

206 

206 

199 

198 

8 

132 

ALIVE 

205 

205 

ALIVE 

128 

ALIVE 

172 

ALIVE 

172 

204 

204 

122 

204 

204 

204 

204 

164 

273 

204 

97 

19 

19 

21 

21 

3 

26 

43 

48 

9 

9 

37 

37 

22 

22 

49 

46 

13 

13 

18 

18 

24 

24 

36 

36 

48 

28 

50 

50 

1 

21.85 

21.85 

23.9 

23.9 

23.1 

24.6 

24 

21.6 

21.7 

21.7 

24.1 

24.1 

23.05 

23.05 

21.75 

25.2 

21.55 

21.55 

25.05 

25.05 

23.8 

23.8 

24.95 

24.95 

21.6 

24 

21.85 

21.85 

23.4 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

07. Mai 

04. Mai 

13. Mai 

- 

- 

- 

- 

- 

28. Mai 

07. Mai 

- 

- 

02. Jun 

14. Mai 

30. Apr 

NA 

NA 

28. Apr 

- 

- 

29. Mai 

- 

- 

- 

- 

17. Mai 

15. Mai 

- 

NA 

73 

70 

79 

- 

- 

- 

- 

- 

93 

72 

- 

- 

98 

79 

65 

NA 

NA 

61 

- 

- 

93 

- 

- 

- 

- 

77 

79 

- 

NA 

12 

20 

10 

- 

- 

- 

- 

- 

16 

9 

- 

- 

5 

17 

18 

- 

- 

41 

- 

- 

5 

- 

- 

- 

- 

23 

16 

- 

NA 
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Table A3. Consequences and results of behavioural traits and their confirmation in scientific studies 

(MITTELBACH ET AL. 2014). 

 



63 
 

Table A4. Repeatability for swimming distance for each treatment, sex and stage. rpt(Distance_cm ~ 

Length_mm  + Trial + ( (1|Fish_ID). 

Sex Treatment Stage R SE CI P 

Male Low Juvenile 0.347 0.125 [0.071, 0.568] 6.67e-09 [LRT] 

Male Low Subadult 0.729 0.089 [0.501, 0.85] 7.36e-18 [LRT] 

Male Low Adult 0.578 0.119 [0.293, 0.755] 3.97e-13 [LRT] 

Female Low Juvenile 0.459 0.125 [0.161, 0.66] 5.46e-11 [LRT] 

Female Low Subadult 0.407 0.121 [0.14, 0.613] 2.54e-10 [LRT] 

Female Low Adult 0.66 0.106 [0.393, 0.808] 5.97e-16 [LRT] 

Male High Juvenile 0.467 0.131 [0.165, 0.675] 1.76e-10 [LRT] 

Male High Subadult 0.635 0.12 [0.324, 0.791] 5.91e-14 [LRT] 

Male High Adult 0.823 0.076 [0.622, 0.906] 2.28e-20 [LRT] 

Female High Juvenile 0.557 0.114 [0.286, 0.733] 1.12e-12 [LRT] 

Female 

Female 

High 

High 

Subadult 

Adult 

0.56 

0.58 

0.112 

0.113 

[0.293, 0.725] 

[0.296, 0.751] 

8.48e-13 [LRT] 

7.58e-12 [LRT] 

 

 

Table A5. Repeatability for swimming distance for full model. Rpt(Distance_cm ~ Stage*Sex*Food + 

Length_mm  + Trial + Stage*Trial +(1|Fish_ID). 

Sex Treatment Stage R SE CI P 

All All All 0.287 0.042 [0.205, 0.366] 1.75e-42 [LRT] 

 

 

Table A6. Among/Within-Individual variance of swimming distance for each treatment, sex and stage. 

Sex Trt Stage Var 

Among 

SE CI P Var  

Within 

Male Low Juvenile 5187.356 2597.227 [896.228, 11455.87] 6.67e-09 [LRT] 9767.758 

Male Low Subadult 17568.89 6449.715 [7093.256, 32343.91] 7.36e-18 [LRT] 6527.503 

Male Low Adult 12705.99 5009.644 [4241.727, 25140.53] 9.16e-13 [LRT] 9890.685 

Female Low Juvenile 8356.772 3522.179 [2724.483, 16341.48] 5.46e-11 [LRT] 9842.49 

Female Low Subadult 20170.87 8936.714 [5481.745, 39860.79] 2.54e-10 [LRT] 29349.87 

Female Low Adult 31642.87 11970.46 [12285.75, 60905.28] 5.97e-16 [LRT] 16307.74 

Male High Juvenile 8985.248 4068.904 [2437.901, 17984.88] 1.76e-10 [LRT] 10251.86 

Male High Subadult 19951.56 8080.216 [6860.277, 38443.12] 5.91e-14 [LRT] 11462.06 

Male High Adult 27047.08 10701.24 [10032.52, 50910.47] 2.28e-20 [LRT] 5814.643 

Female High Juvenile 7568.526 2923.312 [2500.651, 13930.31] 1.12e-12 [LRT] 6026.803 

Female High Subadult 19532.67 7700.65 [6457.864, 35388.14] 8.48e-13 [LRT] 15331.64 

Female High Adult 18179.96 7371.483 [5888.246, 35471.7] 5.96e-13 [LRT] 12939.8 
 

 

 

 

 

 

 



64 
 

Table A7. Repeatability for time spent moving (arcsine of s) for each treatment, sex and stage. 

Rpt(Moving_sec_arcsine ~ Length_mm  + Trial + (1|Fish_ID). 

Sex Treatment Stage R SE CI P 

Male Low Juvenile 0.077 0.093 [0, 0.323] 8.47e-05 [LRT] 

Male Low Subadult 0.143 0.111 [0, 0.383] 0.00013 [LRT] 

Male Low Adult 0.178 0.11 [0, 0.404] 7.47e-05 [LRT] 

Female Low Juvenile 0.316 0.125 [0.044, 0.527] 4.31e-07 [LRT] 

Female Low Subadult 0.257 0.119 [0.014, 0.467] 8.19e-06 [LRT] 

Female Low Adult 0.618 0.107 [0.349, 0.773] 6.83e-12 [LRT] 

Male High Juvenile 0.351 0.135 [0.078, 0.605] 3.64e-07 [LRT] 

Male High Subadult 0.831 0.071 [0.642, 0.911] 1.17e-19 [LRT] 

Male High Adult 0.576 0.126 [0.291, 0.772] 3.58e-10 [LRT] 

Female High Juvenile 0.362 0.128 [0.073, 0.572] 1.88e-07 [LRT] 

Female High Subadult 0.558 0.114 [0.294, 0.738] 2.22e-10 [LRT] 

Female High Adult 0.809 0.069 [0.637, 0.898] 2.29e-19 [LRT] 
 

 

Table A8. Repeatability for whole model. Rpt(Moving_sec_arcsine ~ Stage*Sex*Food + Length_mm  

+ Trial + Stage*Trial+(1|Fish_ID). 

Sex Treatment Stage R SE CI P 

All All All 0.237 0.041 [0.163, 0.318] 3.88e-40 [LRT] 
 

 

Table A9. Among/Within Individual Variance of time spent moving (arcsine of s) for each treatment, 

sex and stage. 

Sex Trt Stage Var 

Among 

SE CI P Var  

Within 

Male Low Juvenile 0.007 0.006 [0, 0.023] 1 [LRT] 0.05146449 

Male Low Subadult 0.01 0.006 [0, 0.024] 1 [LRT] 0.03361958 

Male Low Adult 0.013 0.007 [0.002, 0.03] 1 [LRT] 0.02956663 

Female Low Juvenile 0.034 0.016 [0.008, 0.065] 1 [LRT] 0.06083413 

Female Low Subadult 0.027 0.015 [0.002, 0.061] 1 [LRT] 0.08238236 

Female Low Adult 0.047 0.018 [0.018, 0.088] 3.02e-07 [LRT] 0.02336538 

Male High Juvenile 0.043 0.021 [0.01, 0.088] 1 [LRT] 0.05929616 

Male High Subadult 0.078 0.031 [0.028, 0.152] 4.84e-08 [LRT] 0.03060739 

Male High Adult 0.065 0.027 [0.021, 0.126] 1.61e-06 [LRT] 0.02934262 

Female High Juvenile 0.029 0.013 [0.007, 0.059] 1 [LRT] 0.04377433 

Female High Subadult 0.042 0.018 [0.014, 0.082] 0.00558 [LRT] 0.03887551 

Female High Adult 0.064 0.025 [0.026, 0.121] 3.46e-08 [LRT] 0.02638714 
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Table A10. Repeatability for actual velocity for each treatment, sex and stage. Rpt(Actual_Velocity_log 

~ Length_mm  + Trial + (1|Fish_ID). 

Sex Treatment Stage R SE CI P 

Male Low Juvenile 0.343 0.13 [0.069, 0.568] 1 [LRT] 

Male Low Subadult 0.657 0.107 [0.393, 0.812] 2.82e-08 [LRT] 

Male Low Adult 0.614 0.111 [0.334, 0.765] 6.36e-07 [LRT] 

Female Low Juvenile 0.251 0.119 [0, 0.474] 1 [LRT] 

Female Low Subadult 0.501 0.118 [0.224, 0.69] 6.19e-05 [LRT] 

Female Low Adult 0.629 0.108 [0.361, 0.777] 8.03e-08 [LRT] 

Male High Juvenile 0.545 0.12 [0.262, 0.73] 0.00013 [LRT] 

Male High Subadult 0.404 0.138 [0.098, 0.627] 0.0203 [LRT] 

Male High Adult 0.738 0.104 [0.46, 0.864] 1.72e-09 [LRT] 

Female High Juvenile 0.39 0.123 [0.121, 0.599] 0.0565 [LRT] 

Female High Subadult 0.561 0.111 [0.312, 0.731] 1.29e-05 [LRT] 

Female High Adult 0.479 0.125 [0.172, 0.668] 0.00242 [LRT] 

 

 

Table A11. Repeatability for whole model. Rpt(Actual_Velocity_log ~ Stage*Sex*Food + Length_mm  

+ Trial + Stage*Trial+(1|Fish_ID. 

Sex Treatment Stage R SE CI P 

All All All 0.274 0.042 [0.196, 0.353] 7.67e-26 [LRT] 

 

 

Table A12. Among/Within-individual variance of actual velocity for each treatment, sex and stage. 

Sex Trt Stage Var 

Among 

SE CI P Var  

Within 

Male Low Juvenile 0.021 0.011 [0.004, 0.044] 1 [LRT] 0.03763513 

Male Low Subadult 0.045 0.018 [0.016, 0.085] 1.94e-05 [LRT] 0.02910159 

Male Low Adult 0.049 0.019 [0.02, 0.091] 1.49e-06 [LRT] 0.02667106 

Female Low Juvenile 0.031 0.015 [0.007, 0.066] 1 [LRT] 0.05685316 

Female Low Subadult 0.063 0.027 [0.019, 0.125] 0.00226 [LRT] 0.06247318 

Female Low Adult 0.067 0.025 [0.028, 0.124] 1.95e-07 [LRT] 0.03375556 

Male High Juvenile 0.034 0.015 [0.011, 0.068] 0.00502 [LRT] 0.03052914 

Male High Subadult 0.044 0.021 [0.01, 0.092] 0.161 [LRT] 0.05200135 

Male High Adult 0.06 0.026 [0.021, 0.119] 2.57e-06 [LRT] 0.02817277 

Female High Juvenile 0.022 0.01 [0.006, 0.044] 1 [LRT] 0.03607809 

Female High Subadult 0.048 0.02 [0.016, 0.094] 0.00033 [LRT] 0.03696433 

Female High Adult 0.037 0.016 [0.011, 0.074] 0.0573 [LRT] 0.03934225 
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Table A13. Repeatability for time spent in outer area (arcsine of s) for each treatment, sex and stage. 

Rpt(Outer_sec_arcsine ~ Length_mm  + Trial + (1|Fish_ID). 

Sex Treatment Stage R SE CI P 

Male Low Juvenile 0.491 0.123 [0.22, 0.694] 1.95e-09 [LRT] 

Male Low Subadult 0.473 0.127 [0.177, 0.679] 1.08e-08 [LRT] 

Male Low Adult 0.324 0.13 [0.038, 0.559] 1.27e-06 [LRT] 

Female Low Juvenile 0.151 0.103 [0, 0.366] 1.88e-05 [LRT] 

Female Low Subadult 0.274 0.119 [0.038, 0.52] 7.02e-06 [LRT] 

Female Low Adult 0.476 0.12 [0.213, 0.676] 8.07e-09 [LRT] 

Male High Juvenile 0.165 0.111 [0, 0.398] 2.56e-05 [LRT] 

Male High Subadult 0.544 0.129 [0.237, 0.732] 1.39e-09 [LRT] 

Male High Adult 0.524 0.133 [0.19, 0.718] 1.67e-09 [LRT] 

Female High Juvenile 0.424 0.119 [0.171, 0.634] 3.06e-08 [LRT] 

Female High Subadult 0.376 0.128 [0.113, 0.6] 9.26e-07 [LRT] 

Female High Adult 0.664 0.105 [0.409, 0.8] 3.56e-13 [LRT] 

 

 

Table A14. Repeatability for whole model. Rpt(Outer_sec_arcsine ~ Stage*Sex*Food + Length_mm  + 

Trial + Stage*Trial + (1|Fish_ID). 

Sex Treatment Stage R SE CI P 

All All All 0.158 0.032 [0.097, 0.227] 1.57e-28 [LRT] 

 

 

Table A15. Among/Within Individual Variance of time spent in outer area (arcsine of s) for each 

treatment, sex and stage. 

Sex Trt Stage Var 

Among 

SE CI P Var  

Within 

Male Low Juvenile 0.029 0.013 [0.008, 0.058] 0.233 [LRT] 0.03818137 

Male Low Subadult 0.03 0.013 [0.008, 0.06] 0.0359 [LRT] 0.03276436 

Male Low Adult 0.027 0.011 [0.008, 0.05] 1 [LRT] 0.03228319 

Female Low Juvenile 0.022 0.012 [0.002, 0.046] 1 [LRT] 0.05551819 

Female Low Subadult 0.024 0.011 [0.005, 0.049] 1 [LRT] 0.03972545 

Female Low Adult 0.043 0.017 [0.014, 0.08] 0.0113 [LRT] 0.04264351 

Male High Juvenile 0.013 0.01 [0, 0.036] 1 [LRT] 0.06809643 

Male High Subadult 0.045 0.02 [0.015, 0.089] 0.00249 [LRT] 0.03281332 

Male High Adult 0.05 0.024 [0.013, 0.105] 1 [LRT] 0.05468314 

Female High Juvenile 0.028 0.013 [0.007, 0.055] 1 [LRT] 0.03795874 

Female High Subadult 0.024 0.012 [0.003, 0.05] 1 [LRT] 0.04293954 

Female High Adult 0.07 0.028 [0.026, 0.134] 1.57e-05 [LRT] 0.03933162 

 

 

 

 

 

 



67 
 

Table 5.1. Analysis of Variance Table of type III with Satterthwaite approximation for degrees of 

freedom in Response to distance (cm) swum in 180 seconds. Lmer(Distance_cm ~ Stage*Sex*Food + 

Length_mm + Trial + Stage*Trial +( (1|Fish_ID). 

 Df DenDF Sum Sq Mean Sq F-value Pr(>F) 

Stage 2 794.23 530908   265454 12.6888 3.763e-06 

Sex 1 98.73 5011 5011 0.2395 0.62565 

Food 1 80.39 63858 63858 3.0524 0.08443  

Length_mm 1 729.70 26272 26272 1.2558 0.26282 

Trial 1 829.24 57923 57923 2.7687 0.09650  

Stage:Sex 2 891.15 60691 30346 1.4505 0.23500 

Stage:Food 2 850.53 87432 43716 2.0896 0.12437 

Sex:Food 1 77.51 15624 15624 0.7468 0.39015 

Stage:Sex:Food 2 847.62 63690 31845 1.5222 0.21883 

Stage:Trial 2 832.74 860917 430459 21.289 9.616e-10 

 

Table 8.1. Analysis of Variance Table of type III with Satterthwaite approximation for degrees of 

freedom in response to time spent moving (arcsine of s). Lmer(Moving_sec_arcsine~ Stage*Sex*Food 

+ Length_mm + Trial + Stage*Trial +(1|Fish_ID). 

 Df DenDF Sum Sq Mean Sq F-value Pr(>F) 

Stage 2 798.45 0.84963 0.42482 7.0910 0.0008861 

Sex 1 98.90 0.00697 0.00697 0.1164 0.7336930 

Food 1 79.48 0.23533 0.23533 3.9280 0.0509442 

Length_mm 1 668.52 0.02920 0.02920 0.4873 0.4853623 

Trial 1 824.17 0.00030 0.00030 0.0051 0.9433337 

Stage:Sex 2 888.14 0.03612 0.01806 0.3015 0.7397950 

Stage:Food 2 847.44 0.15555 0.07778 1.2982 0.2735624 

Sex:Food 1 76.44 0.32259 0.32259 5.3847 0.0229839 

Stage:Sex:Food 2 844.27 0.17128 0.08564 1.4295 0.2400142 

Stage:Trial 2 824.17 2.26211 1.13106 18.8794 9.617e-09 
 

Table 11.1. Analysis of Variance Table of type III with Satterthwaite approximation for degrees of 

freedom in response to actual Velocity log (cm/s). lmer(Actual_Velocity_log ~ Stage*Sex*Food + 

Length_mm + Trial + Stage*Trial +(1|Fish_ID). 

 Df DenDF Sum Sq Mean Sq F-value Pr(>F) 

Stage 2 816.67 8.7241 4.3620 9.4042 9.164e-05 

Sex 1 99.68 0.0524 0.0524 0.1130 0.73745 

Food 1 80.95 0.4584 0.4584 0.9883 0.32312 

Length_mm 1 718.03 0.4570 0.4570 0.9853 0.32122 

Trial 1 825.85 3.6380 3.6380 7.8432 0.00522 

Stage:Sex 2 887.62 1.8125 0.9062 1.9538 0.14234 

Stage:Food 2 847.28 0.8598 0.4299 0.9268 0.39622 

Sex:Food 1 78.02 0.0546   0.0546   0.1178 0.73239 

Stage:Sex:Food 2 844.36 0.5016 0.2508 0.5407 0.58253   

Stage:Trial 2 825.85 12.5171 6.2586 13.4930 1.713e-06 
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Table 14.1. Analysis of Variance Table of type III with Satterthwaite approximation for degrees of 

freedom in response to time spent in outer area (arcsine of s). Lmer(Outer_sec_arcsine~ 

Stage*Sex*Food + Length_mm + Trial + Stage*Trial +(1|Fish_ID). 

 Df DenDF Sum Sq Mean Sq F-value Pr(>F) 

Stage 2 733.15 0.23654 0.11827 1.9106 0.148730 

Sex 1 189.35 0.16885 0.16885 2.7276 0.101707 

Food 1 168.30 0.02122 0.02122 0.3428 0.559884 

Length_mm 1 532.80 0.02784 0.02784 0.4497 0.502790 

Trial 1 806.20 0.02678 0.02678 0.4326 0.510897 

Stage:Sex 2 825.42 0.55137 0.27569 4.4534 0.011919 

Stage:Food 2 832.86 1.18759 0.59379 9.5922 7.609e-05 

Sex:Food 1 76.89 0.08674 0.08674 1.4012 0.240171 

Stage:Sex:Food 2 830.37 0.00426 0.00213 0.0344 0.966159 

Stage:Trial 2 806.78 0.74767 0.37383 6.0389 0.002493 

 

 

Feeding recipe 

 

Liver Paste - Recipe is for 5lbs. preparation (modified from DR. MYRON GORDON’S formula 

(1943). 

 

Ingredients: 

-5lbs. of fresh beef liver (rinsed) 

-4 8oz. boxes of “Gerber Oatmeal Baby Cereal” 

-5 large freshly grated carrots 

-1 lb. fresh spinach 

-83 mg. Potassium Iodine/ 5 lbs. of liver 

-5 8 oz. cups of water 

 

Apparatus and miscellaneous: 

-food processor 

-zip lock bags (gallon size) 

-strainer 

-4-gallon bucket 

-stirring paddle/electric drill 

-paddle spoons 

-rolling pin 
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Preparation of Liver Paste 

1. Grate one large carrot and a few leaves of spinach in the food processor. 

2. Add one lb. of beef liver, and one cup of water to the processor: Puree contents. 

3. Pour the liquidized liver through the strainer into a four-gallon bucket. 

4. Repeat until all liver is liquidized and strained. Discard waste liver that did not pass 

through the strainer. 

5. To strained liquidized liver, add a premixed combination of: 

a. 2-1/2 tbs. table salt 

b. 83 mg. potassium iodine 

6. Add baby cereal, stirring thoroughly all the time. Add enough cereal to result in a 

thick, peanut-butter-like consistency. (Use of a drill with a stirring paddle will expedite 

this process.) 

7. Transfer mixture to microwaveable cooking tray. Fill each tray about half full. 

Microwave for five min. 

Stir, esp. to avoid overcooking the edges 

Microwave two more times at five min. intervals-stir after each 

(avoid overcooking) 

8. After cooking is completed, place liver paste in zip lock bags, and roll out paste 

with a rolling pin until a flat sheet of about .25 in. is obtained. Repeat until all the liver 

paste is in zip lock bags. 

9. Place ‘sheets’ of liver paste in the freezer for two days before use. 

Feeding should be done by pinching off small portions of the liver paste and dropping them 

into the tanks. The fish may not feed on such food immediately if they are not accustomed to 

the food type. Excess liver paste on the bottom of the tank should be removed if not consumed 

within ~2 hours. 

 

Contributed by LEONA HAZLEWOOD, STEVEN KAZIANIS & RON WALTER. 
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