UC Davis
UC Davis Previously Published Works

Title

Genotypic differences in behavioural entropy: unpredictable genotypes are composed of
unpredictable individuals

Permalink

https://escholarship.org/uc/item/0b81d5gm|

Journal
Animal Behaviour, 86(3)

ISSN
0003-3472

Authors

Stamps, Judy A
Saltz, Julia B
Krishnan, VV

Publication Date
2013-09-01

DOI
10.1016/j.anbehav.2013.07.012

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0b81d5gm
https://escholarship.org
http://www.cdlib.org/

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Anim Behav. 2013 September ; 86(3): 641-649. doi:10.1016/j.anbehav.2013.07.012.

Genotypic differences in behavioural entropy: unpredictable
genotypes are composed of unpredictable individuals

Judy A. Stamps,
Evolution and Ecology, University of California Davis

Julia B. Saltz, and
Molecular and Computational Biology, University of Southern California

V.V. Krishnan
School of Engineering, San Francisco State University

Judy A. Stamps: jastamps@ucdavis.edu; Julia B. Saltz: jsaltz@usc.edu; V.V. Krishnan: krishnan@sfsu.edu

Abstract

Intra-genotypic variability (IGV) occurs when individuals with the same genotype, raised in the
same environment and then tested under the same conditions, express different trait values. Game
theoretical and bet-hedging models have suggested two ways that a single genotype might
generate variable behaviour when behavioural variation is discrete rather than continuous:
behavioural polyphenism (a genotype produces different types of individuals, each of which
consistently expresses a different type of behaviour) or stochastic variability (a genotype produces
one type of individual who randomly expresses different types of behaviour over time). We first
demonstrated significant differences across 14 natural genotypes of male Drosophila melanogaster
in the variability (as measured by entropy) of their microhabitat choice, in an experiment in which
each fly was allowed free access to four different types of habitat. We then tested four hypotheses
about ways that within-individual variability might contribute to differences across genotypes in
the variability of microhabitat choice. There was no empirical support for three hypotheses
(behavioural polymorphism, consistent choice, or time-based choice), nor could our results be
attributed to genotypic differences in activity levels. The stochastic variability hypothesis
accurately predicted the slope and the intercept of the relationship across genotypes between
entropy at the individual level and entropy at the genotype level. However, our initial version of
the stochastic model slightly but significantly overestimated the values of individual entropy for
each genotype, pointing to specific assumptions of this model that might need to be adjusted in
future studies of the IGV of microhabitat choice. This is among a handful of recent studies to
document genotypic differences in behavioural IGV, and the first to explore ways that genotypic
differences in within-individual variability might contribute to differences among genotypes in the
predictability of their behaviour.
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Introduction

Behaviour is among the most labile of traits, and for many years biologists have studied
factors that contribute to individual differences in behaviour. Major sources of behavioural
variability include genes, age, sex, experiences prior to the behavioural assay, and
conditions during a behavioural assay (see Clark & Ehlinger 1987 for a review of the early
literature, also Sih et al. 2004; Dingemanse et al. 2010; Stamps & Groothuis 2010a; Stamps
& Groothuis 2010b; Groothuis & Trillmich 2011; Walker & Mason 2011). However, even if
researchers carefully control for variation in all of these factors, experimental subjects do
not always behave the same way. For instance, despite decades of attempts to standardize
the genomes, rearing and testing environments of laboratory mice and rats, considerable
variability remains in the behaviour of virtually isogenic strains (Lewejohann et al. 2011).
Similarly, individuals from the same inbred line of Drosophila melanogaster may express
different types of behaviour or make different choices, even if they are raised under highly
standardized conditions, and then tested at the same age using a stringently controlled
behavioural assay (e.g. Miller et al. 2011; Del Pino et al. 2012; Kain et al. 2012).

Here, we use the term intra-genotypic variability, or IGV, to denote the variability of
isogenic subjects, all of which have been reared under the same, carefully controlled
conditions, and then measured or tested at the same age in the same context (where ‘context’
here indicates the external stimuli that surround an individual when its trait values are
measured, see Stamps & Groothuis 2010a). Several recent studies have shown that IGV in
behaviour can vary across different genotypes from the same species (Perry et al. 2010;
Miller et al. 2011; Schuett et al. 2011; Kain et al. 2012). The notion that genotypes might
differ with respect to the variability of their phenotypes is not new: morphologists have for
many years documented genotypic differences in phenotypic variability, and gone on to
consider the proximate mechanisms that contribute to these differences. For instance, in
Drosophila melanogaster, significant differences among genotypes in the variability of traits
such as sternopleural bristle number (Dworkin 2005) and wing shape (Breuker et al. 2006)
have been used to estimate genotypic differences in canalization, where canalization
indicates the sensitivity of a genotype to environmental perturbations during ontogeny
(Willmore et al. 2007). More recently, geneticists have begun to investigate loci that
contribute to heterogeneity among genotypes in the variability of morphological, life history
and behavioural traits (e.g. Kain et al. 2012; Shen et al. 2012).

However, there is one key difference between IGV for behaviour and IGV for traits that are
temporally stable within individuals. In the case of temporally stable traits (i.e. most
morphological and many life history traits), each individual need only be measured once,
and the IGV of each genotype is equivalent to the inter-individual variability of that
genotype. However, behaviour can vary across time within as well as across individuals, as a
result of many different proximate mechanisms. Some of these processes generate
systematic temporal changes in behaviour over time, e.g. circadian rhythms which affect the
time of day that animals respond to particular stimuli or express particular types of
behaviour, or gradual increases or decreases in behaviour over time in response to initially
novel stimuli (e.g. habituation, sensitization, acclimation). Other processes generate short
term, pseudo-random temporal fluctuations in behaviour. In humans, this type of stochastic
variability in behaviour within individuals has been termed intra-individual variability or 11V
(Nesselroade 1991; Ram & Gerstorf 2009). Recent studies of animals indicate that 11V can
significantly vary across individuals (Stamps et al. 2012); such individual differences in 1V
are typically attributed to differences among individuals in fluctuations in neuronal or
hormonal factors that affect the expression of behaviour (Brembs 2011). Hence, in the case
of behaviour, IGV could be due to different types of within-individual variability, to inter-
individual variability, or to some combination of these.
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Intriguingly, theoreticians have for many years not only assumed that IGV in behaviour
varies among genotypes, but also identified two ways that a given genotype might generate
variable phenotypes. In behavioural ecology, classic game theory models discriminate
between genotypes with fixed strategies (invariant behaviour) and genotypes with mixed
strategies (variable behaviour) (Maynard Smith & Price 1973; Maynard Smith 1982). In
addition, they differentiate mixed strategies based on multiple behavioural phenotypes, each
of which consistently expresses the same behaviour (e.g. 40% of the individuals with a
given genotype always play hawk, while the remaining 60% always play dove) from mixed
strategies based on a single, stochastically variable phenotype (e.g. every individual
randomly plays hawk 40% of the time and dove 60% of the time)(Bergstrom & Godfrey-
Smith 1998; Orzack & Hines 2005). Similarly, evolutionary biologists studying bet-hedging
begin by assuming that genotypes differ with respect to the variability of their phenotypes
(Seger & Brockmann 1987; Simons & Johnston 1997; Donaldson-Matasci et al. 2008), and
then consider two ways that a single genotype might generate high phenotypic variability:
one in which the genotype generates several different phenotypes, each of which is fixed
within individuals, and the other, called ‘adaptive coin flipping’, in which the individuals
with a given genotype stochastically express different trait values at different times
(reviewed in Childs et al. 2010). Hence, theory tells us that there are at least two ways that a
genotype might generate variable behaviour. One, ‘behavioural polyphenism’, occurs when
a genotype produces several different types of individuals, each of which consistently
expresses a single type of behaviour. The other, ‘stochastic variability’, occurs when a
genotype produces a single type of individual whose behaviour varies randomly (or pseudo-
randomly) over time.

The behavioural polyphenism and stochastic variability options are illustrated in Figure 1 for
two genotypes, A and B, for a situation in which animals are able to choose one of four
possible items (I-1V). In Genotype A (behavioural polyphenism) there are four types of
individuals, each of which consistently chooses a different type of item (e.g. individual 1
always chooses I, individual 4 always chooses 11, and so on). In Genotype B (stochastic
variability), there is only one type of individual, which chooses each of the four types of
items 25% of the time. When choices are aggregated across individuals within genotypes,
behavioural variability is identical for Genotype A and Genotype B: in each genotype, each
of the four items is chosen 25% of the time (see bars at the right of the figure).

Thus, given evidence that IGV for behaviour does differ across genotypes from the same
population, the key question is whether and how genotypic differences in variability at the
individual level contribute to genotypic differences in IGV. The current study of
microhabitat use in Drosophila melanogaster addresses this question. In our experiment,
individual flies from 14 natural genotypes from the same population were allowed free
access to four different types of microhabitat, and each fly's choice of perch site was
recorded on five occasions over the course of a day. Because each individual had access to
four different types of habitat, we used Shannon entropy to quantify the variability of choice
for each genotype, and for each of the individuals within each genotype. We first established
that IGV, as measured by Shannon entropy A (Shannon 1948; Shannon & Weaver 1963)
varied across the genotypes. We then used indices of entropy for each of the genotypes and
indices of the mean entropy for the individuals with each genotype to test four hypotheses
about different ways that within-individual variability might contribute to genotypic
differences in the IGV of behaviour in this and other species.

Anim Behav. Author manuscript; available in PMC 2014 September 01.
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The genotypes were recurrent F1's made by repeatedly crossing the same inbred parental
lines, originally derived from a population in Raleigh, NC. The parental inbred lines are part
of the Drosophila Population Genomics Project (DPGP.org). The direction of the crosses
(i.e., maternal and paternal genotypes) was consistent, to control for maternal effects. For
example, genotype A/B would be generated by crossing virgin females of genotype A to
males of genotype B. The fly crosses were: 303x313, 208x712, 360x335, 639x517,
707x765, 732x775, 304x862, 306x391, 315%365, 357x714, 375%x427, 437%324,
486x380,786x820. This experiment focused on the microhabitats used by focal males of
these 14 genotypes; stimulus males and females from one genotype (303x313) were used to
see whether space use patterns of the focal males changed as a function of social context.

With the exceptions indicated below, methods were the same as those described in detail in
(Saltz 2011). Flies were housed and experiments conducted in an experimental room with a
12:12 L:D cycle, approximately 26°C and 98% humidity. Flies were reared on standard fly
food (approximately 10 ml/vial) in vials founded by ten males and ten virgin females to
ensure that all of the larvae were reared at low (non-competitive) densities. Within 8 hours
of eclosion, focal males and stimulus males were housed individually in vials; stimulus
females were housed in groups of 5 and mated on their first day of life to a standard
genotype (genotype 852 from the same population). The next day, these males were
removed and the stimulus females were housed in groups of 5 females for 5 additional days.
Trials began when the focal and stimulus males were 3 days old and the (mated) stimulus
females were 6 days old; no individual flies were used in more than one trial.

The microhabitat use of individually tested focal flies from each genotype was tested using
experimental arenas. Each arena (height:22cm, width: 33cm, depth: 20cm) contained two
patches, each of which was composed of a Petrie dish filled with grapefruit food, on top of
which sat a single mesh “habitat” (Height:7.7cm, Diameter: 7.7cm), made from a modified,
green, medium-sized Finum Brewing Basket. The mesh habitats were designed to hold
stimulus flies, and ensure that each focal male was able to see and smell the stimulus flies,
but not physically contact them. Three experimental treatments differed with respect to the
number of stimulus flies in the arena: in treatment 1, there were no stimulus flies in either
mesh habitat (O flies per arena), in treatment 2 there were a total of two stimulus flies in the
arena (one male and one female stimulus fly in one of the two mesh habitats) and in
treatment 3 there were a total of 12 stimulus flies in the arena (two males and two females in
one mesh habitat and four males and four females in the second mesh habitat). In treatments
2 and 3 the location of the larger versus the smaller social group was alternated across trials
to control for side biases.

Focal flies and stimulus flies were briefly anesthetized on ice, then one hour before the onset
of darkness the appropriate number of stimulus flies were added to each mesh habitat, and a
single focal male was introduced to the arena using an “individual entryway” that allowed
him to walk into the experimental arena on his own schedule (c.f. Figure 2 in Saltz 2011).
The following day (12 hr of acclimation time), each focal male's perch location was
recorded at five different times: at 1, 2, 6, 10, and 11 hours after the lights were turned on.
These times were chosen to focus on behaviour at dawn and dusk, when flies are most
active.

Each focal male was able to perch on four different types of microhabitat: food, dish, habitat
and surfaces. Each microhabitat differed from the others with respect to many different
stimuli (visual, olfactory, tactile) that might have been relevant to the flies. Feeding and
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most social interactions occur when flies are perched on food (Harshman et al. 1988; Saltz
& Foley 2011), but when not engaged in these activities, males could perch on any of the
four types of microhabitat. Since we had no justification for arranging the microhabitats
along a continuum or for dividing them into 2 categories, we simply scored the type of
microhabitat on which each male perched at each observation. Focal flies were scored as ‘on
food” when they were on the agar, ‘on dish’ when they perched on the lip or sides of the
petri dish, ‘on habitat’ when they perched on the mesh habitat, and ‘on surfaces’ when they
perched on the walls, floor or ceiling of the arena. We assumed that a male's microhabitat
choice at one hour was independent of his microhabitat choice an hour or more earlier, i.e.
that a male's decision to remain on the same microhabitat where he had been observed
earlier the same day was equivalent to a male's decision to land on that type of microhabitat
after moving there from somewhere else. This approach avoids confounding differences
among genotypes or individuals in activity rates (which would affect the rate at which flies
switched among different types of microhabitat over the course of a day) with differences
among genotypes or individuals in microhabitat choice (which would affect the types of
microhabitats used by flies over the course of the day). Later, we show why our results can
not be attributed to genotypic differences in activity rates (see Discussion).

For each of the 14 genotypes, we conducted 15 trials for treatment 1, and 30 trials each for
treatment 2 and 3; analyses were based on trials for which a male's location was scored for
all five time periods. For one set of trials, the genotype of the focal male and the stimulus
flies were the same (303x313), but omitting these trials from the analyses had no qualitative
effect on any of the results, so here we present the results of analyses based on all 14 of the
focal genotypes. No permits or animal care protocols were required for these experiments,
but they conformed to the ABS/ASAB ethical guidelines for the treatment of animals in
research.

Measuring behavioural variability

When scores for behaviour are distributed along a continuum, familiar indices of dispersion
(typically, standard deviation or variance) can be used to estimate the variability of
behaviour for genotypes or for individuals (Breuker et al. 2006; Ram & Gerstorf 2009;
Miller et al. 2011; Stamps et al. 2012). Alternatively, if each subject can only express two
types of behaviour (or equivalently, make one of two possible choices) then standard
statistical methods can be used to analyse variability at the level of genotypes or individuals
(e.g. Kain et al. 2012). The situation is more complicated, however, when individuals are
able to express three or more different types of behaviour, or choose from among three or
more different items. In this situation, other methods must be used to estimate the variability
of behaviour (Rosengren & Braswell 2001; Ram & Gerstorf 2009; Stamps et al. 2012). Of
the many indices that could be used for this purpose, we chose the Shannon entropy index,
H (Shannon 1948; Shannon & Weaver 1963). For many years, Shannon entropy has been
used in other contexts to estimate variability when items of interest fall into discrete
categories (e.g. species diversity, Jost 2007; De'ath 2012). Entropy is ideal for studying
behavioural variability when animals express a limited set of discrete behaviours or choose
from among a limited number of options, as it provides a way to estimate of the degree of
uncertainty in predicting the behaviour expressed by a particular genotype, individual, or
class of individuals (Shannon 1948; Jost 2006; Gorelick & Bertram 2010; Song et al. 2010).

The Shannon entropy index, His calculated as follows:

Anim Behav. Author manuscript; available in PMC 2014 September 01.
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R
H=Y)_ — pilog(p;)

i=1

where His the entropy, Ris the total number of different types of behaviour that can be
expressed in a given context, and pjis the proportion of the behavioural observations that
belong to the ~th type of behaviour; here we used log; to compute H.

In our study, R = 4, since there were four different perch locations (food, dish, habitat and
surfaces). When R = 4, the lowest possible value of His 0.0, and the maximum possible
value of His 0.603. A value of H of 0.0 for a genotype would indicate that the perch choice
of individuals with that genotype does not vary (it is completely predictable), i.e., the
members of that genotype always choose one of the four locations. Conversely, a value of H
of 0.603 for a given genotype would indicate that the perch choice of individuals with that
genotype is highly variable (completely unpredictable), i.e., the members of that genotype
are equally likely to choose each of the four locations. We first computed the entropy for
each combination of genotype-treatment-time (14 genotypes x 3 treatments x 5 time periods
= 210 groups). Because these entropy scores were not normally distributed (Shapiro-Wilk
test p<0.05 for all time points), we used the non-parametric Kruskal-Wallis test to evaluate
the effects of experiment, time and genotype on entropy. Analyses were implemented in
SAS (version 9.2), using Proc Nparlway. This procedure allowed us to test the hypothesis
that A varied across genotypes, when those genotypes were tested in different social
contexts (treatments) and at different times of day.

We then computed an overall measure of entropy for each genotype (Hg), based on all of
the observations of individuals with that genotype (aggregated across individuals, time and
treatments). Hg provides an estimate of the uncertainty in predicting the location of a fly
with a given genotype, if a fly with that genotype were sampled at random, at a randomly
selected time of day, and in a randomly selected social context (treatment).

Based on initial results indicating strongly significant differences among genotypes in
entropy (see Results), we developed four hypotheses to address different ways that within-
individual variability in behaviour might contribute to genotypic differences in IGV. Our
approach utilized two indices of variability: the entropy for each genotype, aggregated
across all individuals (Hg, see above) and the average entropy for the individuals within
each genotype (Hgar, see below). We first show that when IGV differs across genotypes,
the four hypotheses make different predictions about the relationship between Hgand Hgap
across genotypes. Then, we tested each of these hypotheses using data collected from the
flies. It was not possible to partition behavioural variability into components reflecting
entropy at different levels (e.g. inter-genotypic, intra-genotypic, inter-individual, intra-
individual), because statistical methods for hierarchically partitioning entropy and diversity
are still under development (de Bello et al. 2010; Ricotta 2010; Schmera & Podani 2013).

For each fly, /, we estimated its individual entropy, A, based on the five observations of the
perch locations used by that individual over the course of the day. For individual, Hjis an
estimate of the uncertainty in predicting the location of that individual, if it were sampled at
random over the course of a day. Then, for each genotype we computed Hgap, the average
value of A for individuals with that genotype.

We used the relationship between Hgap and Hg across the 14 genotypes to test four
hypotheses about ways that behavioural variability at the individual level might contribute to
behavioural variability at the genotype level. The first hypothesis (behavioural polyphenism)
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provides a ‘benchmark’ for the study: it predicts the relationship between Hgapand Hg if
there were no within-individual variability in microhabitat choice. It assumes that each fly
uses only one type of perch, and that differences among genotypes in entropy occur because
of genotypic differences in the proportion of individuals that use each type of perch. For
instance, a genotype in which 90% of the individuals always perched on the surfaces and the
other 10% always perched on the food would have lower entropy (Hg) than a genotype in
which 25% of the individuals always perched on the food, 25% always perched on the
surfaces, 25% always perched on the dish and 25% always perched on the habitat. This
hypothesis predicts that the expected value of Aj;would be zero for every fly, that Hgar
would be zero for every genotype, and hence, that across genotypes, the slope of the
relationship between Hgand Hgar would be zero.

The polyphenism hypothesis is unrealistic, because most flies would be expected to spend
some time on the food, not only in order to feed, but also to engage in social activities,
which typically occur on food substrates (Harshman et al. 1988; Saltz & Foley 2011). The
second hypothesis (consistent choice) allows for some within-individual variability in perch
use, by assuming that every fly spends a certain proportion of its time (x) on food, but then
spends the rest of its time on its preferred type of microhabitat (which could either be food,
dish, habitat or surfaces). Hence, we again have four types of individuals: prefer-food,
prefer-dish, prefer-habitat and prefer-surfaces. In this case, individuals whose preferred
perches were dish, surface or habitat would have the same value of A}, the value of which
depends on x. We initially used 0.14 as our estimate of x, based on data showing that flies,
on average, were on the food for 14% of the observations (see also Figure 2). This value of x
yielded an expected value of AH;of 0.17 for flies whose preferred perches were dish, surface
or habitat. For individuals whose preferred perch was food, the expected value of Aj;would
be 0.0 (see previous section). Hence, this hypothesis predicts that values of 4;would range
from 0 to 0.17, and that the values of Hg4zwould range from 0 and 0.17 across genotypes,
depending on the proportion of prefer-food individuals in that genotype. Note, however, that
this hypothesis does not predict a positive relationship between Hgap and Hg across the
genotypes. We repeated this procedure using values of xranging from 0 to 0.5 (the value of
xthat generates the highest value of A possible under this hypothesis), but since all of the
results were qualitatively the same as those for x = 0.14, we just report those results below.

The third hypothesis (time-based choice) assumes that genotypic differences in IGV are a
result of predictable differences across genotypes in their temporal patterns of microhabitat
use. That is, it assumes that genotypes differ with respect to the type of perches individuals
use across the day, but that within each genotype, individuals use the same types of perch at
a given time of day. For instance, a genotype whose individuals perched on the surfaces in
the morning, afternoon and evening and on the food at midday would have a lower entropy
score than a genotype whose individuals perched on the surfaces in the morning, the habitat
in the middle of the day, the food in the afternoon, and the dish in the evening. This
hypothesis predicts that the value of Hgap would be equal to the value of Hg for each
genotype (see online Appendix A). That is, it predicts that across genotypes, Hgap would be
positively related to Hg, with a slope of 1.0 and an intercept of 0.

The fourth hypothesis (stochastic variability) assumes that behaviour varies within
individuals over time, but in contrast to the previous hypothesis, it assumes that each
individual randomly chooses a perch on each occasion based on a set of genotype-specific
probabilities. In this situation, differences among genotypes in entropy would occur if
genotypes differed with respect to the probabilities that individuals choose particular types
of perches. For instance, a genotype in which, at any given observation, every individual had
a probability pr = .9 of perching on the food, and a probability ps = .1 of perching on the
surfaces, would have a lower entropy than another genotype in which every individual had
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an equal probability of perching on the food, the surfaces, the dish and the habitat (gF = .25,
Ps = .25, pp = .25, py = .25). This hypothesis predicts that Hg4z would be positively related
to Hgacross the genotypes, but for each genotype, Hgar would usually be lower than Hg
(see online Appendix A).

Based on initial support for the stochastic variability hypothesis (see Results), we developed
a formal model to predict the mathematical relationship between Hgand Hgap under the
assumptions of this hypothesis. For each genotype, this model assumes that every individual
with a given genotype has identical values of the probability of choosing each type of
location (i.e. identical values of ps, pp, pyand ps), and that each time an individual chooses
a perch site, it randomly selects one of the four locations based on its genotype-specific set
of pvalues. For instance, if a genotype had the following set of pvalues, pe=.5, pp=.3, py
=.1and ps= .1, then whenever any individual with that genotype chooses a perch site, it
would have a 50% chance of choosing the food, a 30% chance of choosing the dish, and a
10% chance each of choosing the habitat or the surfaces.

This model was translated into a Matlab program, which was used to simulate the locations
that individual flies would choose over the course of a day, assuming that each fly made five
independent choices of the four possible perch locations. The inputs to the model were the
set of pjvalues for the given genotype; these p;values were generated based on the
proportion of observations in which individuals of that genotype were observed perched at
each of the four locations (data aggregated across all treatments, times and individuals, N =
375-390 location points per genotype). For each simulated fly, the model computed an
estimate of its individual entropy score, Ajbased on the locations it chose, and then repeated
this process for 50,000 individuals to obtain a robust estimate of the predicted value of
Hpar, for each genotype, based on the assumptions of the stochastic variability hypothesis
and the conditions in our experiment.

Entropy at the Genotypic level

There were significant differences in entropy among genotypes (x2 = 44.83, p<0.001), and
as a function of time of day (x? = 59.97, p<0.0001) but there were no discernible differences
in entropy as a function of social context (treatment) (x2 =2.04, p=0.361). Entropy at the
genotypic level, Hg (aggregated across all treatments, times and individuals), varied
between 0.404 and 0.588 across the 14 genotypes (Figure 2).

Entropy at the individual level

There was no support for either of two hypotheses that assume that behavioural variability is
negligible to low within individuals. The polyphenism hypothesis and the consistent choice
hypothesis predicted that values of /;would be low for all flies (0.0 in the case of the
former, and between 0 and 0.17 in the case of the latter). However, across all of the
genotypes in the study, the mean value of individual entropy was appreciably higher (Mean
H;=10.318 (95% CI = 0.308 - 0.328, N = 1065 flies). These results confirm observations
indicating that most flies shifted among different types of perches over the course of the day.
In addition, neither of these hypotheses predicts a positive relationship between Hgarand
Hg across the genotypes. Contrary to this prediction, Hg4r Was strongly positively related
to Hgacross the 14 genotypes in this study (r = 0.899, p < 0.0005, Figure 3). That is,
genotypes with more variable (less predictable) behaviour were composed of individuals
with more variable (less predictable) behaviour.

We next consider two more hypotheses (time-based choice and stochastic variability), both
of which assume that perch choice varies across time within individuals. The time-based
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choice hypothesis assumes that all individuals with a given genotype perch at the same
location at any given time of day but perch at different locations at different times of day,
whereas the stochastic variability hypothesis assumes that all of the individuals with a given
genotype randomly choose perches throughout the day based on a set of genotype-specific
probabilities (see Methods). These two hypotheses differ with respect to their predictions
about the relationship between Hg4rand Hg. The time-based choice model predicts that
Hpar = Hg Hence, it predicts a slope of 1.0 and an intercept of 0.0 when Hg4r is regressed
against Hg. In contrast, the stochastic variability model predicts that Hgar will be lower
than Hg (online Appendix A). In addition, simulations of the stochastic variability model,
parameterized for the current data set, predict a slope significantly lower than 1.0 (slope =
0.834, 95% CI = 0.778-0.889), and an intercept of less than 0.0 (intercept = -0.061, 95% ClI
=-0.09 - -0.03) when Hgapis regressed against Hg.

In fact, Hgar Was significantly lower than Hg for all of the genotypes in this study (mean
difference = 0.21, S.E. = 0.006, matched pairs t test, t = 35.9, 13 df, p < 0.001, Figure 3). In
addition, the observed slope of the relationship between Hgarand Hg was lower than 1.0,
and not significantly different from the slope predicted by the stochastic variability model
(observed slope = 0.731 (95% CI = 0.507- 0.995, Figure 3). The intercept for the observed
relationship between Hgapand Hg was virtually identical to the intercept predicted by the
simulations (observed intercept = - 0.07, 95% CI = - 0.19 - 0.049). Based on these results,
we were able to reject the time-based choice hypothesis, and provisionally accept the
stochastic variability hypothesis.

However, although the relationship between Hgar and Hg predicted by the stochastic
variability hypothesis was quite similar to the relationship observed in the flies, closer
inspection revealed that the values of Hgap 0bserved in our flies were slightly (on average,
by 16%) but significantly lower than the values of Hgap predicted by the simulations
(paired samples t test, t = 12.18, 13 df, p < 0.0005, Figure 3). Hence, although the stochastic
variability model was by far the most successful of the initial group of four hypotheses in
predicting the patterns in the data, our results pointed to particular changes in the
assumptions of the stochastic variability model might improve its fit (see Discussion).

Discussion

We first demonstrated that behavioural variability (as measured by entropy) of microhabitat
choice in male D. melanogaster significantly differed across genotypes: the perch choices of
some genotypes were more variable (less predictable) than those of other genotypes. This is
one of only a handful of empirical studies to date to demonstrate genotypic differences in the
intra-genotypic variability (IGV) in behaviour (see Introduction), and the first, to our
knowledge, to demonstrate significant differences among genotypes in the variability of
behaviour. More important, we used relationships, across genotypes, between entropy at the
genotype level (Hg) and average entropy at the individual level (Hg4p) to test four
hypotheses about ways that behavioural variability at the individual level might contribute to
the differences in the variability we observed at the genotypic level. We found that the
stochastic variability hypothesis (which assumes that genotypic differences in IGV are due
to genotypic differences in stochastic temporal variation in behaviour within individuals)
accurately predicted the observed slope and intercept when Hgap Was regressed against Hg
across the genotypes. In contrast, there was no support for three other hypotheses:
behavioural polyphenism, consistent choice, and time-based choice. Taken together, these
results suggest that differences among genotypes in stochastic variability at the individual
level contributed to genotypic differences in behavioural variability at the genotype level.
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However, we also found that the initial version of the stochastic model slightly, but
significantly, overestimated the values of Hg4r for each value of Hg. This discrepancy
points to specific assumptions that might be adjusted in a next generation of stochastic
models. First, we assumed that the probability of choosing any given type of location, p;,
was the same at every observation period for the individuals with a given genotype. If
instead, the probability of choosing each type of perch varied within the individuals with a
given genotype as a function of time of day (e.g., if individuals with a given genotype were
slightly more likely to perch on the food at midday than at other times of day), then our
model would overestimate the value of Hg4z for that genotype (see online Appendix B).
Second, we assumed that every individual with a given genotype had the same set of
probabilities of perching at each of the four locations. Recently Kain et al. (2012) studied
phototactic behaviour in several laboratory strains of Drosophila, and were able to reject the
hypothesis that all of the individuals within each strain had the same probability of
approaching the light. They found that a minority of the flies in each strain behaved as if
they had different probabilities of approaching the light than did the rest of the individuals
from their strain. A similar pattern in our data (i.e., a minority of flies with lower entropy
than others in their line) could also account for our overestimates of Hgap. Unfortunately,
neither of these modified versions of the stochastic variability hypotheses could be tested
using the current data set. Each of our flies was sampled over the course of a single day, so
we could not determine whether pvalues vary as a function of time of day within
individuals, and 5 samples per individual is insufficient to determine whether p values
significantly vary across individuals with the same genotype. However, these questions
could be addressed in future studies, involving fewer genotypes but more samples per
individual, distributed across a series of days.

Another important question is whether the genotypic differences in the variability of
microhabitat use observed in this study might simply be an artifact of genotypic differences
in locomotory activity in male D. melanogaster (e.g. Martin et al. 1999; Stamps et al.
2005a). The answer is no. Consider a situation in which genotypes differed with respect to
their activity rates, but in which every individual in every genotype had the same set of
probabilities of perching at the four different types of microhabitat. In that case, the
genotypes would differ with respect to their rate of movement from one location to another,
but every fly, regardless of genotype, would rely on the same set of probabilities each time it
chose a microhabitat. As a result, the proportion of perches chosen, aggregated across all of
the individuals with each genotype, would be comparable across the genotypes, and Hg
would be comparable across genotypes. Of course, genotypic differences in activity might
affect the perches used by an individual fly over the course of a day, thus affecting entropy
at the individual level. For instance, if individuals with low activity rates were more likely to
remain in the same location throughout the day than high-activity individuals, then
genotypes whose individuals were relatively inactive would have lower values of Hgazthan
genotypes whose individuals were more active. However, significant differences among
genotypes in Hg, as well as the relationships across genotypes between Hgand Hgap
reported here, could only occur if the genotypes also varied with respect to their
probabilities of selecting each of the four types of perches.

The mechanisms that led to genotypic differences in stochastic variability in our flies might
be genetic and/or epigenetic. Our natural genotypes differ at many loci, making direct
inference of genes that affect genotypic differences in IGV impossible. Kain et al. 2012 (see
above), reported that the variability of phototactic behaviour in Drosophila (see above) was
influenced by the white gene, which is involved in serotonin synthesis. Their results suggest
that the ability of a genotype to generate individuals with the same level of stochastic
within-individual variability might be influenced by variation in genes affecting
neurotransmitter abundance. It remains to be seen if this mechanism contributes to genotypic
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differences in other types of choice, e.g. microhabitat use in natural genotypes, such as those
used in the current study.

Epigenetic differences among the genotypes may have also contributed to the genotypic
differences in IGV that we observed. Although all of the flies were raised in uniform
physical conditions prior to testing, their behaviour as adults might have been influenced by
maternal effects, sibling interactions, inherited epigenetic markers, or any of the other
factors affecting behavioural development that differed more across than within genotypes.
For instance, differences among lines in female fecundity, and resulting differences in larval
densities, might have contributed to the development of genotypic differences in behavioural
variability later in life. In flies, epigenetic histone methylation has been shown to affect
larval locomotion and adult learning (Kramer et al. 2011), but to our knowledge no study
has investigated the role of epigenetics in generating behavioural IGV in flies.

Understanding the adaptive significance of genotypic differences in the variability of
microhabitat use in D. melanogaster, would require more information, preferably from the
field or semi-natural enclosures, about the costs and benefits to males of using different
perch locations. Given that ambushing predators such as spiders are attracted to cues
associated with high prey densities, to kairomones emitted by prey, or to locations where
they have previously encountered prey (e.g. Chien & Morse 1998; Morse 2000; Persons &
Rypstra 2000), perches on or near a food substrate might be more dangerous than perches on
surfaces farther from the food. Conversely, of course, since female D. melanogaster are
attracted to food substrates and to conspecifics on those substrates, and since most mating
occurs on food (Wertheim et al. 2002; Stamps et al. 2005b; Saltz & Foley 2011), perching
on or adjacent to a food substrate might enhance a male's mating success, as compared to
perching on surfaces far from food. Our results hint that different genotypes might resolve
potential microhabitat-specific tradeoffs between predation risk and reproductive success
differently. For instance, some individuals with some genotypes might spend most of their
time in safer locations (on surfaces, away from food, c.f. genotype 639, Figure 2), whereas
individuals with other genotypes might spend their time shuttling between perches at
different proximities to food and mating opportunities (c.f. genotype 375, Figure 2). By
extension, given the difficulties that prey have in detecting cryptic predators (Troscianko et
al. 2009; Ings et al. 2012), low levels of within-individual predictability in perch use might
be viewed as a bet-hedging strategy, in which the individuals in some genotypes handle
unknown levels of predation risk in different types of microhabitat by randomly shifting
among those microhabitats. In addition, since males compete with other males for mating
opportunities at or near food (Hoffmann & Cacoyianni 1990; Saltz & Foley 2011),
frequency-dependent social interactions among males, or among males and females, might
also affect the potential benefits and costs of perching at different locations. Thus, the results
of this study set the stage for further studies of the adaptive significance of variability of
microhabitat choice in this species.

Overall, we suggest that the time is overdue for empirical studies of the ways that different
types of within-individual variability contribute to genotypic differences in the IGV of
behavioural traits. For years, theoreticians have devised models based on untested
assumptions about this question. The current study suggests ways to test hypotheses about
relationships between within-individual variability and genotypic variability when
individuals express multiple, discrete types of behaviour, or choose from among multiple
discrete items. Standard statistical techniques can be used to study the same questions when
behavioural traits are continuously distributed, or when animals express one of two
behaviours. Genetic tools are available to identify loci that might contribute to genotypic
differences in behavioural variability, and lines or clones derived from natural populations
can be used to investigate the mechanistic bases and adaptive significance of genotypic
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differences in behavioural variability. More generally, future work on this topic will shed
light on the reasons why, at both proximate and ultimate levels, behaviour is so often
unpredictable, even after stringent controls for genotypes, rearing and testing conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Hypothetical patterns of behavioural variability for two genotypes (A and B). For each
genotype, the behaviour of eight individuals (numbers 1-8) is repeatedly sampled over time;
on each occasion, individuals can choose one of four different items (I, 11, 111 or IV). A)
Genotype A (behavioural polyphenism) generates four types of individuals, each of which
consistently chooses one type of item. B) Genotype B (stochastic variability) generates a
single type of individual, who randomly chooses each of the four items with the same
probability (25%) on each occasion. When behaviour is aggregated across all of the
individuals with each genotype (see Genotype, at the right of each graph), Genotype A and
Genotype B have identical, high levels of intra-genotypic variability (IGV).
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Figure2.
Entropy at the genotype level as a function of microhabitat choice in male D. melanogaster.
Each fly can perch at four different locations (surfaces, habitat, food and dish). For each

genotype, the proportion of observations in which flies were observed at of the four possible

locations, aggregated across individuals, times, and treatments, was used to estimate an

entropy score for that genotype (Hg). Genotypes with lower entropy values have less
variable (more predictable) patterns of microhabitat use than genotypes with higher entropy

values.
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Test of predictions of the stochastic variability hypothesis. For the 14 genotypes in our data
set, the values of mean individual entropy (Hgap) predicted by simulations based on the
stochastic variability hypothesis (crosses) are compared with the observed values of Hgap
(circles). The model accurately predicted that the values of Hgap would be lower than the
values of Hg (equal values of Hgap and Hg are indicated by the line), and accurately
predicted the slope and intercept of the relationship between these two variables. However,
across these 14 genotypes, the predicted value of Hgap was slightly, but significantly higher
than the observed value of Hgap (see text).
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