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Appendix 1 
Text A1: supplemental experimental procedures 
Ancestral populations 

The experimental populations used in this study were derived from four independent large 

(breeding size of ~2400) laboratory populations of Drosophila melanogaster (DB1-4) which in turn 

trace their ancestry to four outbred populations called JB1-4. The detailed maintenance regime and 

ancestry of the JB1-4 populations has been described elsewhere (Sheeba et al. 1998). The 

maintenance regime of the DB1-4 populations are similar to the JB1-4, except that the former set of 

flies are introduced into population cages on the 12th day after egg collection  

From each DBi population (where i∈ [1, 4]), we derived two populations: VBi (short for 

‘vagabond’, subjected to selection for dispersal) and VBCi (corresponding no-dispersal control). 

Thus VB and VBC populations that share a numerical subscript (e.g. say VB1 and VBC1) were 

related by ancestry (DB1 in this case), and hence were always assayed together and treated as blocks 

in statistical analyses. 

 

Maintenance regime of experimental populations 

The adults of both VBs and VBCs were maintained in plexi-glass population cages (25 × 20 ×15 

cm) at a high adult number (~2400 individuals) to avoid inbreeding. Following earlier protocols, 

both the larvae and the adults were maintained at 25°C and constant light conditions (Sheeba et al. 

1998). The flies were made to oviposit on petri-plates containing banana-jaggery medium for 12–16 

h. After oviposition, we cut small strips of the medium, each containing ~60–80 eggs, and 

introduced them individually into 35 ml plastic vials that had ~6 ml of the same banana-jaggery 

medium. This ensured that the larvae were raised under low to moderate level of crowding, and 

there was no confounding effect of density-dependent selection (Joshi 1997). The adults started 

emerging by the 8th–9th day after egg collection and on the 12th day, the VB populations 

underwent selection for dispersal. Since at 25°C temperature, all normally developing adults eclose 

by 10th–11th day, our selection protocol ensured that there was no inadvertent selection for faster 



larval development (Prasad et al. 2001). After the imposition of selection, the flies were transferred 

to the population cages and immediately supplied with excess live yeast- paste to boost their 

fecundity. Around 40 h after this, the flies were supplied with a fresh petri plate containing banana-

jaggery medium for oviposition. The eggs so collected formed the next generation and the egg-

laying adults were discarded, ensuring that adults from two different generations never co-exist. 

Thus, both VBs and VBCs were maintained under 15-day discrete generation cycles. For each VB 

population, we collected eggs in 80 vials (thus leading to approximately 4800 adults) while for 

VBCs, the corresponding number of vials was 40. This ensured that after selection (see next 

section), the breeding population of the VB populations was similar to that of the VBCs. 

 

Selection protocol 

The apparatus for selection for dispersal consisted of three components: a source, a path and a 

destination. The source was an empty transparent cylindrical plastic container of diameter 11 cm 

and height 16 cm with a funnel attached to one end (Fig. A1). The diameter of the broad end of the 

funnel matched that of the source, while the diameter of the exit to the stem was 1.8 cm. The path 

connecting the source with the destination consisted of a transparent plastic tube of inner diameter 

~1 cm. The destination too was a cylindrical plastic container (diameter 11 cm and height 16 cm) 

and contained a supply of moisture in the form of a strip of wet cotton. The end of the path 

protruded ~10 cm inside the destination (Fig. A1). This protrusion helped in reducing the rate of 

backflow as, after getting out of the path, the flies typically spent most of their time on the walls or 

floors of the container, and hence mostly failed to locate this aperture. To make the overall setup 

compact, the path was coiled (in the horizontal plane). The length of the path was 2 m at the 

beginning of the selection, but was increased intermittently. By generation 33, when the last set of 

assays were performed, the path length had reached 10 m. 

In order to impose the selection, on the 12th day after egg-collection, ~2400 adults (coming 

out of 40 vials) of a given VBi population were placed in a source, which was then connected to the 

destination via the path. The entire setup was placed in a well-lit room maintained at 25°C. Since 

the source had no moisture, the flies experienced desiccation. Pilot runs with the ancestral DB 

populations had shown that under these environmental conditions, a subset of the flies tended to 

move through the opening towards the destination. Pilot studies also showed that very few flies 

dispersed in the presence of food in the source and therefore we decided to impose selection in the 

absence of food. The flies were allowed to disperse for six hours or until roughly 50% of the 

population reached the destination (whichever happened earlier). The arbitrary cut-off of six hours 

was chosen because assays in the lab had demonstrated that under desiccating conditions, there was 

almost no mortality during the first six hours (Tung unpubl.). Only the flies that reached the 



destination were allowed to breed for the next generation. Since the imposed selection allowed 

~50% of the flies to breed, there were two independent ‘source–path–destination’ setups, with 

~2400 flies in the source, for each VBi population. Post-selection, the dispersed flies in the two 

destination containers for a given VBi population were mixed and transferred to a population cage. 

They were then supplied with live-yeast paste and after ~40 h, eggs were collected. The VBCs were 

maintained similarly as the VBs except two major differences. Firstly, after transferring the flies 

into the source, the exit was blocked by a cotton plug and the flies were allowed to desiccate for 3 h 

or till 25% of the VBs reached their destination (whichever was earlier). Following the protocol for 

the VB flies, the VBC flies were then supplied with a moist cotton plug for the remaining duration 

of VB dispersal. This controlled for the inadvertent desiccation experienced by the VB flies in the 

source and the path, as part of the selection protocol. It should be noted here that there was almost 

zero mortality in the VBC flies during this time, thus ensuring that the selection pressure for 

desiccation resistance was at best, mild. Secondly, all the flies in the VBC populations were allowed 

to breed, thus ensuring no selection for dispersal.  

 

Assays 

All assays were performed after relaxing the selection on both VB and VBC populations for one 

generation. For this, the VB and VBC flies were transferred directly into the corresponding cages 

on the 12th day after egg collection. The progeny of these flies, henceforth referred to as the relaxed 

populations, were used for the assays. This common-rearing ensured that influence of phenotypic 

plasticity or non-genetic parental effects were ameliorated. Additionally, to remove any extraneous 

influence due to larval crowding, egg density was kept to ~50 eggs on ~6 ml food in each vial. 

Furthermore, as the assays for each of the four blocks required us to sex and count ~12 000 flies, it 

was not logistically possible to assay more than two blocks in a given generation. Therefore, each 

assay was conducted over two successive generations and it is the latter value which is reported in 

the paper (i.e. for the tth generation assay, VB1-VBC1 and VB2-VBC2 were assayed in generation t–

1 while VB3-VBC3 and VB4-VBC4 were assayed in generation t). For example, for the 33rd 

generation assays, block 1 and 2 were assayed during the 32nd generation of selection, while block 

3 and 4 were assayed during the 33rd generation and so on. This is not a problem in terms of our 

statistical analysis as block was explicitly recognized as a random factor in our ANOVA. 

 

Dispersal assay in presence and absence of food 

This assay was performed thrice- after 10, 20 and 33 generations of selection in order to assess the 

difference in dispersal propensity and ability between the VBs and the VBCs. The assay-setup was 

similar to the selection setup (see ‘Selection protocol’ above and Fig. A1) except for the length of 



the path. The path-length was 10 m for the assay performed after 10 generations of selection and for 

the rest it was 20 m. Furthermore, to obtain the distribution of the location of the files after 

dispersal, the path was divided into multiple detachable sections: 20 sections of length 0.5 m each 

for the first 10 m and followed by 10 sections of length 1 m each for the rest (1 m sections were not 

present when the path-length was only 10 m). The destination container (a 250 ml plastic bottle) did 

not contain food or water but had a long protrusion of the path into it, to reduce the backflow of 

flies. On the 12th day after egg collection, ~2000 adult flies were introduced into the source 

container and were allowed to disperse for 6 h. During this interval, the entire setup was kept 

undisturbed under constant light and at a temperature of 25°C. After the end of dispersal run, the 

setup was dismantled; the openings of the source, the destination, and each section of the path were 

secured carefully with cotton plugs, and labelled appropriately. The flies were then heat killed and 

the location (in terms of the distance from the source) and sex of each fly was recorded. For each 

VBi and VBCi population, there were three such replicate kernel setups.  

We performed two kinds of kernel assays: 1) with an empty source and 2) in the presence of 

~20 ml banana-jaggery medium in the source. The former set of assays was performed after 10 and 

20 generations of selection while the latter set of assays happened after 33 generations of selection. 

In total, these assays involved segregating according to sex and scoring of ~140 000 flies. 

 

Dispersal components  

Dispersal propensity 

The proportion of total flies in the source that initiated dispersal was taken as the dispersal 

propensity (Friedenberg 2003). Thus propensity = (no. of flies found outside the source / total 

number of flies). 

 

Dispersal ability 

The dispersal ability was computed only on the flies that left the source, based on the section of the 

path in which they were found after 6 h. All flies found in a given section of the path were deemed 

to have travelled the distance between the source and the midpoint of the section. The destination 

container was considered as a part of the last path-section. Thus mathematically, 
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where, ni is the number of flies found in the ith path-section, xi is the distance of the mid-point of 

this section from source and y is the total number of path-sections (here y = 30, see Section 



‘Dispersal kernel assay in presence and absence of food’ for details). Since dispersal ability is 

measured only on the flies that came out of the source, the measure of propensity and ability were 

independent of each other. 

 

Curve-fitting for estimating population extent 

The data obtained from the dispersal kernel assay in presence of food, were fitted with the negative 

exponential distribution y = ae-bx, where x is the distance from the source, y is the frequency of 

individuals found at x, and a, b are the intercept and slope parameters respectively. For this we 

pooled the data of the three replicates for each of the four populations of VB and VBC, estimated 

the frequency for each distance, natural log-transformed all values and fitted the equation ln(y) = 

ln(a) – bx using linear regression. The estimated R2-values (Table A1) ranged between 0.67 and 

0.99 and the residuals showed no major trends. The value of population extent was estimated as b-1. 

ln (a / 0.01), i.e. the distance from the source beyond which 1% of the population is expected to 

disperse.   

During the linear regression, we observed that one data point in the kernel of the VB3 

population seemed to be an outlier. Excluding this point from the kernel considerably improved the 

fit (R2 = 0.26 became R2 = 0.91) and the distribution of the residuals improved considerably. 

However, removing this outlier reduced the mean value of the spatial extent of VBs from 32.6 m to 

28.01m. Incidentally, there were no changes in terms of the statistical significance in the Mann–

Whitney U-tests for a, b or the spatial extent irrespective of whether the outlier is included or 

excluded. Therefore, in this study, we chose to report the value of population extent omitting the 

outlier. Note that this removal only makes our estimate of the spatial extent of VBs more 

conservative.  

 

 

Text A2: estimation of dispersal kernel in this study 
Dispersal kernel has been defined as the "distribution of the post-dispersal locations relative to the 

source point" (Nathan et al. 2012). However, for constantly moving organisms like our fruit flies, it 

is impossible to define when dispersal has ended, particularly when they are still in the path. That is 

why we had to impose a temporal cut-off for the kernel assays, which is consistent with similar 

empirical studies in the literature (Ogden 1970, Markow and Castrezana 2000, Bitume et al. 2011). 

As a reviewer has pointed out, since the flies were still active after six hours, it is possible that the 

measured distribution had still not reached equilibrium and therefore the kernel can be ‘linked to 

dispersal speed or the time needed to leave a patch, and not to dispersal distance per se’. This 

problem is intrinsic to the study of the dispersal kernel of any actively moving organism that does 



not settle to make nests or occupy territories, and there is no way to obtain the equivalent of an 

equilibrium ‘distribution of the post-dispersal locations’ for such animals. Moreover, we still 

believe that the kernel that we measured gives valuable information about dispersal evolution, for 

the following reasons. First, our study compared the dispersal of the VBs and the VBCs under 

identical conditions which means that all comparative statements about the various aspects of the 

kernel (Fig. 2, 3) are valid, irrespective of whether the kernels were static or not. Second, looking at 

the individual kernels (Fig. A2) it is clear that there is relatively little variation across the three 

replicates for any given population (VB or VBC). The same is true for the various shape parameters 

across the four replicates of the VBs or the VBCs (Fig. 2c–e, 3). This suggests that even if the 

populations have not attained their equilibrium distribution of dispersal distance, they are probably 

fairly close to it. This is not surprising as other experiments in our laboratory have shown that ~90% 

of the flies that leave the source in VBs and VBCs, do so within the first 90 minutes (Tung et al 

unpubl.). This implies that most of the flies spend ≥4.5 h on the path, which is ~66% of the total 

dispersal time. To summarize, we believe that even if we cannot demonstrate that we have 

measured dispersal kernel at equilibrium, this is a problem inherent with most active dispersers, it 

does not change any of the conclusions of our study, and our measured kernels are probably very 

close to the equilibrium any way.  

 

 

Table A1. R2-values of the fitted kernels. 

Populations R2 

VB1 0.67 

VB2 0.73 

VB3 0.91 

VB4 0.65 

VBC1 0.97 

VBC2 0.97 

VBC3 0.99 

VBC4 0.98 
 

  



 

 

Figure A1. Schematic diagram of the selection and assay setup. The source and the 

destination are transparent plastic containers. The path is a transparent plastic tube. The path 

protrudes ~10 cm inside the destination; this protrusion considerably reduces backflow of the 

flies. Here, all the three parts – the source, path and the destination are detachable. The tiny 

objects oriented randomly inside the setup denote the flies. The length of the path increased 

from 2 m to 10 m during the 33 generations of selection reported here. 



 

Figure A2. Fitted kernels of VB and VBC populations. In each panel, the frequency of individuals 

dispersed (scaled by total number of dispersed individuals) is plotted against the corresponding 

dispersal distances for each population. The three points at each dispersal distance correspond to the 

three measurement replicates of a population. The red dashed line is the negative exponential curve 

fitted to the pooled data of the corresponding population. Note, for VB3, the frequency value at 

dispersal distance 20 was considered as outliers and not considered during fitting.  



 

Figure A3. Selection × Sex interaction for dispersal propensity and ability in the presence and 

absence of food. Here none of the sex × selection interactions were statistically significant, thus we 

could not conduct post-hoc tests for pairwise comparisons of each groups. However, dispersal 

propensity (a) and ability (b) of both the sexes of VB populations were greater than those in VBCs 

in absence of food in the source. Similarly, even in presence of food in the source, males and 

females of VB populations had higher dispersal propensity (c) and ability (d) than VBCs. This 

showed that both sexes in VB responded equivalently to the selection for dispersal. The error bars 

represent standard errors around the mean (SEM).  
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