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abstract: Environmental stress is one of the important causes of

biological dispersal. At the same time, the process of dispersal itself

can incur and/or increase susceptibility to stress for the dispersing in-

dividuals. Therefore, in principle, stress can serve as both a cause and a

cost of dispersal. We studied these potentially contrasting roles of a key

environmental stress (desiccation) using Drosophila melanogaster.

By modulating water and rest availability, we asked whether (a) dis-

persers are individuals that are more susceptible to desiccation stress,

(b) dispersers pay a cost in terms of reduced resistance to desiccation

stress, (c) dispersal evolution alters the desiccation cost of dispersal,

and (d) females pay a reproductive cost of dispersal. We found that

desiccation was a clear cause of dispersal in both sexes, as both male

and female dispersal propensity increased with increasing duration of

desiccation. However, the desiccation cost of dispersal was male bi-

ased, a trend unaffected by dispersal evolution. Instead, females paid

a fecundity cost of dispersal. We discuss the complex relationship

between desiccation and dispersal, which can lead to both positive

and negative associations. Furthermore, the sex differences highlighted

here may translate into differences in movement patterns, thereby

giving rise to sex-biased dispersal patterns.

Keywords: dispersal propensity, desiccation resistance, life history,

dispersal syndrome, fecundity, movement ecology, dispersal evolu-

tion, spatial selection.

Introduction

Biological dispersal is often driven by numerous biotic and
abiotic causes that promote movement across space (Matt-
hysen 2012). However, the process of movement can be costly
to the dispersing organisms in several ways (Bonte et al. 2012).
Investigating the causes and costs of dispersal can therefore
help us understand the constraints faced by individual or-
ganisms (Ronce and Clobert 2012), as well as their poten-
tial effects on the population- and community-level conse-
quences of dispersal (Bowler and Benton 2005).
Since dispersal is a key life history trait in individuals

(Bonte and Dahirel 2017), one possible way to decipher its
causes and costs is by studying dispersal syndromes, that is,
the covariation of dispersal with other life history and be-
havioral traits (Ronce and Clobert 2012). Such dispersal syn-
dromes have been documented in various insects (Dingle
1974; Legrand et al. 2016; Tung et al. 2018a), as well as in
other terrestrial (Stevens et al. 2014) and aquatic (Comte
andOlden 2018) animals.While these trait correlations can
help us understand the underlying physiological mechanisms
and constraints of dispersal, they are often contingent on the
study environment and population history. This is because
trait associations change rapidly and significantly if the en-
vironment changes or if the population undergoes evolution-
ary changes (Chippindale et al. 2003; Jessup and Bohannan
2008;Mishra et al. 2018a).Moreover, dispersalmay bemod-
ulated by many causes at once (Matthysen 2012; Legrand
et al. 2015) and incur several simultaneous costs to the indi-
viduals (Roff 1977; Gros et al. 2008; Bonte et al. 2012). Taken
together, this makes a thorough investigation of dispersal-
trait associations difficult under natural conditions. Therefore,
one possibility is to study populations with a known history
under a simplified environment to understand how a par-
ticular trait association (and hence the dispersal syndrome)
is shaped.
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Desiccation stress is one of the factors that can greatly in-
fluence dispersal. It is not only one of the most commonly
faced environmental stress for numerous taxa (Black and
Pritchard 2002; Holmstrup et al. 2002; Kranner et al. 2008;
Holzinger and Karsten 2013) but also is one of the first signs
of an unfavorable environment, as the stress due to lack of
water sometimes precedes a lack of other resources, such as
food (Karan and Parkash 1998; Hoffmann and Harshman
1999).Understandably, desiccation not only affects the phys-
iology of individual organisms (e.g., Folk and Bradley 2004;
Bazinet et al. 2010) but also is an important determinant
of species distributions (e.g., Gibbs et al. 1997; Kellermann
et al. 2009; Rajpurohit et al. 2013). Furthermore, organisms’
responses to desiccation stress are particularly important in
the context of climate change and its biological implications
(Hoffmann et al. 2003; Tuba et al. 2011; Van Heerwaarden
and Sgrò 2014; Wang et al. 2021). Given that dispersal often
serves as the first line of defense against unfavorable environ-
ments formany taxa (Gerber andKokko 2018; Riotte-Lambert
and Matthiopoulos 2020), investigating the relationship be-
tween movement and desiccation stress can inform our un-
derstanding of dispersal patterns in changing environments.
Desiccation stress can potentially act as both a cause and

a cost of dispersal. A high desiccation stress may drive indi-
viduals away from an area, while at the same time, the pro-
cess of movement can incur desiccation stress to the dispers-
ers. Since males and females in sexually dimorphic species
often differ in the amount of body resources and their par-
titioning along the survival-reproduction axis (Rantala and
Roff 2007;Wilkin and Sheldon 2009; Maklakov and Lummaa
2013), differences in their desiccation profiles are common-
place (Jill and Daniel 2003; Matzkin et al. 2007; Lyons et al.
2014). Similarly, many species exhibit sex-biased dispersal,
a possible reflection of asymmetric cost-benefit outcomes
of dispersal between the sexes (Trochet et al. 2016; Li and
Kokko 2019). While the relationships among environmental
stress, dispersal, and sex have been recently discussed (Gerber
andKokko 2018), sex differences in the dispersal-desiccation
relationship have typically not been studied. Given that in-
vestigations into sex differences in dispersal syndromes are
relatively rare, this is hardly surprising (but see Legrand et al.
2016;Mishra et al. 2018a). The presence of pervasive sex dif-
ferences in the life history and behavior literature leads us to
anticipate some sex differences in the relationship between
dispersal and desiccation stress as well. Especially in terms
of dispersal costs, it would be interesting to see how the des-
iccation stress incurred during movement compares with
other dispersal-related fitness costs, such as female fecundity
(Roff and Fairbairn 2007; Guerra 2011).
Here we investigate the relationship between desiccation

stress and dispersal, as well as the associated sex differences,
using populations of Drosophila melanogaster under con-
trolled environmental conditions. Interestingly, both a pos-

itive and a negative association of desiccation stress with dis-
persal has already been reported inD.melanogaster (Mishra
et al. 2018a), thus making it a suitable system to delineate
how the desiccation-dispersal relationship is shaped. Specif-
ically, we asked the following questions: (1) Does desiccation
stress act as a cause of dispersal inmales and females? (2) Is
desiccation stress a cost of dispersal in males and females?
(3) Does dispersal evolution alter the desiccation cost of dis-
persal in either sex, and (4) Do females experience a fecun-
dity cost of dispersal? Our results showed that desiccation
stress acts as a significant cause for dispersal for both sexes.
However, desiccation stress emerged as a cost of dispersal
largely in the males and was not altered by dispersal evolu-
tion. Finally, while the females paid a negligible desiccation
cost of dispersal, they experienced a significant cost of dis-
persal in terms of their fecundity. We discuss these results
in the context ofDrosophila physiology, along with their im-
plications for dispersal patterns.

Methods

Fly Populations

We used large outbred laboratory populations (breeding size,
~2,400 individuals) of Drosophila melanogaster for all the
experiments in this study. The ancestry of these populations
can be traced back to the IV lines, which were wild-caught
in South Amherst, Massachusetts (Ives 1970). The single-
generation experiments in this study were conducted using
a baseline population named DB4 (Sah et al. 2013; Mishra
et al. 2020b). In addition, we used four dispersal-selected pop-
ulations (namely, VB1–4) and their corresponding controls,
the nonselected populations (VBC1–4), for one experiment.
Because of the ongoing selection for higher dispersal every
generation, the VB populations have evolved a higher dis-
persal propensity and ability (Tung et al. 2018b), as well as
lower desiccation resistance (Mishra et al. 2018a), compared
with the VBC populations. All the populations were main-
tained in discrete-generation cycles under uniform environ-
mental conditions of 257C temperature, 80%–90% humidity,
and 24-h light.

Dispersal Setup

Following previous studies (Mishra et al. 2018a; Tung et al.
2018b), we used a two-patch dispersal setup for observing
fly dispersal. Each dispersal setup comprised a source con-
tainer, a path tube, and a destination container (fig. 1). In this
setup, all the flies for a given treatment/group are first intro-
duced into the source container, which opens into a trans-
parent plastic tube (internal diameter, ~1 cm) that serves as
the path. The other end of the path tube leads into the des-
tination container, thereby allowing the dispersal of flies from
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the source to the destination container through the path for
a fixed duration. The path protrudes into the destination con-
tainer by a small length (~3 cm) to limit the backflow of flies
from the destination (Mishra et al. 2018b). Depending on the
experiment, the size of the source and destination containers,
as well as the length of the path tube, can be customized. A
single experiment typically involves multiple such dispersal
setups maintained under uniform environmental conditions.
At the end of a dispersal run, these dispersal setups are dis-
mantled, and the flies found in each part (source/path/des-
tination) are used as per the experimental requirements.

Experiments

We carried out a series of experiments to address various
questions related to causes and costs of dispersal. The pro-
tocols, type of data obtained, and statistical analyses are pre-
sented separately below for each experiment.

Experiment 1: Desiccation Stress as Cause versus Cost of
Dispersal. We first examined whether desiccation stress acts
as a cause and emerges as a cost of dispersal in D. melan-
ogaster. For this, we started with ~19,200 age-matched

Figure 1: Schematics of the experimental design. A, Experiment 1 investigated the role of desiccation stress as a cause versus cost of dispersal.
Using a source-path-destination setup, age-matched flies from an outbred baseline population (DB4) were segregated into nondisperser (ND) pop-
ulations and disperser (D) populations under three scenarios: cause (no food or water in source, rest provided after dispersal run), control (agar-
based banana-jaggery medium in source, rest provided after dispersal run), and cost (agar-based banana-jaggery medium in source, no rest pro-
vided after dispersal run). ND and D flies in each scenario were then assayed for their desiccation resistance. B, Experiment 2 further examined
the role of desiccation stress as a cause of dispersal. Groups of age-matched flies from the DB4 population were subjected to different durations of
desiccation stress (0–5 h) before being subjected to dispersal assay. C, Experiment 3 investigated whether the desiccation cost of dispersal differs
between populations selected for higher dispersal (VB1–4) and their nonselected controls (VBC1–4). Desiccation resistance of all eight population
blocks was compared under the cost scenario similar to experiment 1. D, Experiment 4 examined the role of female fecundity as a cause versus
cost of dispersal. Here, female ND and D flies for the three scenarios (cause, control, and cost) were assayed for their fecundity.

Link between Desiccation and Dispersal E000



adult flies (12 days old from egg collection) from the DB4

population that were reared under identical conditions of ad
lib. food and water. Cylindrical, translucent plastic contain-
ers (~1.5 L volume) were used as “source” and “destination,”
along with a path length of 6 m, to assemble two-patch dis-
persal setups (as described in “Dispersal Setup”). Batches of
the aforementioned DB4 individuals were then introduced
into eight such dispersal setups (~2,400 individuals per setup)
and allowed to disperse for 5 h. By modulating two fac-
tors—that is, the presence of agar-based food (banana-jaggery
medium) in the “source” container and the provision of rest
(2 days with ad lib. food and water) to flies after the dis-
persal run—we devised three scenarios (fig. 1A): (a) the
cause scenario, where we could identify whether desicca-
tion stress was a cause of dispersal; (b) the control scenario,
where desiccation stress was expected to be neither a cause
nor a cost of dispersal; and (c) the cost scenario, where we
could identify whether desiccation stress was a cost of dis-
persal. In each of the three scenarios, the flies that completed
dispersal from the source to the destinationwere termed dis-
persers (D), whereas the flies found inside the source con-
tainer were termed nondispersers (ND). The flies found in
the path at the end of the dispersal run were not used in this
experiment.
In the cause scenario, there was no food or water in the

source, making desiccation stress a likely driver of dispersal
away from the source. After the dispersal event, we collected
theNDandDflies separately and provided thema 2-day rest
with ad lib. food andwater, so that the D flies could recuper-
ate any energy costs of dispersal run (similar to Mishra et al.
2018a). Thereafter, we assayed 200 ND and 200 D flies
(100 males1 100 females each) for their desiccation resis-
tance (see “Assay Details”) to assess whether they differed in
terms of their inherent desiccation sensitivity (fig. 1A, cause
scenario).
In the control scenario, we provided agar-based banana-

jaggery medium in the source container during the dispersal
run, thereby removing desiccation stress as a possible driver
of dispersal. Similar to the cause scenario, the dispersal event
was followed by a 2-day rest for bothND andD flies, to off-
set any energy costs of dispersal (fig. 1A, control scenario).
Subsequently, we compared the desiccation resistance of
200 ND and 200 D flies to ascertain whether there were
any unaccounted for differences between them, that is, other
than those detected in the cause and cost scenarios.
The cost scenario was complementary to the cause sce-

nario. Here we provided banana-jaggery medium in the
source container, thereby removing desiccation stress as a
cause of dispersal, but did not allow any rest after dispersal.
As described above, we then compared the desiccation re-
sistance of 200 ND and 200 D flies, with any difference
attributed to the energy costs of dispersal (fig. 1A, cost
scenario).

In the cause scenario, the flies lacked both food and wa-
ter, thus potentially conflating starvation with desiccation.
However, D. melanogaster flies typically die of desiccation
stress three to six times sooner than they die of starvation
(van Herrewege and David 1997; Parkash and Munjal 2000;
Matzkin et al. 2009). Thus, although the flies do experience
starvation alongwith desiccation, it is reasonable to state that
the latter is the primary cause of stress in this short duration.
The statistical analyses for this experiment, as well as those

described in subsequent sections, were carried out in R ver.
4.0.3 (R Core Team 2020). Here the desiccation data from
experiment 1 were analyzed together in a single mixed gen-
eralized linear model (GLM) using the lmer function from
lme4 package ver. 1.1-25 (Bates et al. 2015), with scenario
(cause/control/cost), dispersal (ND/D), and sex (male/fe-
male) as the fixed factors. As the flies were assayed in single-
sex groups of 10 individuals within a vial (see “AssayDetails”),
we included vial identity (1–10) as a random factor that was
nested within the scenario#dispersal#sex interaction. Fol-
lowing a type III analysis of deviance to ascertain the sig-
nificance of the fixed factors and their interactions in GLM
via the ANOVA function in car package ver. 3.0-10 (Fox and
Weisberg 2019), we carried out the relevant pairwise com-
parisons using the pairs function in emmeans package
ver. 1.5.2-1 (Lenth 2020). Cohen’s dwas used as a measure
of effect size for significantly different pairs ofmeans, with the
effect interpreted as large, medium, and small for d ≥ 0:8,
0:8 1 d ≥ 0:5, and d ! 0:5, respectively (Cohen 1988).

Experiment 2: Effect of Desiccation Duration on Dispersal.
Here we investigated how dispersal changes with the dura-
tion of desiccation stress. For this, we segregated age-matched
DB4 flies (12 days old from egg collection) into multiple
groups of 120 individuals (60 males 1 60 females) that
were subjected to varying durations of desiccation stress
(0, 1, 2, 3, 4, and 5 h) before being subjected to dispersal
assay in separate dispersal setups (fig. 1B). The source here
was a 100-mL glass flask without any food or water, the
path length was 2 m, and the destination was a 250-mL
plastic bottle. The dispersal assay lasted 2 h. The path
length and dispersal duration for experiment 2 were kept
shorter than those in experiment 1, because unlike experi-
ment 1, the flies here had already undergone some desicca-
tion stress (i.e., 0–5 h) before the dispersal assay. Following a
previous protocol (Mishra et al. 2018b, 2020a, 2020b), the
experiment was carried out over 10 consecutive days with
a fresh set of age-matchedflies every day. This allowed us to
assay one replicate of every desiccation treatment each day,
yielding 10 replicates blocked by day. In total, 6,000 flies
(5 desiccation treatments# 2 sexes# 10 days#60 flies
treatment21 sex21 day21) were assayed for this experiment.
From the dispersal assay, we collected data on dispersal
propensity (i.e., the fraction of flies that dispersed from
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the source; see “Assay Details”). To account for any day-
to-day microenvironmental variation, we used “day” as a
random blocking factor in the analysis. Therefore, the dis-
persal propensity data were analyzed in a mixed model bi-
nomial GLM (with logit link function) using the glmer
function from lme4 package ver. 1.1-25 (Bates et al. 2015),
with desiccation duration (0, 1, 2, 3, 4, and 5 h) and sex (male
and female) as fixed factors and day (1–10) as the random
factor. Following analysis of deviance via the ANOVA func-
tion in car package ver. 3.0-10 (Fox and Weisberg 2019), ap-
propriate pairwise comparisons were carried out using the
pairs function in emmeans package ver. 1.5.2-1 (Lenth 2020).

Experiment 3: Dispersal Evolution and Desiccation Cost
of Dispersal. Here we used dispersal-selected populations
(VB1–4), which have a ~100% higher dispersal propensity,
travel ~67% longer distances (Tung et al. 2018b), and exhibit
a lower desiccation resistance (Mishra et al. 2018a) than
their nonselected controls (VBC1–4). In this experiment, we
investigated whether the VB and VBC populations differ in
their desiccation cost of dispersal. This would help determine
whether selection for dispersal under desiccated conditions
has altered themagnitude of proximate cost paid by dispers-
ers. We subjected ~2,400 age-matched individuals per pop-
ulation block (1–4) of each population type (VB/VBC) to
segregation into ND and D individuals under the cost sce-
nario as described in experiment 1 (fig. 1C). Thereafter, we
assayed 100 males and 100 females (in groups of 10 indi-
viduals per vial) from each of the eight populations (VB1-4

and VBC1-4) for their desiccation resistance (see “Assay De-
tails”). The entire desiccation resistance data were analyzed
using a mixed model GLM with the lmer function in lme4
package ver. 1.1-25 (Bates et al. 2015), with dispersal selec-
tion (VB/VBC), dispersal (ND/D) and sex (male/female) as
fixed factors, and population block (1–4) and vial identity
(1–10) as random factors. Here vial identity was nested in-
side the dispersal selection#dispersal#sex#population
block term. Following the GLM, we used the ANOVA func-
tion in car package ver. 3.0-10 (Fox andWeisberg 2019) for
analysis of deviance and subsequently the pairs function in
emmeans package ver. 1.5.2-1 (Lenth 2020) for relevant pair-
wise comparisons.

Experiment 4: Female Fecundity as Cause versus Cost of
Dispersal. This experiment aimed to examine whether fe-
males paid a dispersal cost in terms of their fecundity. The
female flies in this experiment were from the same ND and
D groups of flies that were segregated in experiment 1, giving
rise to (a) the cause scenario, defined by the lack of suitable
oviposition site in source container (b); the control scenario,
with suitable oviposition surface (i.e., banana-jaggery me-
dium) in the source and provision of rest after dispersal run;
and (c) the cost scenario, where no rest is provided and flies

were assayed for their fecundity immediately after dispersal
(fig. 1D). We counted the female fecundity as the number of
eggs laid over a 12-h period, with theNDandDflies for each
scenario assayed together (see “Assay Details”). The entire
fecundity data were analyzed together with a quasi-Poisson
GLM (with log link function) using the glm function in stats
package ver. 4.0.3 (R Core Team 2020), with scenario (cause,
control, and cost) and dispersal (ND and D) as the fixed fac-
tors. As described above, we used theANOVA function in car
package ver. 3.0-10 (Fox and Weisberg 2019) for analysis of
deviance and the pairs function in emmeans package
ver. 1.5.2-1 (Lenth 2020) for relevant pairwise comparisons.

Assay Details

Desiccation Resistance Assay (Experiments 1 and 3). Des-
iccation resistance for a fly was measured as the duration that
it could survive without food andmoisture. To quantify this,
same-sex groups of 10 flies each were introduced into empty,
transparent (35 mL) vials andmonitored until the death of
the last fly in each vial, in a well-lit environment maintained
at 257C and between 80%and 90%humidity. The survivor-
ship checks were conducted every 2 h, and 10 such replicate
vials were used per sex.

Dispersal Assay (Experiment 2). For every two-patch dis-
persal setup (replicate), we counted the number of male and
female flies that reached the destination until the end of the
dispersal assay (2 h). In addition, we recorded the number
and sex of flies that emigrated from the source but did not
reach the destination, that is, those foundwithin the path tube
at the end of the dispersal assay. These data were used to es-
timate the dispersal propensity, that is, the proportion of flies
that initiated dispersal from the source (Friedenberg 2003).

Fecundity Assay (Experiment 4). Female fecundity was as-
sessed as the number of eggs laid per female over a 12-h pe-
riod. The flies were anesthetized undermild CO2, and pairs
of one male and one female each were introduced into indi-
vidual 50-mL centrifuge tubes containing a banana-jaggery
food cup. The tube had provision for aeration, and the food
cup provided a surface for laying eggs. Forty such replicates
were set up per group (i.e., dispersers/nondispersers) per
scenario. The setups were left undisturbed for 12 h in a well-
lit environment maintained at 257C and between 80% and
90% humidity. At the end of 12 h, the flies were discarded,
and the eggs laid on the food were counted under a stereo-
microscope.

Results

Desiccation Stress as Cause versus Cost of Dispersal

Desiccation resistance data from experiment 1 showed a sig-
nificant scenario# dispersal# sex interaction (x2

2 p 7:20,
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P p :027). Analysis of pairwise differences for this inter-
action revealed a number of results (supplemental PDF,
text S1.1). First, there was no difference in the desiccation
resistance of dispersers versus nondispersers in the control
scenario (Pmales p :16, Pfemales p :34; fig. 2B, 2E). This was
expected, as all these flies had access to ad lib. food and
water in the source container, as well as a 2-day rest after
the dispersal event. Second, dispersers in the cause scenario
had a lower desiccation resistance than nondispersers
(Pmales p :006, d p 1:63, large; Pfemales p :005, d p 1:10,
large; fig. 2A, 2D). This implies that desiccation stress
likely served as a cause of dispersal in both sexes. Third,
while males experienced a cost of dispersal in terms of their
desiccation resistance (P ! 1024, d p 1:21, large), no such
cost was seen in females (P p :86; fig. 2C, 2F).

Desiccation Stress as a Cause of Dispersal in Both Sexes

The role of desiccation stress as a cause of dispersal was
further investigated in experiment 2. Analysis of data from
this experiment revealed that the desiccation duration#
sex interaction was significant (x2

5 p 17:10, P p :004),
indicating an asymmetric effect of desiccation duration

on dispersal propensity of males and females. However,
pairwise comparisons revealed an increasing trend of dis-
persal propensity with longer durations of desiccation
stress in both sexes, with a somewhat greater effect observed
in males (fig. 3; supplemental PDF, text S1.2). Therefore,
the results from both experiment 1 and experiment 2 sug-
gested that desiccation stress served as a cause of dispersal
in both sexes, with longer durations of desiccation leading
to greater dispersal.

Desiccation Stress as a Sex-Biased Cost of Dispersal

Next, we examined the role of desiccation stress as a cost of
dispersal using four dispersal-selected populations (VB1–4)
and their corresponding nonselected controls (VBC1–4; ex-
periment 3). Desiccation resistance data from this experiment
revealed a significant dispersal#sex interaction (x2

1 p 9:52,
P p :002), with males experiencing a relatively larger des-
iccation cost of dispersal (P ! 1024, d p 1:86, large; fig. 4A,
4B) than females (P ! 1024, d p 0:42, small; fig. 4C, 4D).
Moreover, the dispersal selection#dispersal (x2

1 p 2:33,
P p :13) and dispersal selection#dispersal# sex (x2

1 p

0:19, P p :66) interactions were not significant, indicating

Figure 2: Desiccation stress as cause versus cost of dispersal (experiment 1). Desiccation resistance for nondisperser (ND) and disperser
(D) flies from an outbred, baseline population (DB4), under three scenarios: cause, control, and cost. Data for males and females are presented in
the top and bottom rows, respectively. Edges of the boxplots represent 25th and 75th percentiles of the data. Circles represent means, and the lines
inside the boxes represent medians. Asterisks indicate a significant difference (P ! :05) between ND and D flies within a given panel. Note that
the scales on the y-axis differ between the males and females. For exact P values, see the supplemental PDF, text S1.1.
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that this result was consistent for both control (VBC) and
dispersal-selected (VB) populations (supplemental PDF,
text S1.3).

Significant Cost of Dispersal for Females
in Terms of Fecundity

As minimal or no desiccation cost of dispersal was observed
for females in experiments 1 and 3, we investigated whether
there was a reproductive cost of dispersal for the females (ex-
periment 4). Analysis of the female fecundity data from this
experiment (presented in the supplemental PDF, text S1.4)
revealed a significant scenario#dispersal interaction (x2

2 p

17:90, P p :0001). Pairwise comparisons for this interac-
tion revealed no significant difference between dispersers and
nondispersers under the control scenario (P p :63; fig. 5B)
and the cause scenario (P p :16; fig. 5A) but a significant
difference in the cost scenario: disperser females had a lower
fecundity than nondisperser females (P p :0001, d p 0:68,
medium; fig. 5C). Therefore, we concluded that female flies
pay a cost of dispersal in terms of their fecundity.

Discussion

Desiccation Stress as a Cause of Dispersal in Both Sexes

Environmental stress, among other things, can serve as a
major cause of biological dispersal. At the same time, the

process of dispersal can be stressful to individuals. When
monitored after a dispersal event, the stress-resistance ability
of organisms is often found to be lower (Graves et al. 1992).
This decrease can come about in three different ways. First,
the dispersers might be the ones that were more susceptible
to the stress, and hence they dispersed. Second, even if the
stress resistance of the dispersers is inherently similar to that
of the nondispersers, the energy spent in the act of dispersal
reduces the stress-resistance ability of the former. Third, it
might be an interaction of these two scenarios. Unfortu-
nately, these questions are very difficult to answer, par-
ticularly when there is no a priori way of distinguishing be-
tween a disperser and a nondisperser. Here we investigated
this complex relationship using desiccation as the type of
stress and Drosophila melanogaster as a model system. Our
experimental design allowed us to explicitly control for other
confounds when a particular aspect of the desiccation-
dispersal relationship was being examined.
To begin with, experiment 1 revealed that the disperser

(D) flies had a lower desiccation resistance than the nondis-
perser (ND) flies under the cause scenario (fig. 2A, 2D). Com-
paring the results with the control scenario, which showed
no difference between ND and D flies (fig. 2B, 2E), we could
conclude that desiccation stress indeed served as a signif-
icant driver of dispersal for bothmale and female flies. This
is in line with the expectation from the literature that dis-
persal is one of the foremost ways for escaping unfavorable
conditions (Gerber and Kokko 2018), not only in animal taxa
(Cremer and Heinze 2003; Riotte-Lambert and Matthio-
poulos 2020) but also in plants (Martorell and Martínez-
López 2014). While this is not a surprising result, our study
demonstrates it explicitly using a unique setup, where we were
able default to control for the possible confound of desic-
cation as a cost of dispersal (fig. 1A).
Going a step further, we demonstrate in experiment 2

howDrosophila dispersal changes with increasing desicca-
tion stress (fig. 3). Given that desiccation resistance can be
correlated with glycogen content in flies (Gibbs et al. 1997; al-
though see Hoffmann and Harshman 1999), one might have
expected a decrease in dispersal at longer desiccation dura-
tions, where the flies likely faced a severe depletion of their
glycogen reserves (Folk and Bradley 2004; Bazinet et al. 2010).
Surprisingly, however, this was not the case in experiment 2,
where flies of both sexes showed a nearly monotonic increase
in their dispersal propensity with increasing desiccation stress
(fig. 3). Thismeans that, at least for the duration of desiccation
stress (up to 5 h) imposed in experiment 2, the flies were in a
state to successfully initiate dispersal. However, as a corollary,
it also means that organisms likely do not disperse until the
stress turns acute, which may make them more susceptible
to dispersal-related risks and costs (see “Sex-Biased Cost of
Dispersal in Terms of Desiccation Stress”). It is possible that
this delay in emigration could be a function of how long it

Figure 3: Effect of desiccation duration on dispersal propensity (Ex-
periment 2). Dispersal propensity (5SE) for age-matched flies from
an outbred baseline population (DB4) subjected to desiccation stress
for different durations (0–5 h). Each point represents the average of
10 replicates (each with 120 individuals). For a given sex, the changes
in dispersal are examined by comparing the propensity means across
the six desiccation durations (significant differences denoted using
different lowercase letters—starting with “m” for males and “f” for
females). Asterisks denote a significant difference in male and female
dispersal for a given desiccation duration. For exact P values, see the
supplemental PDF, text S1.2.
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takes to initiate the stress physiological response. Since the
cuticle of adult females (but not males) in D. melanogaster
is known to undergo rapid desiccation hardening (RDH)
in response to even short periods of desiccation exposure
(Bazinet et al. 2010; Stinziano et al. 2015), this could explain
why males had a starker increase in dispersal than females
(fig. 3). Overall, we speculate that the ability to perceive and
react to stress would play a role in shaping the dispersal-
mediated escape response from stressful habitats.
Since dispersal is also known to incur various costs (re-

viewed in Bonte et al. 2012), the process of dispersal itself can
induce stress or increase the susceptibility of dispersing indi-
viduals to stress. We explored the potential desiccation cost
of dispersal using the cost scenario in experiments 1 and 3.

Sex-Biased Cost of Dispersal in Terms
of Desiccation Stress

Given that active dispersal involves expenditure of energy,
it is likely that flies spend a part of their glycogen reserves

during dispersal (Graves et al. 1992), which can reduce
their desiccation resistance following a dispersal event. Ex-
periment 1 confirmed a cost of dispersal in terms of their
desiccation resistance, although it was not symmetric be-
tween the two sexes. A significant desiccation cost of dis-
persal was observed for males (fig. 2C) but not for females
(fig. 2F) in the DB4 population. Similarly, experiment 3
revealed that the desiccation cost of dispersal was much
higher in males (fig. 4A, 4B) than in females (fig. 4C, 4D;
for the exact effect sizes, see “Results”). As both dispersal-
selected flies (VB) and nonselected control flies (VBC)
showed a male-biased desiccation cost, we concluded that
the evolution of dispersal did not alter the immediate des-
iccation cost of dispersal between these populations.
A potential explanation for the sex bias in desiccation

cost is the well-known sexual dimorphism in desiccation
resistance of D. melanogaster adults: female flies tend to
have a higher desiccation resistance than their male counter-
parts (Gibbs et al. 1997; Matzkin et al. 2007; Mishra et al.
2018a). As a result, the females likely had greater body

Figure 4: Dispersal evolution and desiccation cost of dispersal (experiment 3). Desiccation resistance of nondispersers (ND) and dispersers
(D) from VB1–4 (dispersal-selected) populations and VBC1–4 (control) populations. Panels represent comparison between ND and D flies for
VBC males (A), VB males (B), VBC females (C), and VB females (D). Edges of the boxplots represent 25th and 75th percentiles of the data.
For the exact P values, see the supplemental PDF, text S1.3.
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resources to beginwith, which allowed them to successfully
undertake dispersal without paying a high desiccation cost.
This is also congruent with the observation that dispersal
evolution has not led to a change in the body size of VB
females relative to their VBC controls (Mishra et al. 2018a;
Tung et al. 2018a). Another potential explanation here could
be the RDH response seen exclusively in female flies, which
reduces their rate of surface water loss via altered cuticular
hydrocarbon composition (Bazinet et al. 2010; Stinziano et al.
2015).
It is possible that the dispersal cost for females manifests

not in terms of their somatic maintenance (here, desiccation
resistance) but rather in their reproductive output. This is in
line with the results of several life history studies of trade-
offs that show a reproductive cost instead of somatic costs
in females (Miyatake 1997; Ghalambor and Martin 2001;
Djawdan et al. 2004; Muller-Landau 2010). Given the energy-
intensive nature of active dispersal (as evidenced by the dis-
persal cost borne bymales in this study), it was possible that
female fecundity could suffer as a cost of dispersal. Therefore,
we next investigated this possibility.

Fecundity Cost of Dispersal for Female Flies

The relationship between dispersal and fecundity varies across
taxa. A negative association between dispersal and fecun-
dity has been reported in several wing-dimorphic insects (re-
viewed in Guerra 2011) and wing-monomorphic insects (re-
viewed in Tigreros and Davidowitz 2019), as well as in other
taxa, such asCaenorhabditis elegans (Friedenberg 2003). These
results are typically explained as a developmental or energetic

cost of dispersal in terms of fecundity. In contrast, a positive
association between dispersal and fecundity has also been
documented in many other insect taxa (Dingle et al. 1988;
Rankin and Burchsted 1992; Hanski et al. 2006). Here the
typical explanation is twofold. First, individuals with better
body condition, including higher fecundity, could be better
able to complete dispersal. Second, high fecundity could lead
to high dispersal via increased kin competition in a given hab-
itat. Of course, it is also possible that the dispersal-fecundity
relationship, like other dispersal-trait associations, is mod-
ulated by the environmental context (e.g., Legrand et al. 2016;
Mishra et al. 2018a). For instance, the fecundity cost of dis-
persal may be particularly strong under limiting resources.
Similarly, the positive association between dispersal and fe-
cunditymight be altered by the population density and level
of resources in the originating patch (e.g., Einum et al. 2006).
Therefore, experiments under controlled conditions, which
can take ecological context into account, can provide im-
portant insights into the relationship between fecundity and
dispersal.
Experiment 4 revealed that while there was no difference

under the cause and control scenarios, D females had a sig-
nificantly lower fecundity thanND flies in the cost scenario
(fig. 5). What makes our result interesting is that females
showed a fecundity cost before the somatic cost of dispersal,
at least in terms of desiccation resistance (cf. figs. 2F, 5C). A
plausible explanation for this is that, under stressful condi-
tions, individuals may prioritize survival over potential re-
production. This has been observed in other life history traits
as well, where allocation of resources into somatic mainte-
nance can, at times, take priority over reproductive investment

Figure 5: Female fecundity as cause versus cost of dispersal (experiment 4). Female fecundity for nondisperser (ND) and disperser (D) flies
from an outbred, baseline population (DB4), under three scenarios: cause, control, and cost. Edges of the boxplots represent 25th and 75th per-
centiles of the data. Asterisks indicate a significant difference (P ! :05) between ND and D flies within a given panel. For the exact P values, see the
supplemental PDF, text S1.4.

Link between Desiccation and Dispersal E000



(Djawdan et al. 2004; Muller-Landau 2010; Martorell and
Martínez-López 2014). In particular, given that dispersal is
a key life history trait (Bonte and Dahirel 2017) with several
potential costs (Bonte et al. 2012), the fecundity trade-off
observed here is in line with the observations for other wing-
monomorphic insects (Tigreros and Davidowitz 2019).

Implications

Our results revealed desiccation as a cause of dispersal for
both sexes inD.melanogaster and that dispersal propensity
of both male and female flies increased with increasing des-
iccation duration. In addition, we observed amale-biased cost
of dispersal in terms of desiccation resistance, while the fe-
male flies paid a fecundity cost of dispersal. We discuss some
implications of our results below.
First, these results demonstrate that the relationship be-

tween stress and dispersal is likely complicated. On the one
hand, stress is likely to drive dispersal of individuals away
from an area. On the other hand, dispersing individuals in-
cur a further cost of dispersal in terms of increased stress.
Therefore, early dispersers from a population may be the
least stress-tolerant individuals. In contrast, highly stress-
tolerant individuals could delay emigration in response to
a stress. These results are in line with a physiological thresh-
old model of movement decision-making at the individual
level (Goossens et al. 2020), which can translate to population-
level effects. For instance, if dispersal occurs across habitats
with high connectivity, stress-intolerant individuals may have
the highest dispersal propensity (e.g., fig. 3). However, if the
interhabitat connectivity is poor, only the relatively stress-
resistant individuals in a population would be able to under-
take dispersal successfully by surviving the large dispersal
costs, representing an example of phenotypic ecological fil-
tering (Renault et al. 2018). This can also translate to lower
overall dispersal rates, potentially leading to instances of dis-
persal reduction (Waters et al. 2020).
Second, sex differences in the somatic costs of dispersal

may effectively lead to instances of sex-biased dispersal, even
if a similar number of male and female individuals emigrate
from a given area. This is because the stress-sensitive sex (e.g.,
males in the current study) may not be able to complete dis-
persal as successfully as the stress-resistant sex (here, females).
As a result, in the species wheremating occurs after a dispersal
event, such differences can lead to a skew in the local sex ratio
of the dispersed population and consequently mate limita-
tion.Moreover, the sex-biased nature of dispersal costs can
result in demographic consequences through dispersal syn-
dromes (Mishra et al. 2018a; Shaw et al. 2018). For instance,
if the fecundity of immigrant females in a new area is reduced
as a consequence of dispersal, then they may not be able to
compete with the resident females in that area. As a result,
the apparent prioritization of fitness cost over somatic cost

in females, as observed here, can hamper their settlement abil-
ity in a new habitat.
In this study, we used controlled laboratory settings, well-

documented populations, and appropriate controls to inves-
tigate the association between two key life history traits, that
is, dispersal and desiccation resistance. Since both of these
traits are important for the fitness of natural populations,
it is reasonable to ask how our results would map to such
populations. Unfortunately, it is difficult to directly extrap-
olate our results to natural populations. This is because wild
insect populations (includingDrosophila) also experience pas-
sive dispersal through factors like wind and other animals
(Dobzhansky 1973; Dickinson 2014; Leitch et al. 2021). Ev-
idently, it becomes extremely complicated to study dispersal
syndromes in the presence of such mixed strategies. Hence,
we decided to focus purely on active ambulatory dispersal,
which precludes a comparison of our results with cases of
mixed dispersal in nature. Moreover, in situ investigation of
life history traits like desiccation resistance and fecundity
are extremely difficult, which often requires such studies to
happen in freshly caught populations in the laboratory (e.g.,
Parkash and Munjal 2000; Matzkin et al. 2009). However,
it is known that a change in environment can alter the ob-
served trait associations (Service and Rose 1985), which are
expected to take considerable time for stabilization (Sgrò
and Partridge 2000). This implies that studies investigating
such associations are best performed in populations that have
adapted for a long time to a relatively stable environment.
Since natural populations mostly experience fluctuating en-
vironmental conditions, trait associations in such popula-
tions are expected to be much noisier, again precluding a di-
rect comparison with our results. Thus, the primary strength
of our microcosm study is the fact that these confounding
factors could be adequately controlled, such that the rela-
tionship between desiccation resistance and dispersal could
be appropriately investigated.
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