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Mate choice can strongly affect fitness in sexually reproducing organisms. A form of mate choice is mate
copying, in which individuals use information about potential mates by copying the mate choice of other
individuals. While many studies have documented mate copying, little is known about the effect of
environmental conditions on this behaviour. Here, we report the first evidence that Drosophila mela-
nogaster females can acquire a sexual preference for one male characteristic after witnessing a single
mate choice event (i.e. speed learning). We also found that mate copying was correlated with air pressure
and air pressure changes, so that females copied far more when air pressure was high and increasing, i.e.
in good and improving weather conditions. These results reveal a quick social observational learning and
highlight the potential importance of meteorological conditions for mate copying, a trait potentially
driving reproductive isolation.

© 2016 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Mate choice has important fitness consequences as it is a major
driver of sexual selection (Verzijden et al., 2012). To select a suitable
mate, individuals need to assess potential partners by collecting
information about them. Such information can be acquired either
by trial-and-error tactics or innate rules, i.e. using private infor-
mation, or by monitoring other individuals with similar re-
quirements, i.e. using inadvertent social information (Danchin,
Giraldeau, Valone, & Wagner, 2004; Danchin & Wagner, 2010). In
particular, the mating performance of potential mates provides
public information on their quality (Nordell & Valone, 1998), and
females of many species develop mating preferences that are
affected by such public information (Westneat, Walters, McCarthy,
Hatch, & Hein, 2000). This behaviour is called mate choice copying
or more simply mate copying.
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In their simplest form, mate copying experimental designs
encompass two sequential phases: a demonstration followed by a
test. During the demonstration, a naïve female (called the observer
female) is allowed to witness two males with contrasting pheno-
types, only one being chosen for copulation by another female
(called the demonstrator female). During the preference test, the
observer female preference is assessed by either the relative
amount of time she spends near the twomales or actual copulation
with one of them. By copying themate choice of others, females can
also generalize their preference for any other male with similar
traits (Bowers, Place, Todd, Penke, & Asendorpf, 2012), implying
that mating preference may be transferred socially between in-
dividuals within populations (horizontal transmission) and across
generations (vertical transmission; Bowers et al., 2012; Danchin
et al., 2004).

Mate copying has beenmainly reported in vertebrates (see Galef
& White, 2000; Vakirtzis, 2011 for reviews) and, to our knowledge,
only two studies have investigated its occurrence in invertebrates,
both of them on Drosophila. Mery et al. (2009) provided evidence of
mate copying in Drosophila melanogaster. In this study, the design
r the Study of Animal Behaviour. This is an open access article under the CC BY-NC-
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differed from those used in vertebrates: the observer female wit-
nessed not an actual choice between two males, but instead the
behaviour of six females sequentially mating with one male
phenotype and rejecting the other (Fig. 1). By contrast, Auld,
Punzalan, Godin, and Rundle (2009) found no evidence of mate
copying in Drosophila serrata. These contrasting outcomes may
result from the difference between the experimental protocols as
well as the species used. In addition, external parameters may
impact copying and mating behaviours. For example, in guppy,
Poecilia reticulata, mating behaviour is correlated with both the
quantity and the spectral composition of the lighting conditions
(Archard, Cuthill, & Partridge, 2009). In insects, mating behaviour
has been shown to be impacted by atmospheric pressure (Ankney,
1984; Austin, Guglielmo, & Moehring, 2014; McFarlane, Rafter,
Booth, & Walter, 2015; Pellegrino et al., 2013).

Here, we investigated whether D. melanogaster females can
acquire a sexual preference for one male characteristic after wit-
nessing a single mate choice event. We also examined the effects of
external parameters, especially air pressure, on mate copying. We
had long noticed that the extent of mate copying seemed to be
correlated with weather conditions during the experiment. As we
controlled temperature, light and humidity, we postulated that the
main external parameter potentially explaining a weather effect
should involve air pressure. This seemed coherent with the fact that
a change in weather, in particular the arrival of heavy rains or
storms, can have serious fitness consequences for small animals
such as insects (Wellington, 1946) but can also be relatively well
predicted by monitoring air pressure. Good weather is usually
associated with high air pressure, whereas rain mostly happens in
low air pressure conditions (Ahrens, 2009). Air pressure change
also needs to be considered: a rapid drop indicates an approaching
storm or heavy winds (Ahrens, 2009). Even though the influence of
weather on animal behaviour has been observed by humans for
centuries (Aristotle, trans. 1883, e.g. XXVII:46), it has been inves-
tigated only in a few studies in mammals (Paige, 1995), birds
(Breuner, Sprague, Patterson, & Woods, 2013; Metcalfe, Schmidt,
Bezner Kerr, Guglielmo, & MacDougall-Shackleton, 2013), fish
(Heupel, Simpfendorfer, & Hueter, 2003) and insects (Ankney,
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Figure 1. Drosophila mate copying protocols: the first was used in the second experiment
protocol followed that of Mery et al., except that each demonstration step lasted for 30 mi
female mating with a male of one colour, followed by a demonstration with a recently mat
times for a total of 6 h in Mery et al.'s study versus 3 h in our long design. The short demo
between two differently coloured males (experiment 1), or a female already copulating with
This shorter demonstration phase lasted 30 min. In both protocols, the preference test was
female copulated was recorded and used to estimate its preference.
1984; Austin et al., 2014; McFarlane et al., 2015; Pellegrino et al.,
2013). In particular, mating behaviour has been shown to be
affected by air pressure changes in the cucurbit beetle, Diabrotica
speciosa, the true armyworm moth, Pseudaletia unipuncta, and the
potato aphid, Macrosiphum euphorbiae (Pellegrino et al., 2013). In
D. melanogaster, only two studies have focused on the influence of
air pressure on the prevalence of sexual behaviour (Ankney, 1984;
Austin et al., 2014). Ankney (1984) found that Drosophila mating
frequency decreases in low air pressure conditions. Austin et al.
(2014) found an effect of air pressure change on D. melanogaster
courtship and mating frequency: in decreasing air pressure some
flies showed reduced mating activity, whereas others increased it.
But the effects of air pressure on other aspects of sexual behaviour
such as mate choice or, more generally, on cognitive abilities, have
never been investigated.

Here, we report the results of two experiments followed by a
correlational analysis of the potential role of air pressure on fruit fly
sexual behaviour. Experiment 1 investigated whether Drosophila
females can perform mate copying in a protocol similar to those
traditionally used in studies of mate copying in vertebrates. To this
aim, we performed and compared two experimental designs of
mate copying. The first design (adapted from Mery et al., 2009)
involved six apparent female choices in a sequence (long demon-
stration protocol, Fig. 1). The second design involved a single live
demonstration of one female choosing between two males of
contrasting phenotypes (short demonstration protocol, Fig. 1). Very
little is known about the ecology of Drosophila in the wild (Reaume
& Sokolowski, 2006), and it is uncertain whether Drosophila fe-
males have the opportunity to experience sequential demonstra-
tions of mate choice in nature as in the long demonstration
protocol. Thus, in addition to bridging the gap with vertebrate
studies, the rationale for our short demonstration protocol was that
if Drosophila females were able to perform mate copying in speed
learning situations, then our confidence that they can performmate
copying in nature would be greatly increased. The short demon-
stration protocol thus tested whether young virgin females can
acquire a preference for a given male phenotype after the obser-
vation of one female choosing and copulating with one of two
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of Mery et al. (2009); the other two were used in this study. Our long demonstration
n instead of 1 h. Both consisted of a sequence of demonstrations involving one virgin
ed female rejecting the male of the other colour. These two steps were repeated three
nstration protocol involved only one live demonstration of one female freely choosing
a male of one colour plus a male of the opposite colour next to them (experiment 2).
run just after the demonstration and the colour of the male with which the observer
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males with contrasting phenotypes. Experiment 2 tested whether,
in the short protocol, the sole observation of an ongoing copulation
is sufficient to elicit mate copying or whether the observation of
male courting performance is necessary. Finally, we used a corre-
lational approach on the experimental data to analyse the effect of
natural air pressure, as well as its change across experimental days,
on mate copying performances.
METHODS

Fly Maintenance

We used 1445 individuals of the common laboratory Canton-S
strain of D. melanogaster. Flies were raised in 8 ml vials contain-
ing a standard wheat floureagareyeast medium. Raising and
experimental conditions were: 25 ± 1 �C, with a 12:12 h light:dark
cycle and 60 ± 5% humidity during the first experiment and
60 ± 10% humidity during the second. To keep humidity constant,
three independent automatic humidifiers were placed in different
locations in the experimental room; each had a hydrostat that was
set to 60%. Flies were sorted without anaesthesia within 6 h after
emergence and kept in unisex groups of six individuals before ex-
periments. All Drosophila used for the experiments were 3 or 4 days
old. Fly manipulations were performed by gentle aspiration. Ex-
periments consisted only of matings; no other disturbance or
harmful manipulations were made. Once the copulation ended,
individuals were put in a vial and were euthanized in a freezer
shortly after.
General Procedures

The two artificial male phenotypes were created by dusting
males with green or pink powders (Mery et al., 2009). To have as
little difference in our coloured phenotypes as possible, we took
two males from a raising vial and allocated randomly one to the
green and the other to the pink colour. Males were then placed in
food vials to clean the excess of dust for 30 min. Then, for the next
replicate, we took two males from another vial and so on.

Experiments took place in double plastic tubes separated by a
thin glass partition that could be either opaque (controls) or
transparent (Fig. 2). The light came from above and was equally
distributed so that the flies were not attracted to a specific point. In
all preference tests, as observer females courted by only one of two
males were not in a position to choose mates, we only kept repli-
cates in which both males courted the female and discarded the
others. Before starting the experiment, we first tested whether
there was an innate preference for one male colour. To do that, one
virgin observer female was placed in the tube with a male of each
colour for 30 min during which we recorded the colour and num-
ber of males courting the female (i.e. if none, one or both males
3 cm

1.1 cm

Figure 2. Experimental device. The observer female was randomly placed on one side w
demonstrator and observer flies: this was either transparent (experimental group: informe
displayed wing vibration or ‘singing’, Sokolowski, 2001), as well as
the copulation duration and colour chosen.

We found that naïve virgin females copulated with green and
pink males in a way that did not differ from the absence of choice
(N ¼ 63 trials, 30 copulations with the pink male and 33 with the
green male; chi-square test green versus pink: c2

1 ¼ 0.127,
P ¼ 0.722). This is consistent with other experiments using these
powders (Mery et al., 2009; Pavkovi�c-Lu�ci�c, Lu�ci�c, Mili�ci�c, Tomi�c, &
Savi�c, 2014).

Experiment 1: Repeated Versus Single Demonstration

At the beginning of the experiment, one virgin observer female
was placed in one compartment of the tube, demonstrations taking
place in the other compartment.

Two types of protocols were run in parallel: one with long
demonstrations, inspired from the protocol of the previous study of
mate copying in fruit flies (Mery et al., 2009) but with shorter
demonstrations (6 � 30 min instead of 6 � 1 h in Mery et al., 2009),
and one with a single live demonstration (Fig. 1).

The long demonstration protocol consisted of one demonstra-
tion of a virgin female mating with a male of one colour for
25e30 min (Fig. 1). As virgin females readily accept copulation, this
provided positive information about this male phenotype to
observer females. In D. melanogaster, copulations last 20 min on
average (Pavkovi�c-Lu�ci�c et al., 2014). So a 30 min demonstration
ensured that copulation had the time to start and to last long
enough to inform the observer female. Immediately after the
copulation ended (i.e. possibly before the end of the 30 min
demonstration), individuals were removed from the tubes so that
the demonstrator female never had the opportunity to thereafter
reject or remate with the male it had just mated with. For the next
30 min, the demonstration involved another male of the other
colour together with a recently mated female. As mated females
actively reject every male for several hours (Van Vianen & Bijlsma,
1993), this demonstration provided negative information about
that male colour phenotype. This combination of two demonstra-
tions was repeated three times in a sequence (Fig. 1). For each
replicate, we visually checked that virgin females didmatewith the
males and that already mated females did refuse mating. If these
conditions were not fulfilled, we discarded the trial (5% of the total
number of replicates).

For the control group of the long protocol, the same protocol
was performed with an opaque instead of a transparent partition
separating the tubes (Fig. 2), so that the observer female could not
see the demonstration.

The short demonstration protocol consisted of a single
demonstration of one female placed with two males, one of each
colour for 25e30 min depending on the copulation duration
(Fig. 1). The copulation of the demonstrator female with one of the
males provided positive information for that male phenotype and
Glass partition

Transparent
plastic tube

Base

hile the demonstration occurred on the other. A partition was placed between the
d females) or opaque (control group: uninformed females).
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negative information for the other male phenotype. In the control
group, the demonstration consisted of two males, one of each
colour, but without any female so that the observer femalewatched
the artificial male phenotypes without receiving any information
about their attractiveness. This allowed observer females of the
control group to get used to these artificial phenotypes for the same
amount of time as experimental females. (In the control with an
opaque partition (long protocol), the females had not seen any
coloured male until the preference test, while the experimental
(informed) females did. This new control avoided differences be-
tween informed and uninformed treatments as uninformed fe-
males (controls) had never seen coloured males before.)

The preference test immediately followed each demonstration.
The test males were previously coloured using the same protocol as
those used for the demonstration males. The males used in tests
were not those used in demonstrations, came from different vials
and were not powdered at the same time as the demonstrator
males. Thus, a new pair of males of each colour was placed with the
observer females for 30 min. During the preference test, we
recorded colour and number of males (i.e. zero, one or two)
courting the female (i.e. displaying wing vibration or ‘singing’,
Sokolowski, 2001). For 90 replicates of the long protocol and all the
replicates of the short protocol, we also recorded courtship latency
(i.e. the time between the insertion of the two males and the first
wing vibration by one of the males), copulation time and mating
latency (i.e. the time between the first courtship and the beginning
of copulation).

When mate copying was the variable to explain, we performed
analyses only on those replicates in which both males had courted
the female (i.e. displaying wing vibration at least once) and dis-
carded all the others. For the long demonstration protocol, we kept
125 replicates out of 543 trials (23%); for the short demonstration
protocol, we kept 159 replicates out of 472 trials (34%). We used all
replicates to detect any weather effect on sexual behaviour in
general, by testing the effect of climatic parameters on the pro-
portion of discarded trials and on courtship latency, copulation
time and mating latency (1015 replicates, see Appendix Table A1).

Experiment 2: Demonstration with an Ongoing Copulation

In the short demonstration protocol, observer females could
gather information from two components of behaviour: male
courtship and/or actual copulation. To distinguish between the
effects of these two sources of information we carried out an
additional experiment. It replicated the short demonstration pro-
tocol, except that in the treatment group the observer female was
shown a demonstrator female already mated with a male of a given
phenotype, while a male of the other phenotype was placed next to
them. Consequently, the observer female could not gather any in-
formation about males other than their copulating success. In this
second experiment we first put virgin females in tubes with males
of the desired colour. Once one mating started, the two flies were
gently placed on the demonstration side of the experimental
apparatus (Fig. 2), to which we added a male of the opposite colour.
This triad mimicked a situation in which the demonstrator female
had chosen onemale phenotype over the other. This demonstration
lasted 20 min on average depending on the copulation duration.
The preference test was performed later on, following the same
protocol as in previous experiments. The control group involved
exactly the same procedure but with an opaque partition during
the demonstration. As for experiment 1, we only kept replicates in
which both males courted the female (80 replicates out of 180
trials, i.e. 44% for the experimental group; 80 replicates out of 250
trials, i.e. 32% for the control group). For more information on the
number of replicates used in experiment 2 see Appendix Table A1.
Mate Copying Index

For a given replicate, a mate copying score was defined as 1
when the observer female copulated with the male of the pheno-
type preferred during the demonstration and 0 in the opposite case.
The mate copying index for a given treatment was the mean of
mate copying scores for that situation, and quantified female
learning. Values around 0.5 indicate random choice by observer
females, while values above 0.5 represent mate copying.

Effect of External Parameters

To analyse the role of meteorological conditions on mate
copying, we included two climatic parameters. As we controlled
light, temperature and humidity in the experimental room, we
speculated that any meteorological effect would mostly come from
air pressure. We obtained the pressure data from a nearby weather
station in the Toulouse airport that records barometric conditions
every 30 min and checked that these measurements were highly
correlated with those taken by our own laboratory station at the
beginning of each replicate (see Appendix). We then examined the
effects of (1) current air pressure at the onset of the experiment and
(2) its change during the 6 h preceding the start of each replicate.
The temporal change in air pressure was calculated as the slope of a
linear regression to values of air pressure during the 6 h preceding
the experiment, a time span used in a previous study about the
influence of air pressure in insects (Pellegrino et al., 2013). The
inclusion of these two parameters in the statistical models
explaining the mate copying score allowed us to test their signifi-
cance on the mate copying index. See the Appendix for details of
the pressure distribution on the experimental days.

Statistical Analyses

All statistical analyses were performed with the R software,
version 3.1.2 (R Core Team, 2014). Mate copying scores were ana-
lysed by a generalized linear mixed model with binary logistic
regression with the package lme4 (Bates, Maechler, Bolker, &
Walker, 2014). A Wald chi-square post hoc analysis then tested
whether the observed proportions differed from random choice
(package RVAideMemoire, Herv�e, 2015). All models included the
date as a random effect to control for a potential day effect. For the
control of the short demonstration protocol, as no phenotype was
preferred during the demonstration, the mate copying index was
the proportion of pink chosen during the preference test for the
pink demonstration and the proportion of green chosen during the
preference test for the green demonstration. To test the effects of
air pressure on mate copying, we pooled green and pink demon-
strations and used a generalized linear model including demon-
stration colour, current air pressure, air pressure change and their
interaction. When one termwas nonsignificant we removed it from
the model. Courtship latencies and time between the first wing
vibration and copulation were analysed using a linear model fol-
lowed by a type III ANOVA.

Fig. 5 in the Results was created using the R packages plot3D
(Soetaert, 2014) and rgl (Adler et al., 2014).

RESULTS

Experiment 1: Repeated Versus Single Demonstration

When we analysed the results of the whole data set including
the two types of protocols, we found the mate choice of the
observer females depended on the choice of the demonstrator fe-
males (logistic regression, Wald test: uninformed, i.e. control,
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versus informed females: c2
1 ¼ 10.261, P ¼ 0.001, N ¼ 284; Fig. 3)

but not on the type of protocol (logistic regression, Wald test: short
versus long demonstration protocol for informed females:
c2
1 ¼ 0.320, P ¼ 0.572, N ¼ 199), nor on the interaction between

these two factors (logistic regression, Wald test: c2
1 ¼ 0.155,

P ¼ 0.694, N ¼ 284; Fig. 3). In both protocols, observer females
mated preferentially with the male of the colour phenotype they
saw being chosen by the demonstrator females during the
demonstration phase, regardless of the colour preferred during the
demonstration phase (long demonstration protocol: demonstration
with pink, Wald chi-square test: c2

41 ¼ 2.917, P ¼ 0.006, N ¼ 42;
demonstration with green, Wald chi-square test: c2

41 ¼ 2.092,
P ¼ 0.043, N ¼ 42; pink versus green demonstration, logistic
regression, Wald test: c2

1 ¼ 0.529, P ¼ 0.467, N ¼ 84; short
demonstration protocol: demonstrationwith pink,Wald chi-square
test: c2

66 ¼ 2.502, P ¼ 0.015, N ¼ 67; demonstration with green,
Wald chi-square test: c2

47 ¼ 2.240, P ¼ 0.030, N ¼ 48; pink versus
green demonstration, logistic regression, Wald test: c2

1 ¼ 0.002,
P ¼ 0.965, N ¼ 115; Fig. 3; see the Appendix for details of replicates
in which only one male courted the observer female).

For the long demonstration protocol, in controls with an opaque
glass partition (preventing the observer female from gathering vi-
sual information about the mating success of the two male phe-
notypes; uninformed 1, Fig. 3), no preference was detected (22
copulations with a pink male and 19 with a green male; Wald chi-
square test: c2

40 ¼ 0.462, P ¼ 0.646, N ¼ 41; pink versus green
demonstration, logistic regression, Wald test: c2

1 ¼ 0.141, P ¼ 0.707,
N ¼ 41) and results of control and treatment groups differed
significantly (logistic regression, Wald test: long demonstration
protocol versus control: c2

1 ¼ 6.518, P ¼ 0.011, N ¼ 125). The control
of the short demonstration protocol was slightly different: observer
females were shown one green and one pink male without a
demonstrator female during the demonstration phase (uninformed
2, Fig. 3). As in the control of the long demonstration protocol
(using an opaque partition), no preference for a phenotype was
detected (21 copulations with a pink male and 23 with a green
male, Wald chi-square test: c2

43 ¼ �0.298, P ¼ 0.767, N ¼ 44; pink
versus green demonstration, logistic regression, Wald test:
P = 0.707
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P = 0.467
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Figure 3. Mate copying index according to the demonstration protocols (see Fig. 1). The m
demonstrator females. The two protocols differed in their demonstration durations (3 h versu
grey bars show the mate copying index of flies that saw a demonstration in which the pink
male being chosen. In the controls, the observer flies did not see any demonstrator female c
N ¼ 41) or because there were only two males without any female in the demonstration co
conditions. Vertical bars: 95% AgrestieCoull confidence intervals; horizontal dashed line: e
c2
1 ¼ 0.182, P ¼ 0.670, N ¼ 44), and again controls and treatments

differed significantly (logistic regression, Wald test: short protocol
versus control: c2

1 ¼ 4.716, P ¼ 0.030, N ¼ 159). Finally, the absence
of an effect of the long versus short protocol suggests that observer
females acquire equivalent mating preferences under the two
protocols implying that female D. melanogaster can copy a mate
preference even after witnessing a single live demonstration, a
situation we call ‘speed learning’.

Experiment 2: Demonstration with an Ongoing Copulation

In this design, again, observer females mated preferentially with
the male of the colour phenotype they had seen copulating with
the demonstrator females during demonstrations (demonstration
with pink, Wald chi-square test: c2

39 ¼ 2.425, P ¼ 0.020, N ¼ 40;
demonstration with green, Wald chi-square test: c2

39 ¼ 2.703,
P ¼ 0.010, N ¼ 40; pink versus green demonstration, logistic
regression, Wald test: c2

1 ¼ 0.005, P ¼ 0.943, N ¼ 80; Fig. 4).
Moreover, there was no significant influence of the demonstration
duration (which varied according to copulation duration) on the
mate copying index (logistic regression, Wald test: c2

1 ¼ 0.002,
P ¼ 0.964, N ¼ 80). In the control group with an opaque partition
(uninformed females), no mate copying was detected (demon-
stration with pink, Wald chi-square test: c2

41 ¼ �0.305, P ¼ 0.762,
N ¼ 42; demonstration with green, Wald chi-square test:
c2
37 ¼ �0.956, P ¼ 0.345, N ¼ 38; pink versus green demonstration,

logistic regression, Wald test: c2
1 ¼ 0.245, P ¼ 0.621, N ¼ 80, Fig. 4),

and controls and treatments differed significantly (logistic regres-
sion, Wald test: uninformed control versus informed flies:
c2
1 ¼ 10.566, P ¼ 0.001, N ¼ 160). Thus, information extracted from

the sole observation of an ongoing copulationwas sufficient to elicit
a mating preference in the observer females.

Effect of External Parameters

We explored possible covariation of the mate copying index
with small remaining variations in temperature and humidity. In
experiment 1, for both protocols, we did not find any significant
N = 44 N = 115

P = 0.572

P = 0.030

P = 0.965

P = 0.670

InformedUninformed 2

Short demonstration protocol

ate copying index was the proportion of observer females that copied the choice of
s 30 min) and demonstration type (sequential versus simultaneous). For each protocol,
male was preferred and white bars the mate copying index of flies that saw the green
hoice either because the partition between compartments was opaque (uninformed 1,
mpartment (uninformed 2, N ¼ 44). P values are given for comparisons between two
xpected value under random choice.
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Figure 4. Mate copying index in experiment 2. In this experiment, demonstrations
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given for comparisons between two conditions. Vertical bars: 95% AgrestieCoull
confidence intervals; horizontal dashed line: expected value if males were chosen
randomly.
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correlation of the mate copying index either with temperature
(logistic regression, Wald test: long demonstration protocol:
c2
1 ¼ 0.04, P ¼ 0.842, N ¼ 84; short demonstration protocol:

c2
1 ¼ 0.099, P ¼ 0.753, N ¼ 115) or with humidity (logistic regres-

sionWald test: long demonstration protocol: c2
1 ¼ 0.874, P ¼ 0.350,

N ¼ 84; short demonstration protocol: c2
1 ¼ 1.47, P ¼ 0.225,

N ¼ 115). Similar results were found in experiment 2 (logistic
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Figure 5. Mate copying index according to current air pressure and its change during
the 6 h preceding the experiment in the short demonstration protocol (experiments 1
and 2 pooled, N ¼ 195). The mate copying index was the proportion of observer fe-
males that copied the choice of demonstrator females. It was calculated for each pair of
pressure (hPa) and pressure variation (hPa/h) values.
regression, Wald test: temperature: c2
1 ¼ 3.572, P ¼ 0.059, N ¼ 80;

humidity: c2
1 ¼ 1.588, P ¼ 0.208, N ¼ 80).

In experiment 1, for the long demonstration protocol, there was
no significant effect of the demonstration colour (logistic regres-
sion, Wald test: c2

1 ¼ 0.429, P ¼ 0.513, N ¼ 84) and no significant
effect of current or change in air pressure on the mate copying
index (logistic regression, Wald test: c2

1 ¼ 0.006, P ¼ 0.937;
c2
1 ¼ 0.684, P ¼ 0.408, respectively, N ¼ 84). However, for the short

demonstration protocol, the interaction term between current air
pressure and air pressure change covaried with the mate copying
index (logistic regression,Wald test: c2

1 ¼ 6.629, P ¼ 0.010,N ¼ 115)
and similarly there was no effect of the demonstration colour (lo-
gistic regression, Wald test: c2

1 ¼ 0.172, P ¼ 0.678, N ¼ 115). Repli-
cates performed in high and increasing air pressure led to
significantly higher mate copying indices than those in other con-
ditions. We then investigated the effects of air pressure and air
pressure change on other aspects of mating behaviour, including
replicates from the control groups and discarded replicates. We did
not find any significant effect of current air pressure or air pressure
change (logistic regression, Wald test: c2

1 ¼ 1.004, P ¼ 0.316;
c2
1 ¼ 0.582, P ¼ 0.445, respectively, N ¼ 1015) on the number of

failed copulations in both protocols. However, current air pressure
and air pressure change covaried with courtship latency, i.e. the
time until the first wing vibration in the preference test (ANOVA:
F1,244 ¼ 9.977, P ¼ 0.002; F1,244 ¼ 4.303, P ¼ 0.039, respectively;
protocol effect: F1,244 ¼ 0.089, P ¼ 0.766; demonstration effect:
F1,244 ¼ 2.257, P ¼ 0.134; N ¼ 249). This latency was significantly
shorter in high and increasing pressures (for example, mean
latency ¼ 157.9 ± 19.8 s, N ¼ 51 when the air pressure was
>1013 hPa and increasing, versus 256.03 ± 29.2 s, N ¼ 36 when the
air pressure was <1013 hPa and decreasing). We did not detect any
significant relationship between air pressure and the time between
the first wing vibration and copulation in the preference test
(ANOVA: current air pressure: F1,246 ¼ 0.0002, P ¼ 0.988; air pres-
sure change: F1,246 ¼ 0.001, P ¼ 0.970; N ¼ 249), which is mainly
under female control (for example, mean time ¼ 219.5 ± 25.5 s,
N ¼ 51 when the air pressure was >1013 hPa and increasing, versus
210.4 ± 36 s, N ¼ 36 when the air pressure was <1013 hPa and
decreasing). The female can indeed accept a courting male by
slowing down its walk and allowing the male to mount (Kimura,
Sato, Koganezawa, & Yamamoto, 2015) or reject it using various
methods such as decamping, kicking the male or extruding its
ovipositor (Connolly & Cook, 1973).

In experiment 2, similar results were found, as in the short
protocol: the interaction term between current air pressure and air
pressure change covaried with the mate copying index (logistic
regression, Wald test: c2

1 ¼ 8.044, P ¼ 0.005, N ¼ 80) and there was
no effect of the demonstration colour (logistic regression, Wald
test: c2

1 ¼ 0.189, P ¼ 0.664, N ¼ 80). Regarding courtship latency in
the preference test, there was no significant correlation of current
air pressure or air pressure change (ANOVA: F1,157 ¼ 2.935,
P ¼ 0.089; F1,157 ¼ 1.262, P ¼ 0.263, respectively; N ¼ 160). As in
experiment 1, we did not detect any significant correlation between
air pressure and time between the first wing vibration and copu-
lation in the preference test (ANOVA: current air pressure:
F1,157 ¼ 0.014, P ¼ 0.905; air pressure change: F1,157 ¼ 0.253,
P ¼ 0.615, N ¼ 160).

We then pooled the data of experiments 1 and 2, obtained with
the short demonstration protocol (Fig. 5), andmodelled the effect of
air pressure on themate copying index. In the pooled data set, there
was no significant effect of the type of experiment (logistic
regression, Wald test: c2

1 ¼ 0.205, P ¼ 0.651, N ¼ 195) but there was
a significant effect of current air pressure and air pressure change on
the mate copying index (logistic regression, Wald test: c2

1 ¼ 8.972,
P ¼ 0.003; c2

1 ¼ 6.363, P ¼ 0.012, respectively; N ¼ 195; Fig. 5).
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DISCUSSION

Our study confirms that D. melanogaster can perform mate
copying as reported in an earlier study (Mery et al., 2009).We further
show that D. melanogaster females can perform mate copying after
witnessing only a single live mate choice by another female, and that
the level of mate copying is similar under the long and the two short
protocols, even though the quantity of available information differed
drastically between them (Fig. 1). This reveals an unsuspected ca-
pacity for social learning and mate copying in this species.
Acquiring a Preference in a Speed Learning Context

In the short demonstration protocol of experiment 1, demon-
strator females chose freely between two males of contrasting
phenotypes; thus observer females were not exposed to a long and
possibly artificial sequence of copulations and rejections. One
technical drawback of this short demonstration protocol is the
impossibility to control the colour chosen during the demonstra-
tion phase, so that a minor preference for one colour might distort
the copying process. However, no such tendency was detected in
our experiments. Moreover, the results of experiment 2, where the
choice of the demonstrator female was entirely controlled,
corroborated those of experiment 1. The results of these two ex-
periments strongly support the interpretation that, in our set-up,
observer female preference was driven by the final choice of the
demonstrator female, i.e. by the copulation itself. Too little is
known about the use of social information by D. melanogaster in
laboratory or wild populations to extrapolate these results to sit-
uations in which observer females would not be confined close to
another mating and at the same time prevented from directly
interacting with the demonstrator males. Nevertheless, the fact
that observing a single copulationwith a male of a given phenotype
can induce a preference in the observer female suggests that this
kind of observational learning may also occur in nature. Finally, our
protocol (like most mate copying protocols) does not enable us to
distinguish between females copying mate preference (one male is
chosen) and/or mate rejection (one male is rejected; Dagaeff, 2015;
Vakirtzis, 2011). To our knowledge, only one study has shown that
mate copying based on negative social information alone can also
function (Witte & Ueding, 2003). However, we can consider that
the use of both positive (acceptance) and negative (rejection) social
information in effect reveals mate copying as they both inform on
potential mate quality.
Meteorological Effect on Behaviour

Temperature, humidity and photoperiod, but not air pressure,
were controlled in our experimental room. We thus suspected air
pressure would be responsible for any meteorological effects on
Drosophila behaviour. We found a strong correlation between the
mate copying index and air pressure (current air pressure and recent
change) in the short demonstration protocol. Even though we did
not detect any effect of air pressure on the occurrence of mating in
our experiments, mate copying was more likely in high and
increasing air pressure, that is, according to meteorological studies
(Ahrens, 2009), in good and/or improvingmeteorological conditions.

The correlation between air pressure andmate copyingwas only
significant in the short demonstration protocol, although a
nonsignificant tendency of the same type was observed in the long
protocol. This suggests that the effects of air pressure might be
somehow overcome in the long demonstration protocol where
positive and negative social information were repeated and thus
reinforced for 3 h.
In humans, weather has been shown to influence behaviour and
learning. Good weather, high temperatures, air pressure and sun-
light improve mood (Keller et al., 2005) but decrease eyewitness
memory (Forgas, Goldenberg, & Unkelbach, 2009), while children
are more focused on the completion of tasks in stable than variable
weather (Ciucci et al., 2012). Moreover, the concentration of uni-
versity students is negatively affected by an increase in humidity
and a drop in air pressure (Howarth & Hoffman, 1984). Very little is
known about the effect of weather on cognitive abilities of other
animals. Most studies have focused on activity rateswhich decrease
in low air pressure conditions (Malechek & Smith, 1976; Metcalfe
et al., 2013; Th�eau & Ferron, 2000). In insects, for instance, air
pressure affects flight activity (Fournier, Pelletier, Vigneault,
Goyette, & Boivin, 2005; Rousse, Gourdon, Roubaud, Chiroleu, &
Quilici, 2009) and mating behaviour (Ankney, 1984; Austin et al.,
2014; Pellegrino et al., 2013). Overall, insects seem to show
higher activity levels in good weather (Paige, 1995; Wellington,
1946), that is in high air pressure conditions.

The fact that in our speed learning design mate copying was
more prevalent in good or improving meteorological conditions
suggests that accounting for air pressure and more generally
external conditions might be necessary in studies of insect behav-
iour. The effect on behaviour may be either direct or indirect, for
instance through an effect on activity, potentially impacting infor-
mation gathering. This latter interpretation seems supported by the
fact that in both protocols males started courting more rapidly in
good weather conditions and by the fact that the long demon-
stration protocol seemed to ‘overcome’ the effect of external con-
ditions. In terms of adaptation, we may speculate that the strong
relationship between air pressure andmate copyingmay be a direct
consequence of the predictive value of air pressure to forecast
weather. In particular, it is well known that low and declining air
pressure indicates the coming of weather conditions that are
extremely unfavourable to fruit flies. We can thus imagine that flies
have been selected to hide and focus on survival when the air
pressure gets too low, which, in turn, should affect their cognition.
As a consequence, mate copying (like mating) might be one of the
many behavioural patterns that are affected by air pressure, for
diverse reasons (be they mechanistic or adaptive). However, we
think that it is still premature to claim that this is the correct sce-
nario as, for instance, Ankney (1984) and Austin et al. (2014) found
contrasting results regarding the effect of air pressure on the in-
tensity of mating behaviour.

In addition, our results are even more surprising in that the
Canton-S strain used in our experiments has now been raised in the
laboratory for thousands of generations in conditions where air
pressure is no longer associated with weather experienced in the
protective laboratory conditions. As our study of the potential ef-
fects of air pressure relied on correlative data, it will be particularly
valuable in the future to experimentally manipulate air pressure to
assess the causal role of this factor on Drosophila behaviour and
cognitive abilities.
Conclusion

We have shown that D. melanogaster can perform mate copying
even in a speed learning context, and that this behaviour seems
more frequent under good and improving weather conditions.
Although little is known about the ecology ofDrosophila in thewild,
we can speculate that matings occur under such good or improving
weather conditions, providing females opportunities to copy mate
choices of others. The importance of these mate copying abilities in
the field, and their potential impact on Drosophila's evolution,
needs to be further evaluated.
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Appendix

Pressure Distribution on Experimental Days

The long demonstration protocol was undertaken on 47
different days distributed over 6 months. The short demonstration
protocol was undertaken on 32 (distributed over 5 months for
experiment 1) and 10 (distributed over 2 weeks for experiment 2)
different days. To forecast weather, it is important to look at the
absolute pressure value and the pressure changes. Figs. A1eA4
show how our data are distributed according to these parameters.

Current air pressure at the onset of the experiment and air
pressure change during the 6 h preceding the start of each replicate
were significantly correlated in experiment 1 (t197 ¼ 2.307,
r ¼ 0.162, P ¼ 0.022) but not in experiment 2 (t78 ¼ �1.362,
r ¼ �0.152, P ¼ 0.177).

We also explored the links between latencies during the pref-
erence test and mate copying. We found that none of them was
significantly related to mate copying. Furthermore, these models
also had higher Akaike information criterion (AIC) values than the
model with air pressure alone (model with courtship latency:
c2
1 ¼ 0.102, P ¼ 0.75, AIC ¼ 247.77; copulation latency: c2

1 ¼ 0.520,
P ¼ 0.471, AIC ¼ 247.35; courtship duration: c2

1 ¼ 1.261, P¼ 0.261,
AIC ¼ 246.61; compared to an AIC of 237.22with air pressure alone).
Air Pressure at the Airport and our Weather Station

We used data from the airport station because it collects the air
pressure data continuously and thus even during the night. Our
own recordingwould not have allowed us to estimate the change in
air pressure during the 6 h preceding the experiment. Before any
analyses, we first compared measures from our own weather
Table A1
Number of replicates according to the experiment (1 or 2) and the demonstration protoc

Experiment type Protocol type

Experiment 1
N¼1015

Long demonstration protocol
N¼543

Short demonstration protocol
N¼472

Experiment 2
N¼430

Short demonstration protocol
N¼430
station with those at the airport station (which is located 11 km
away) and checked that measurements were highly correlated
(t277 ¼ 169.7024, r ¼ 0.995, P < 2.2ee16; see Fig. A5).

2D Figures of the Effect of Barometric Pressure on Mate Copying

Figs. A6 and A7 use the same data as Fig. 5 in the main text, but
split into two 2D graphs.

Replicates in Which Only One Male Courted the Observer Female

In the study, we only kept replicates in which both males
courted the female, as observer females courted by only one of the
two males were not in a position to choose between them.

While the decision to court or not is under male control, the
time between courtship and copulation is under female control.
Thus, one could wonder whether the observer female would accept
more quickly a male whose phenotype is similar to that preferred
during the demonstration phase.

We found that, in experiment 1, the male of the phenotype
preferred during the demonstration phase did not copulate more
quickly than the male of the other phenotype (ANOVA: long
demonstration protocol: F1,202 ¼ 0.855, P ¼ 0.356, N ¼ 204 because
33 latencies were not recorded; short demonstration protocol:
F1,169 ¼ 2.045, P ¼ 0.155, N ¼ 171). Similar results were found in
experiment 2 (ANOVA: F1,80¼ 0.063, P ¼ 0.803, N ¼ 82 because
three beginnings of courtship were not seen).

Number of Replicates in Each Experiment

Table A1 gives the number of replicates used in each
experiment.
ol (short or long)

Group type Number of courtships during the test

Control group
N¼197

Without courtship or mating
N¼31
With 1 courtship
N¼125
With 2 courtships
N¼41

Experimental group
N¼346

Without courtship or mating
N¼25
With 1 courtship
N¼237
With 2 courtships
N¼84

Control group
N¼146

Without courtship or mating
N¼32
With 1 courtship
N¼70
With 2 courtships
N¼44

Experimental group
N¼326

Without courtship or mating
N¼40
With 1 courtship
N¼171
With 2 courtships
N¼115

Control group N¼250 Without courtship or mating
N¼17
With 1 courtship
N¼153

(continued on next page)



Table A1 (continued )

Experiment type Protocol type Group type Number of courtships during the test

With 2 courtships
N¼80

Experimental group
N¼180

Without courtship or mating
N¼15
With 1 courtship
N¼85
With 2 courtships
N¼80
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Experiment:

Exp 1, long
protocol

Exp 1, short
protocol

Exp 2, short
protocol
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Figure A1. The number of replicates according to the demonstration protocol and the barometric pressure at the beginning of the experiment. The number of replicates corresponds
to the number of flies kept for each protocol and experiment.
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Figure A2. The number of replicates according to air pressure change during the 6 h precedin
in the Methods.
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Figure A3. The number of replicates according to air pressure change during the 6 h preceding experiment 1, short protocol. The pressure variation index was calculated as
described in the Methods.
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Figure A4. The number of replicates according to air pressure change during the 6 h preceding experiment 2. The pressure variation indexwas calculated as described in theMethods.
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ceding the experiment in the short demonstration protocol (experiments 1 and 2
pooled, N ¼ 195). The mate copying index was the proportion of observer females that
copied the choice of demonstrator females. It was calculated for each pressure varia-
tion (hPa/h). The dark grey circles represent data of experiment 1 and the light grey
circles data of experiment 2. The area of one point is proportional to the number of
replicates represented.

r = 0.995

R2 = 0.9905

1025

1020

1015

1010

1005

1000

1000 1005 1010 1015 1020 1025 1030

995

Pressure measured at the airport (hPa)

Pr
es

su
re

 m
ea

su
re

d
 i

n
 t

h
e 

ro
om

 (
h

Pa
)

Figure A5. Correlation between the pressure measured in the experimental room and
the pressure recorded at the airport.
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