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Abstract
Background  In the West African Sahel, mosquito reproduction is halted during the 5-7 month-long dry
season, due to the absence of surface waters required for larval development. However, recent studies
have suggested that both Anopheles gambiae s.s and An. arabiensis repopulate this region via migration
from distant locations where larval sites are perennial. An. coluzzii engages in more regional migration,
presumably within the Sahel, following shifting resources correlating with the ever-changing patterns of
Sahelian rainfall. Understanding mosquito migration is key to controlling malaria—a disease that
continues to claim more than 400,000 lives annually, especially those of African children. Using tethered
�ight data of wild mosquitoes, we evaluated the distribution of �ight parameters as indicators of long-
range migrants vs. appetitive �yers, compared species speci�c seasonal differences and gonotrophic
states on �ight activity. We also evaluated morphometrical differences in the wings of mosquitoes
exhibiting high �ight activity (HFA) vs. low �ight activity (LFA).

Methods  We used a novel tethered-�ight assay to characterize �ight in the three primary malaria vectors-
An. arabiensis, An. coluzzii and An. gambiae s.s. The �ights of tethered wild mosquitoes were audio-
recorded from 21:00h to 05:00h in the following morning and three �ight aptitude indices were examined:
total �ight duration, longest �ight bout, and the number of �ight bouts during the assay.

Results  The distributions of all �ight indices were strongly skewed to the right, indicating that the
population consisted of a majority of low-�ight activity (LFA) mosquitoes and a minority of high-�ight
activity (HFA) mosquitoes. The median total �ight was 586 seconds and the maximum value was 16,110
seconds (~4.5 h). In accordance with recent results, �ight aptitude peaked in the wet season, and was
higher in gravid females than in non-bloodfed females. Flight aptitude was also found to be higher in An.
coluzzii compared to An. arabiensis, with intermediate values in An. gambiae s.s., but displaying no
statistical difference. Evaluating differences in wing size and shape between LFA individuals and HFA
ones, the wing size of HFA An. coluzzii was larger than that of LFAs during the wet season—its length was
wider than predicted by allometry alone, indicating a change in wing shape. No statistically signi�cant
differences were found in the wing size/shape of An. gambiae s.s. or An. arabiensis.

Conclusions  The partial agreement between the tethered �ight results and recent results based on aerial
sampling of these species suggest a degree of discrimination between appetitive �yers and long-distance
migrants although identifying HFAs as long-distance migrants is not recommended without further
investigation. 

Background
The long-distance migration (LDM) of insects [1–4] has provided primarily drawbacks to the economy,
human agriculture, and health [5]. For example, LDM has had impacts on food security [1,6–11], public
health [12–14], and even the transfer of nutrients by migrating insects [15–17]. Here, we de�ne migration
as the persistent movement of individuals not driven by immediate cues for food, reproduction, or shelter,



Page 4/28

and which has a probability to land the migrator in a new environment suitable for survival/breeding
[2,18,19]. In particular, we are concerned with the Sahelian Zone of West Africa, where mass seasonal
migrations of pest insects, such as grasshoppers and pyrrhocorid bugs, into- and back out of the Sahel in
Mali and Niger have been described [20–23]. These migrations follow cyclical shifts in wind direction as
the Inter-Tropical Convergence Zone (ITCZ) moves north during March-August, then south during
September-February, with the migrants taking advantage of ephemeral, but seasonally available,
dependable habitats. However, because it is easier to notice immigration into areas depleted of
conspeci�c populations, many other cases of insect migration have likely been discounted.

Anecdotal evidence has suggested that mosquitoes could also engage in long-range wind-assisted
dispersals [24–28]. The prevailing view has been that such movements are accidental in most disease
vector species and thus are of negligible epidemiological signi�cance [29,30]. However, a recent aerial
sampling study showed that in the Sahel, many species of mosquitoes, including An. coluzzii, An.
gambiae s.s., and several secondary malaria vectors, regularly engage in seasonal �ights 40-290 m
above ground [29]. Because of the large number of migrants, most of which were gravid females, and the
large distances they were able to cover, the likely epidemiological signi�cance of these migrations are
inescapable.   

As a previously unrecognized behavior in malaria mosquitoes, windborne long-distance migration raises
many questions. These include: What fraction of the population migrate (i.e. are they partial migrators)?
Are migrants more common in some species and under certain conditions, and if so, what might these
be? What are the physiological and molecular mechanisms involved in preparing for and undertaking the
journey? Addressing such questions using aerial sampling would be challenging for many insect species
because they would be intercepted at a frequency of less than one per sampling night [29]. On the other
hand, tethered-�ight mills have been used extensively to characterize short- and long-distance �yers in
many insect species [31]. These include cotton strainers (Dysdercus fasciatus, Pyrrhocoridae) [32], corn
leafhoppers (Dalbulus maidis, Cicadellidae) [33], the brown marmorated stinkbug (Halyomorpha halys,
Pentatomidae) [34], and Buprestid beetles [35], facilitating investigations to address questions such as
those mentioned previously. However, despite their intuitive appeal, �ight mill results have also been
reported to be at odds with expectations in species with well-established migration [36–38]. Thus, the
approach has its merits and drawbacks [35,39,40] and predicting when it would be useful is not always
clear. Additionally, while �ight mills might be well suited for laboratory studies, they can be challenging
for �eld experiments. Therefore, we developed a novel assay to measure the �ight of tethered mosquitoes
under �eld conditions using a �xed tether (non-rotary) and sound recordings to monitor �ight. As
previously done with �ight mills, �ight aptitude measures, such as total time in �ight during the assay,
may help distinguish persistent �ight. Persistent �ight, in turn, is presumably enhanced in migrants which
�y considerably longer distances (=duration) than ‘appetitive’ �yers. Therefore, we sought to estimate the
fraction of strong �yers (presumed migrants) among wild mosquitoes, representing different species
during different seasons. Based on population dynamics results [41–43], we initially predicted a high
fraction of migrants during the early and late rainy season, along with a lower fraction of migrants in An.
coluzzii (present in the Sahel during the dry season) compared to An. gambiae s.s. and An. arabiensis
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(which are absent during the dry season). However, recent aerial sampling data [29], which more directly
re�ect �ight activity led us to reformulate the predictions. Instead of predicting migrants to peak in An.
gambiae and An. arabiensis in the early wet and dry seasons species, we predicted, migration across the
three species peaking in the mid and late wet season. Additionally, we predicted that gravid females will
exhibit greater �ight than unfed mosquitoes. Finally, we also investigated whether putative migrants
(based on our tethered �ight data) exhibited a different wing morphology (i.e., size or shape), aiming to
identify external features which can help in quantifying of potential migrators in a population.

Materials And Methods
Study area 

Tethered-�ight assays were conducted in the Sahelian village of Thierola (-7.2147 E, 13.6586 N)

from August 21, 2015 until November 21, 2015 and from March 28 until September 27, 2016. During the
dry season, due to a scarcity of mosquitoes in the Thierola area, assays were conducted in the rice-
cultivation town of Kangaré (Selingue commune, -8.198 E, 11.644 N, 250 km SSW of Thierola) between
December 24, 2015 and February 12, 2016.

In total, 114 assay-nights were conducted in the �eld throughout the course of 13 months:

during the rainy season (June – October) and during the dry season (November – May).

In both villages, �ight assays were conducted indoors, within local houses that were selected for
experimentation. Windows in the experimental rooms enabled limited natural light without measurable
wind or air currents. In Thierola, the mean nightly (21:00 to 5:00h) temperature throughout the rainy
season was 24.5°C (range: 20.2-32.4°C), with a mean RH of 88.6% (range: 31-100%). During the dry
season, the mean nightly temperature was 23.4°C (range: 10.9-35.6°C) with a mean RH of 27.3% (range:
5.0-100%). In Kangaré, the mean nightly temperature between December and February was 26.2°C (range:
24.5-27.7°C) with a mean RH of 29.3% (range: 20.9-63.1%). 

Mosquitoes 

Wild An. gambiae (sensu lato) were collected within the village, both indoors and outdoors, on the
morning of a �ight assay (between 07:00-10:00h). They were collected using aspirators and kept indoors
in 1-gallon plastic cages covered with a dampened cloth. Mosquitoes were then provided water on cotton
balls for hydration until 16:00h. Before each �ight assay, active mosquitoes (reacting with �ight to
tapping on the cage) were selected by gonotrophic stage (gravid or unfed), which was assessed by visual
examination of the abdomen.

Following morphological identi�cation [44], only An. gambiae s.l. mosquitoes were included in the �ight
assays. Subsequent species identi�cation was performed by species-speci�c PCR and PCR-RFLP using
legs as a template [45]. Thirteen individuals not identi�ed by this assay were excluded. 
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Wing measurements 

Wing length (WL) and wing width were measured as described elsewhere [46]. Wings were spread under a
coverslip with glycerol and photographed at x25 magni�cation using a microscope (Olympus DM-4500B)
coupled with digital camera (MC170 HD, Leica Microsystems, Wetzlar, Germany). For each wing, 14
speci�c landmarks (Fig. 1, i.e., vein intersections) were mapped using the tps-DIG32 2.15 software
package [47]. Wing length was measured between points 1 and 10 (Fig. 1) and wing width was calculated
as the average value of the height of the three triangles formed between the landmarks (Fig. 1): 1-2-13
(proximal triangle), 2-5-11 (medial triangle), and 2-12-14 (distal triangle). For damaged wings (n=265),
wing length was predicted using a regression analysis based on distances between landmarks 1 and 7
for wings with a damaged tip or based on distances between landmarks 4 and 10 for wings with a
damaged base. Regression models showed that these predictors accounted for >95% of the variation in
wing length based on intact wings (not shown). 

Figure 1. Wing of An. gambiae s.l. (x25 magni�cation); Landmarks (14) denoted by numbers. Black dot-
dash line represents the wing length between landmarks 1-10. Wing width was the average value of the
height of three triangles formed between landmarks: 1-2-13 (proximal triangle, black), 2-5-11 (distal
triangle, red), and 2-12-14 (medial triangle, blue). Scale bar = 1 mm. 

Tethered �ight assay 

Individual mosquitoes were gently aspirated from their cages and transferred into a 1.6 mL
microcentrifuge tube with the bottom removed and replaced with muslin netting. These tubes were then
inserted into a 50 mL Falcon tube containing a cotton ball with 2-3 drops of diethyl ether (Cat. No.
673811, Sigma-Aldrich, St. Louis, MO) at the bottom. Mosquitoes were anesthetized by exposure to the
ether-vapor rich environment for 3-4 seconds, then swiftly placed, wings down, under a dissection stereo-
microscope (Zeiss Stemi 2000-C. Carl Zeiss Microscopy, Germany). Entomological pins (Morpho No.3.
Ento Sphinx, Czech Republic), with the sharp ends clipped off, were then bent twice at 90° to result in a
square bracket shape. The tip-end of the pin was lightly dipped in glue (Elmer’s, Glue-All E1322, Atlanta,
GA) and gently pressed on to the ventral side of the posterior abdomen (covering the posterior half of the
abdomen). Meanwhile, the other end was threaded through the base of a disposable 10 μl pipette tip with
the nozzle cone (dispensing end) clipped off (Fig. 2a). Tether pins were cut to size and bent, enabling all
the mosquito legs to remain suspended in the air throughout the assay. This, in turn, prevented tarsal
contact and �ight cessation. Tethered mosquitoes were allowed two hours to fully recuperate from the
anesthesia before the �ight assay, during which time their fore legs were allowed to rest on a folded piece
of paper (‘leg-rest’). This ‘leg-rest’ provided tarsal contact and prevented �ight before the assay (Fig. 2b).

At the end of the recuperation time, tethered mosquitoes were inserted into individual �ight tubes (50 mL
Falcon®, Corning, NY, USA) housed within a polyurethane foam hive (foam mattress) for soundproo�ng
and environmental cue reduction (Fig. 2c). Tether constructs (mosquito, pin and base; Fig. 2a) were
secured onto a small piece of double-coated urethane foam tape (Cat. No. 4026. 3M®, St. Paul, MN) to
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fasten them at 1 cm inward of the �ight tube edge. Each �ight tube housed a small microphone (ME-15,
Olympus America Inc., Center Valley, PA, USA) attached to a portable voice recorder (VN-5200PC, Olympus
America Inc., Center Valley, PA, USA) (Fig. 2c and ci) to record �ight sound.

Figure 2. Tethered female Anopheles gambiae s.l. (a) Entomological pin attached to ventral side of
posterior abdomen of the mosquito (a; right), allowing unobstructed �ight (a; left). Bottom part of pin
inserted into clipped 10 µl pipet tip as a base. (b) Tethered mosquitoes in recuperation time before assay
start, fore legs resting on folded paper for tarsal contact preventing �ight. (c) Tether �ight hive of 18 �ight
tubes housed inside soft (mattress) foam for surrounding sound mu�ing and external cue reduction.
Each �ight tube microphone connects to an individual sound recorder. (ci) Tethered female inside �ight
tube (polystyrene prototype, not used in the experiment); tethered mosquito construct attached on to
double-sided foam tape with microphone (black) in backdrop. Photos by: RF (a and ci) and ASY (b and c).

Flight Sound Extraction 

Tethered mosquitoes were recorded over a 10-hour period starting at 21:00h; sound recordings were then
downloaded and read using Audacity 2.1.2 open-source software [48]. Flight bouts (episodes of �ight)
were identi�ed visually in spectrogram view (Fig. S3a) and uncertain �ights were con�rmed by listening
to the �ight sound recordings. For each �ight bout, start time and duration were manually logged into a
Microsoft Excel® spreadsheet. Since the shortest time frames measured by the software were 1-second
long, all �ight bouts shorter than one second were inserted into the database as one second long bouts.
In total, 216 individual mosquito recordings from 47 different assay-nights were extracted manually.
Subsequently, Raven Pro 1.5 Interactive Sound Analysis Software [49] was used to detect and extract
�ight bouts from the sound �les. This software, by utilizing a Band Limited Energy Detector (BLED),
estimates the background noise of a signal and uses this information to �nd sections of the signal
exceeding a user-speci�ed signal-to-noise ratio (SNR) threshold in a speci�c frequency band during a
speci�ed time [50]. BLED outputs were veri�ed audibly or visually in spectrogram view to rule out false
positive �ight bouts (Fig. S3b).

All 8-hour long sound �les (approximately 140 megabytes each) were split into four sections before
analysis in Raven Pro 1.5. This allowed for modi�cation of the sound detector (BLED) and thus
adjustments for changing background noises throughout the night (e.g., �ltering out background noise
produced by passing vehicles, electricity generators, crickets, farm animals, rain, etc.), as well as to
ensured su�cient computer processor memory for the BLED runs. Although the Raven Pro software
detectors picked up �ight bout durations as short as 0.01 seconds, �ight bouts separated by rest periods
<1.45 seconds (Audacity counted values above 1.5 seconds as 2 seconds long) (12% of samples) were
pooled as continuous �ight bouts to ensure consistency with the manual extraction method (see above).
The resulting �ight duration values were essentially identical to the original values in total, mean, and
longest �ight, while also consistent with the manual data with respect to �ight bouts.
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Flight bout records produced by Raven Pro were exported as text �les (.txt), which were then read into a
singular sound database (including manual �ight extraction �les) using R-Studio (see database in
[TBD]). 

Data processing and Analysis 

The data was trimmed to the interval of 21:00h to 05:00h, in an effort to avoid shorter recordings due to
battery failure on some of the nights. However, �ight bouts beginning before 05:00h and continuing after
this time were included in full.

To characterize �ight aptitude of individual mosquitoes, we computed their total-�ight duration between
21:00h and 05:00h (sum of all �ight bouts per mosquito), longest �ight-bout duration, and the total
number of �ight bouts per mosquito. Assuming that long-distance �yers would exhibit much higher
values in at least one of these �ight measures, when compared to the majority of the population, we used
median-based robust statistics, a method often used to detect outliers based on the distance of a value in
units of the median absolute deviation (MAD). Unlike the mean and the standard deviation, the median
and MAD are not sensitive to extreme outliers; as a result, they are considered “robust” and better
represent the population without being excessively skewed by extreme values. For these reasons, they are
often used to detect outliers  [51–54]. Following conventional guidelines, the threshold for outlier
detection was set as follows: Values > 3.5 MAD units from the median were considered as “High Flight
Activity” (HFA) and values < 3.5 MAD units from the median were considered as “Low Flight Activity”
(LFA), or short-range �ight. Unless a population is observed to be “on the move”, as are migratory swarms
of locusts [55] or monarch butter�ies [56], it was assumed that the fraction of individuals expressing
migratory behavior at any given moment was small [32–35,57,58]. This assumption is based on previous
Mark-Release-Recapture (MRR) studies, which suggested that a sizeable proportion of the population
remain near the area where they were marked; moreover, these studies suggest that the duration of the
migratory phase lasts only a few days and is typically shorter than the non-migratory phase, which can
last several weeks or months [59,60]. These �ndings underscore our reasoning behind identifying
mosquitoes with extremely high �ight aptitude values as putative long-distance migrants.

Results
A total of 707 individual mosquito recordings (including the manual extractions) from 114 assays were
included in the analysis (Table Individual �ights lasting longer than 10 minutes were recorded in 46
mosquitoes, while �ights exceeding 30 minutes were recorded in 12 mosquitoes. Total �ight ranged 1 –
16,107 sec with a mean total of 1257.2 sec.

Table 1. Mosquito samples by season, gonotrophic state and species, for which flight data was collected and

analyzed 
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Season Gonotrophic stage An. coluzzii An. arabiensis An. gambiae Total

Dec-Feb Gravid 62 0 2 64

 Unfed 2 0 0 2

Mar-Apr Gravid 31 0 0 31

 Unfed 0 0 0 0

Jul Gravid 75 0 3 78

 Unfed 0 0 0 0

Aug-Sep Gravid 125 10 62 197

 Unfed 30 1 8 39

Oct-Nov Gravid 114 95 76 285

  Unfed 5 5 1 11

Total  444 111 152 707

Nightly �ight activity and identi�cation of putative Long-Distance Flyers (LDMs) 

To determine if �ight activity was concentrated in certain parts of the night, we examined three indices,
namely, 1) number of hourly �ight bouts, 2) longest �ight bout, and 3) total hourly �ight (across species,
season and gonotrophic state) (Fig. 3). To consider possible differences in nightly activity between
appetitive and strong �yers, we evaluated both the median and 90th percentile of each �ight aptitude
index.

Figure 3. Nocturnal �ight activity. Hourly �ight bouts and total hourly �ight across all 707 mosquitoes,
(across species, season, and gonotrophic state). Hourly �ight activity (�ight aptitude) through the night
showing the median (left column) and the 90th %il (right column), representing trends of most
mosquitoes and higher �ight activity mosquitoes respectively. The 95% con�dence interval of each hour
(based on bootstrapping) not shown in full to emphasize the nightly trend.

 

Overall, there were no signi�cant peaks of activity identi�ed in the hourly �ight data. Variation, as
measured by hourly 95% con�dence intervals, was also found to be non-indicative of clear modality.
Although there was a mild modality, suggesting elevated total �ight and �ight bouts between 11:00 and
02:00h (but not in longest �ight), this modality was not found to be statistically supported by the 95% CI
which overlapped widely. We concluded that the �ight activity was spread homogenously throughout the
assay time and used the full length/duration (21:00-05:00h) to measure �ight aptitude. 

Identi�cation of putative migrants 

Considering all recorded mosquito �ights (n=707 mosquitoes), the asymmetric distributions of each �ight
aptitude index revealed a long right tail. This observed distribution corresponds to existing literature, with
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frequency distributions of laboratory-measured bouts of �ight [61,62] showing a majority of individuals
making short �ights and a only few making long ones (Fig. 4). 

Figure 4. Flight aptitude index distributions: longest �ight (a), total �ight (b), and �ight bouts (c). Flights
were divided into two classes (x-axis; MAD units): LFAs; below 3.5 (left of vertical red line), and HFAs;
above 3.5 (right of vertical red line) based on guidelines for outlier detection (see Methods). The data are
based on 707 wild female mosquitoes representing three species, both unfed and gravid females. Y-axis
denotes the frequency in percent of the sample. 

Following previous �ight behavior studies [31–34,37,63], the mosquitoes at the far-right tail of the
distribution were suspected to represent long-distance �yers, or HFA individuals, in our study.
Subsequently, we evaluated differences in the proportion of HFAs among species, seasons, and
gonotrophic state.

For the most part, �ight aptitude indices were signi�cantly correlated with each other; however, correlation
coe�cients (Spearman) were negative (r = -0.43) between the longest �ight bout and the number of �ight
bouts and moderately positive (r = 0.32 – 0.52) between total �ight and other indices (Fig. S3). The
relatively low correlation coe�cients indicate that each �ight index conveys unique information—the
negative correlation suggests that �ight bouts describes “restlessness” unlike “�ight persistence” that is
captured by the longest �ight bout and especially total �ight. Therefore, we compared all three indices to
determine which were more important/informative predictors of migrants. 

Variation of �ight aptitude by season 

Seasonal variation in �ight aptitude was tested on gravid An. coluzzii, as this was the only species (and
gonotrophic state) found across seasons. Signi�cant differences were most pronounced when looking at
longest �ight bout (P<0.002, overall Monte-Carlo Exact test), but were also detected when examining total
�ight (P<0.005, overall Monte-Carlo Exact test) (Fig. 3a-b, respectively). With regards to the longest �ight
bout index, the highest fraction of HFA was discovered in the late wet season (Oct-Nov; 39.5%), followed
by the mid-wet season (Aug-Sep; 29%), early wet season (Jul; 19%), early dry season (Dec-Feb; 22%), and
�nally, the lowest fraction being in the late dry season (Apr; 10%, P<0.005, 2-tailed test, Fig. 3a). A similar
trend, albeit with smaller differences, was detected when looking at total �ight, with only a single
signi�cant difference between late wet season and late dry season (P<0.04, Fig. 3b). Flight bouts did not
follow this pattern and showed no signi�cant difference in the overall test (Fig. 3c). 

Figure 5. Variation of �ight aptitude indices by season; longest �ight (a), total �ight (b), and �ight bouts
(c). Variation in An. coluzzii �ight aptitude between seasons; The x-axis depicts the different parts of the
year (‘seasons’); Dec-Feb and Apr represent the dry season. Jul, Aug-Sep and Oct-Nov represent the wet
season. Y-axis values are percent frequencies of the HFA populations, with n above each bar. Seasonal
�ight aptitude comparison was carried out on gravid An. coluzzii females, the only species which had
samples across seasons. 
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Variation of FA between species 

Variations in �ight aptitude between species were tested on gravid females between Oct-Nov when all
species were represented. Considering total �ight, An. coluzzii exhibited a signi�cantly higher fraction of
HFAs (25%) than An. arabiensis (8%), with An. gambiae displaying intermediate values (17%) (Overall
Monte Carlo Exact Test χ2=10.0, P<0.015) (Fig. 6b). Contrasting tests between species showed a
signi�cant difference between An. coluzzii and An. arabiensis (Wald χ2=8.7, P<0.004). Although not
statistically signi�cant, similar trends were revealed in both longest �ight and �ight bout indices (Fig. 6a
and c).   

Figure 6. Variation of �ight aptitude between species (gravid females in Oct-Nov, when sample sizes were
su�cient); longest �ight (a), total �ight (b), and �ight bouts (c). Values are percent frequencies of the �yer
populations, with n above each bar. Overall test is a contingency table exact test using Monte Carlo with
10,000 replicates (P-values pertain to 2-sided tests). Speci�c comparisons are shown were tested using
contrasts in logistic regression if overall test was signi�cant. 

Variation in �ight aptitude between gonotrophic stages 

The effect of gonotrophic stages on �ight aptitude was tested after pooling the species, as well as with
strati�cation by species (CMH test) in August-September, when the number of unfed females was
suitable for such a test. These tests revealed that a signi�cantly higher rate of HFAs among gravid
females (11.2% vs. 0%, P<0.013 Overall Monte Carlo Exact Test) was detected in �ight bouts (pooled;
P<0.024, 1-tailed Fisher Exact test, and when strati�ed (CMH = P<0.049, 2-tailed test) (Fig. 7c). However,
while there were no signi�cant differences detected when looking at the longest- and total �ight indices, a
consistent trend of higher HFA among gravid females was observed (Fig. 7a and b, respectively).   

Figure 7. Variation in �ight aptitude between gonotrophic stages; longest �ight (a), total �ight (b), and
�ight bouts (c). Overall test is a contingency table exact test using Monte Carlo simulations with 10,000
replicates. This Gonotrophic state comparison was done when on pooled species in Aug-Sep, when
sample size was suitable for comparison. Prior CMH test showed that the effect was signi�cant across
species (not shown) and no heterogeneity between species was detected. 

Wing morphology and �ight aptitude 

Among the three species, signi�cant differences in �ight activity were found in An. coluzzii with regard to
longest �ight duration (Fig. 8a and d) and total �ight (Fig. 8b and e), showing both longer (Fig. 8a and b)
and wider wings (Fig. 8d and e) in HFAs (red) (Overall ANOVA; P<0.02).

Figure 8. Box-whisker plot of wing length (top), and width (bottom) across species (x-axis, abbreviated
species names: arab.=An. arabiensis, coluz.=An. coluzzii., gamb.=An. gambiae s.s.) in longest �ight
(panels a and d), total �ight (panels b and e) and �ight bouts (panels c and f) for LFAs (blue) and HFAs
(red). Mean marked as ○ (for LFAs) or + (for HFAs). Horizontal line within box represents the median. Box
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bottom and top are 25th and 75th percentile, respectively, whiskers extend up to 1.5 time the inter-quartile
range and outliers (‘o’ or ‘+’) represent observations that extend beyond the whiskers. Signi�cantly larger
mean and median wing dimensions in HFAs vs. LFAs indicated by asterisks on the left and right of the
arrow (showing direction of increase; LFA or HFA), respectively. One tailed signi�cance levels of P<0.05
and P<0.01 measured by ANOVA (left of arrow) or Median score tests (right of arrow); shown as ‘*’ and
‘**’ respectively. 

Allometry of wings to detect wing shape variation within HFA’s 

In gravid An. coluzzii during the wet season, total-�ight HFAs had wider wings when compared to LFAs,
after adjusting for wing length (P<0.035, 1-tail test) (Fig. 9). We found no signi�cant interaction between
wing length and HFAs, indicating that the shape effect was monotonic with wing length. A similar trend
was observed in An. arabiensis, but no signi�cant difference in intercepts was detected, possibly due to
smaller sample size.

Figure 9. Wing allometry in HFAs (red) and LFAs (blue) for total �ight across species (the lines shown
were computed based on separate linear regression models for �yer type of each species). In gravid An.
coluzzii during the wet season, total-�ight HFAs had wider wings than LFAs after adjusting for wing
length (P<0.035, 1-tail test).

 

Consistent with previous studies [64,65], An. coluzzii also displayed longer wings in the early dry season
(December-February), when compared to other months in the year (Fig. S4). This increase in length was
isometric—in other words, it was accompanied by a proportional increase in wing width during this time
(i.e. no change in wing shape).

Discussion
Recent studies on windborne migration of African malaria vectors raise new questions about this
previously unrecognized behavior, including questions regarding the fraction of windborne migrants in
the population, as well as how this fraction might change across species, seasons, or ecological zones,
among other factors. Identi�cation of migrants in �eld experiments could help address such questions. In
this paper, we subjected wild mosquitoes to a novel, �eld-adapted tethered-�ight assay, in order to
separate them into mosquitoes with high �ight activity (HFA) or low �ight activity (LFA), employing �ight
aptitude indices re�ecting �ight persistence (i.e., longest �ight duration, and total �ight) and restlessness
(i.e., �ight bouts). Albeit not without exceptions, based on previous �ight-mill studies, HFA is likely to be
more common in long-distance migrants than LFA [37,39,66–68]. Accordingly, we evaluated variation in
HFA mosquitoes, as putative migrants in Sahelian populations of An. coluzzii, An. gambiae s.s., and An.
arabiensis, over various seasons and gonotrophic states. Although differences between groups were
moderate, consistent with our predictions, we found elevated HFA mosquitoes in the wet season and
among gravid females. However, predictions regarding species variation during the wet season were less
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certain. Based on  Dao et al. [42], we initially predicted migrants only in An. gambiae s.s. and An.
arabiensis; however, based on the aerial sampling of Huestis et al. [29], we predicted the presence of HFAs
across all three species with higher HFAs in An. coluzzii, followed by An. gambiae s.s. Consistent with
Huestis et al. [29], our results showed the highest proportion of HFA in An. coluzzii, with the lowest being
in in An. arabiensis. Moreover, during the wet-season, An. coluzzii HFAs exhibited larger wings than
conspeci�c LFAs. Additional analysis indicated that wings of wet-season, An. coluzzii HFAs exhibited
allometric change. Overall, these results agree with recent literature, which has found the dominance of
gravid An. coluzzii �ying during the wet season at altitudes of 40-290 m above ground [29].

Although an ultimate ‘comprehensive �ight index,’ as well as cutoff values to distinguish between long-
distance migrants and appetitive �yers are yet to be found, ad hoc indices and values have been
successfully used, e.g., [34,35,37]. We have followed �ight-mill based studies seeking to identify long-
distance migrant insects that often relied on: 1) total �ight; 2) longest �ight; and 3) the number of �ight
bouts [37–40]. In our �ndings, the low absolute value of the correlation coe�cient between the longest
�ight bout and �ight bouts (r = -0.43, Fig. S3, bottom-right panel) highlights both high degree of
independence of these indices and a degree of distinction between exhibiting �ight persistence vs.
restlessness. Only 10.5% of HFA mosquitoes based on longest �ight were classi�ed as such by �ight
bouts (unlike longest and total �ight sharing 90.3% of HFAs), rea�rming that these modalities of �ights
are distinct. Overall, out of six comparisons (Table S2), HFA mosquito comparisons based on total �ight
revealed signi�cant differences in �ve tests, whereas the same comparisons based on longest �ight and
�ight bouts revealed signi�cant differences in three tests and one test, respectively. This suggests that
persistence of �ight is a more relevant modality for long-distance migration, similar to most other studies
[37]. Notably, the variable longest �ight bout showed consistent trends with total �ight in �ve (of six)
comparisons, whereas the variable �ight bouts showed consistent trends in only two comparisons (Table
S2). 

Flight aptitude variation over seasons, species and gonotrophic states 

Previous work in the Sahel has shown that An. coluzzii populations build up rapidly after the �rst rains
(i.e. May-June), and decline towards the late wet season (i.e., October), presumably entering aestivation
[42]. In contrast, both An. gambiae s.s and An. arabiensis populations absent during the dry season build
up around 6 weeks after the emergence of An. coluzzii, quickly vanishing with the drying-up of surface
water. The population dynamics of both An. gambiae s.s and An. arabiensis suggest immigration (using
reliable wind systems) from southerly sources, where breeding sites are perennial. Based on these
�ndings, we predicted minimal HFAs in An. coluzzii but elevated HFAs in both An. gambiae s.s and An.
arabiensis, mostly during the wet season. Additionally, because long-distance migration in most insect
species occurs before reproduction [2,36,59,69], we expected elevated HFAs in non-bloodfed females,
compared to gravid females. Unlike freshly blood-fed females which are burdened by the largest weight
due to high water content of the blood-meal, gravid females’ weight is intermediate and closer to the
weight of the unfed female than to her weight when fully engorged [64]. Combined with the additional
energy reserves that the blood meal offers, gravid females may be well suited to embark on long �ights
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[46,64]. There may be additional bene�ts to additional mass dependent on the �ight modality while
propelled by the wind such as gliding, soaring, which additional studies may uncover [70]. Finally, adding
nutritional analysis with future tethered �ight assays may shed light on the energetic content before and
after the �ight and possibly the allocation of nutritional reserves between reproduction and �ight.

Overall, the results agree with the predictions based on the aerial sampling results, speci�cally regarding
1) elevated HFA during the wet season; 2) elevated HFAs among gravid mosquitoes; and 3) the presence
of HFAs among all species, with highest �ight aptitude in An. coluzzii and lowest �ight aptitude in An.
arabiensis. However, uncertainty remains, due to partial consistencies concerning the different �ight
aptitude indices, as well as coarse discrimination as a result of low statistical power among groups
(Table S2). For example, this uncertainty is re�ected in the statistically non-signi�cant differences in An.
coluzzii between the early dry season (December-February) and the late dry season (March-April, Fig. 5),
as well as the statistically non-signi�cant difference between An. gambiae s.s. and the other two species
(Fig. 6). 

Wing morphometry and �ight aptitude 

Morphological differences between wings of HFAs and LFAs can provide strong evidence in support of
migrators classi�cation while on the ground and reveal distinct developmental program(s) for long-
distance migrants. Our �ndings show that during the wet season, An. coluzzii HFAs had a larger wing
area, attributable to an increase in both wing width and length, when compared with the LFAs. These
results were not confounded by variation in body size between seasons as the analysis was con�ned to
the wet season, when no seasonal change in wing length was detected (Fig. S4, in agreement with
previous results [64,65]). The larger wings of HFAs may re�ect isometric increases in all aspects of body
size; alternatively, it may indicate an allometric change (e.g., an increase in wing area independent of
body size). This is di�cult to resolve with wild, mostly gravid mosquitoes due to the fact that variations
in dry weight may confound blood-meal size (and number) with body size. However, the allometric
increase in wing width (over that expected by wing length) of An. coluzzii HFAs during the wet season
further supports the validity of the classi�cation and suggests that migrants undergo a distinct
developmental plan prior to adult ecolosion/emergence. 

Interpretation of �ight behavior 

Our prediction of higher �ight activity during the wet season may sound counter-intuitive at �rst but �ts
with other empirical results and with theoretical expectations; No evidence to-date has shown high
altitude �ight in the early wet seasons (May-June). Huestis et al., [29] have shown that An. coluzzii and
An. gambiae s.s. were collected in altitude from late July through November, similarly to our �ight
aptitude results. As discussed in Huestis et al., the migration during the mid-wet season (July-September)
probably follows the changing resources generated by the patchwork of precipitation that falls along the
ITCZ as it sweeps through the Sahel northwards and then southwards. Unlike the early part of the season,
in the later part of the wet season, i.e. October-November, the increase in elevated �ight activity may
represent individuals embarking on southerly, return �ights before the dry season onset. Accordingly, our
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results, both from altitude and the ground, support migration ‘within the Sahel’ and possibly emigration
from the Sahel in October-November, when winds carrying insect southwards are more common.
Additionally, these results indicate a similar capacity of these species for long-distance migration. The
absence of evidence for high altitude migration during May-June may be due to the fact that during this
period long-distance �ight is suppressed, as conditions in Thierola are optimal, (i.e., minimal crowding,
predation, competition, etc.) until local density increases (in late July when the ITCZ may well be some
distance away), forming new optimal resources elsewhere. According to this hypothesis, elevated
emigration will be detected in populations south of Thierola, maybe even south of Bamako, where the
ITCZ (and the rains) arrives a month or so earlier.

In some species windborne migration appears to be a mandatory phase of the young adult [71], however,
based on the low fraction of HFA (based on total �ight), we consider the members of the An. gambiae
complex as an example of ‘partial migrators’ [38,58], in which the majority of individuals in the population
do not engage in long-distance migration, even during times when migration peaks. Moreover, after
arrival, immigrants will exhibit LFA; therefore, these results may identify only emigrants prior to their
journey. Since the migratory phase may last only 1-3 days, we would expect to have only 1-2 days, at
most, to capture a migrant before they embark on their journey. Thus, a large sample size is required to
represent migrants among the more numerous ‘appetitive �yers’, which adds noise to the data and limits
the statistical power of detecting differences or trends.

To date, no information is available concerning mosquito �ight behavior at high altitudes. Even if tethered
�ight assays accurately identify long-distance migrants, the �ight data generated in the assay is unlikely
to mirror free �ight behavior of mosquitoes at altitude. For example, the total �ight duration may greatly
underestimate actual �ight in altitude – simulations based on aerial sampling data [72] suggests night-
long migratory �ights in some cases. Likewise, �ight-mill results may fail to exhibit �ight patterns
matching expectations based on migration due to technical, as well as biological reasons [35,37,39,40].
Fair examples might include a lack of lift generation and a lack of tarsal contact, both of which may lead
to unrealistically extended �ight. On the other hand, the lack of sensory cues from either air movement,
temperature and humidity gradients, or apparent ground movement, may curtail �ights. Our �ight aptitude
assay relied on �xed-tethered mosquitoes placed in 50 mL Falcon tubes to partially isolate them from
surrounding environmental cues. As a result, they may express intrinsically-driven �ight, as previously
suggested in studies regarding locusts and moths [73,74]. Finally, �ight assays for migrant identi�cation
will be more informative when additional information is gathered on each mosquito to assess agreement
with other aspects of the migration syndrome, pertaining to optimal locomotor drive in young, pre-
reproductive adults, with metabolism switching between �ight characteristics and ovary development
[36,55,59,66,75,76]. Examples of additional information might include combining data on nutritional
reserves (typically elevated before migration) necessary to fuel extended �ight, responses to host or
oviposition site cues (typically inhibited prior and during migration) [77], levels of cuticular hydrocarbons
(presumably elevated prior to migration to enhance desiccation tolerance) [65], and transcriptome
analyses along with morphometrical analyses of size/shape of wings, thorax, and spiracles.
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Conclusions
- A new �eld-focused �ight assay was developed and tested in order to identify long-distance migrators
(LDM) among the An. gambiae s.l.

- A yearlong experiment of �ight aptitude of wild An. gambiae s.l. females from the Sahel revealed that
�ight activity exhibited a skewed distribution, with 10-29.7% identi�ed as putative LDMs.

- Similar to �ndings by Huestis et al. (2019), the �ight aptitude results revealed a higher fraction of High
Flight Activity (HFA) during the wet season compared with the dry, higher HFA in An. coluzzii compared
with An. arabiensis, and a higher fraction of HFA in gravid females compared with unfed females.
Additionally, we found evidence that An. coluzzii HFAs exhibit changes in wing size and shape,
supporting that changes in the larval habitat (e.g., crowding) induce a speci�c developmental pattern
yielding the HFA adult. 

- Altogether, these results provide partial support for the utility of �ight aptitude assays in identifying
LDMs. Further studies should include a) optimization of the method to identify LDMs by integration of
our assay with other assays that measure the “migratory syndrome” such as lipid deposits, withholding
of blood-feeding, withholding of oviposition, etc., and using the improved method for comparing
geographically distinct populations for the fraction of LDMs.

List Of Abbreviations
HFA(s); Hight Flight Activity (plural; individuals exhibiting HFA)

LFA(s); Low Flight Activity (plural; individuals exhibiting LFA)

RH; Relative humidity

s.l.; sensu lato

s.s.; sensu stricto

MAD; Median Absolute Deviation

MC; Monte Carlo (Exact Test)

CMH; Cochran–Mantel–Haenszel test

ANOVA; Analysis of Variance

Declarations



Page 17/28

Consent for publication: All authors have read and approved the �nal version and consent to its
publication.

Availability of data and materials: The datasets during and/or analysed during the current study available
from the corresponding author on reasonable request.

Competing interests: The authors declare that they have no competing interests.

Funding: This study was supported by the Division of Intramural Research, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Bethesda MD.

Authors' contributions: Conception and design of the work: RF, ASY, MD, AD, SD, ZLS and TL. Acquisition
of data: ASY, MD, AD, SD, MS and ZLS. Analysis and interpretation of data: RF, BJK and TL. Drafted the
work: RF and TL. Substantively revised the work: RF, TL, ASY, MD, AD, SD, ZLS, MS and BJK.

Ethics approval and consent to participate: Not Applicable.

 

Acknowledgements

We thank the people of the villages of Thierola and Selingue in Mali for their support of the �eld work. We
wish to thank Drs. Don R. Reynolds, Jason W. Chapman and Christopher M. Jones for valuable
discussions and comments on previous versions of this manuscript. We thank Drs. Manu Prakash, Felix
Hol, Haripriya V. Narayanan and Deepak Krishnamurthy for valuable discussions on �ight mechanics. We
also wish to thank Samuel Moretz, André Laughinghouse, Kevin Lee, and Anish Prasanna for providing
logistical support. Finally, thanks to Dr. Xavier Martini for providing a �ight mill for testing, and to Cedric
Kouam and Joshua Woo for their valuable help with manuscript improvements. This study was
supported by the Division of Intramural Research, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda MD.

References
1. Dingle H. Migration: The biology of life on the move. 2nd ed. New York: Oxford University Press;

2014.

2. Dingle H, Drake VA. What Is Migration? Bioscience [Internet]. Narnia; 2007 [cited 2019 Dec
27];57:113–21. Available from:
http://academic.oup.com/bioscience/article/57/2/113/228325/What-Is-Migration

3. Chapman JW, Reynolds DR, Wilson K. Long-range seasonal migration in insects: mechanisms,
evolutionary drivers and ecological consequences. 2015 [cited 2018 Aug 27]; Available from:
https://onlinelibrary.wiley.com/doi/pdf/10.1111/ele.12407



Page 18/28

4. Chapman, J.W. & Drake VA. Insect migration. Encyclopedia of Animal Behavior. 2nd ed. Choe JC,
editor. Amsterdam: Elsevier, Academic Press; 2019.

5. Bauer, S., Chapman, J.W., Reynolds, D.R., Alves, J.A., Dokter, A.M., Menz, M.M., Sapir, N., Ciach, M.,
Pettersson, L.B., Kelly, J.F. and Leijnse H. From agricultural bene�ts to aviation safety: realizing the
potential of continent-wide radar networks. Bioscience. 2017;67:912–8.

�. Rainey RC. Migration and meteorology. Oxford: Clarendon Press; 1989.

7. Leskinen M, Markkula I, Koistinen J, Pylkkö P, Ooperi S, Siljamo P, et al. Pest insect immigration
warning by an atmospheric dispersion model, weather radars and traps. J Appl Entomol [Internet].
John Wiley & Sons, Ltd (10.1111); 2011 [cited 2020 Jan 18];135:55–67. Available from:
http://doi.wiley.com/10.1111/j.1439-0418.2009.01480.x

�. Hu G, Lu M-H, Reynolds DR, Wang H-K, Chen X, Liu W-C, et al. Long-term seasonal forecasting of a
major migrant insect pest: the brown planthopper in the Lower Yangtze River Valley. J Pest Sci
(2004) [Internet]. Springer Berlin Heidelberg; 2019 [cited 2020 Jan 18];92:417–28. Available from:
http://link.springer.com/10.1007/s10340-018-1022-9

9. Glick PA. The distribution of insects, spieders, and mites in the air. Washington D.C.; 1939. Report
No.: 673.

10. Cheke RA, Jago ND, Ritchie JM, Fishpool LDC, Rainey RC, Darling P. A Migrant Pest in the Sahel: The
Senegalese Grasshopper Oedaleus senegalensis [and Discussion]. Philos Trans R Soc B Biol Sci
[Internet]. 1990 [cited 2020 Jan 2];328:539–53. Available from:
http://rstb.royalsocietypublishing.org/cgi/doi/10.1098/rstb.1990.0126

11. Chapman JW, Reynolds DR, Smith AD. Migratory and foraging movements in bene�cial insects: a
review of radar monitoring and tracking methods. Int J Pest Manag. 2004;50:225–32.

12. Garms, R., Walsh, J.F. and Davies JB. Studies on the reinvasion of the Onchocerciasis Control
Programme in the Volta River Basin by Simulium damnosum sI with emphasis on the south-western
areas. Tropenmed Parasitol. 1979;30:345–62.

13. Ritchie SA, Rochester W. Wind-blown mosquitoes and introduction of Japanese encephalitis into
Australia. Emerg Infect Dis. 2001;7:900–3.

14. Sellers RF. Weather, host and vector--their interplay in the spread of insect-borne animal virus
diseases. J Hyg (Lond). 1980;85:65–102.

15. Wotton KR, Gao B, Menz MHM, Morris RKA, Ball SG, Lim KS, et al. Mass seasonal migrations of
hover�ies provide extensive pollination and crop protection services. Curr Biol. 2019;29:2167–73.

1�. Landry J, Parrott L. Could the lateral transfer of nutrients by outbreaking insects lead to
consequential landscape‐scale effects? Peters DPC, editor. Ecosphere [Internet]. John Wiley & Sons,
Ltd; 2016 [cited 2020 Jan 2];7. Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/ecs2.1265

17. Hu G, Lim KS, Horvitz N, Clark SJ, Reynolds DR, Sapir N, et al. Mass seasonal bio�ows of high-�ying
insect migrants. Science (80- ) [Internet]. American Association for the Advancement of Science;



Page 19/28

2016 [cited 2020 Jan 2];354:1584–7. Available from:
https://science.sciencemag.org/content/354/6319/1584.abstract

1�. Gatehouse AG. Behavior and Ecological Genetics of Wind-Borne Migration by Insects. Annu Rev
Entomol [Internet]. Annual Reviews 4139 El Camino Way, P.O. Box 10139, Palo Alto, CA 94303-0139,
USA; 1997 [cited 2019 Jul 25];42:475–502. Available from:
http://www.annualreviews.org/doi/10.1146/annurev.ento.42.1.475

19. Chapman JW, Reynolds DR, Wilson K. Long-range seasonal migration in insects: mechanisms,
evolutionary drivers and ecological consequences. Holyoak M, editor. Ecol Lett [Internet]. 2015 [cited
2017 Oct 23];18:287–302. Available from: http://doi.wiley.com/10.1111/ele.12407

20. Maiga IH, Lecoq M, Kooyman C. Annales de la Société Entomologique de France International
Journal of Entomology Ecology and management of the Senegalese grasshopper Oedaleus
senegalensis (Krauss 1877) (Orthoptera: Acrididae) in West Africa: review and prospects Ecology and
management of the Senegalese grasshopper Oedaleus senegalensis (Krauss 1877) (Orthoptera:
Acrididae) in West Africa: review and prospects. Ann soc entomol Fr [Internet]. 2008 [cited 2019 Aug
29];44:271–88. Available from: https://www.tandfonline.com/action/journalInformation?
journalCode=tase20

21. Riley JR, Reynolds DR. A Long-Range Migration of Grasshoppers Observed in the Sahelian Zone of
Mali by Two Radars. J Anim Ecol [Internet]. 1983 [cited 2020 Jan 2];52:167. Available from:
https://www.jstor.org/stable/4594?origin=crossref

22. Riley JR, Reynolds DR. Radar-based studies of the migratory �ight of grasshoppers in the middle
Niger area of Mali. Proc R Soc London Ser B Biol Sci [Internet]. 1979 [cited 2019 Dec 26];204:67–82.
Available from: http://www.royalsocietypublishing.org/doi/10.1098/rspb.1979.0013

23. Duviard D. Migrations of Dysdercus spp. (Hemiptera: Pyrrhocoridae) related to movements of the
Inter-Tropical Convergence Zone in West Africa. Bull Entomol Res [Internet]. Cambridge University
Press; 1977 [cited 2020 Jan 18];67:185–204. Available from:
https://www.cambridge.org/core/product/identi�er/S0007485300011019/type/journal_article

24. Reynolds DR, Mukhopadhyay S, Riley JR, Das BK, Nath PS, Mandal SK. Seasonal variation in the
windborne movement of insect pests over northeast India. Int J Pest Manag [Internet]. Taylor &
Francis Group ; 1999 [cited 2020 Jan 3];45:195–205. Available from:
http://www.tandfonline.com/doi/abs/10.1080/096708799227798

25. Reynolds DR, Chapman JW, Harrington R. The Migration of Insect Vectors of Plant and Animal
Viruses. Adv Virus Res [Internet]. Academic Press; 2006 [cited 2020 Jan 3];67:453–517. Available
from: https://www.sciencedirect.com/science/article/pii/S0065352706670127

2�. Ming J, Hua J, RILEY JR, Reynolds DR, Smith AD, Wange R-L, et al. Autumn southward ‘return’
migration of the mosquito Culex tritaeniorhynchus in China. Med Vet Entomol. 1993;7:323–7.

27. Ming J-G, Xue M. Progress in studies on the overwintering of the mosquito Culex tritaeniorhynchus.
Southeast Asian J Trop Med Public Heal [Internet]. 1996 [cited 2020 Jan 3];27:810–7. Available from:
https://www.tm.mahidol.ac.th/seameo/1996-27-4/1996-27-4-810.pdf



Page 20/28

2�. Johansen CA, Farrow RA, Morrisen A, Foley P, Bellis G, Van Den Hurk AF, et al. Collection of wind-
borne haematophagous insects in the Torres Strait, Australia. Med Vet Entomol [Internet]. John Wiley
& Sons, Ltd (10.1111); 2003 [cited 2020 Jan 3];17:102–11. Available from:
http://doi.wiley.com/10.1046/j.1365-2915.2003.00413.x

29. Service MW, editor. Mosquito Ecology: Field Sampling Methods. 2nd ed. Barking, Essex: Elsevier;
1993.

30. Service MW. Mosquito (Diptera: Culicidae) Dispersal-The Long and Short of It. J Med Entomol
[Internet]. 1997 [cited 2019 Jan 7];34:579–88. Available from: https://academic.oup.com/jme/article-
abstract/34/6/579/2221644

31. Minter M, Pearson A, Lim KS, Wilson K, Chapman JW, Jones CM. The tethered �ight technique as a
tool for studying life-history strategies associated with migration in insects. Ecol Entomol [Internet].
John Wiley & Sons, Ltd (10.1111); 2018 [cited 2020 Jan 3];43:397–411. Available from:
http://doi.wiley.com/10.1111/een.12521

32. Dingle H, Arora G. Experimental studies of migration in bugs of the genus Dysdercus. Oecologia
[Internet]. Springer; 1973 [cited 2020 Jan 2];12:119–40. Available from:
http://link.springer.com/10.1007/BF00345512

33. Taylor RAJ, Nault LR, Styer WE, Cheng Z-B. Computer-Monitored, 16-Channel Flight Mill for Recording
the Flight of Leafhoppers (Homoptera: Auchenorrhyncha). Ann Entomol Soc Am. 1992;85:627–32.

34. Lee D-H, Leskey TC. Flight behavior of foraging and overwintering brown marmorated stink bug,
Halyomorpha halys (Hemiptera: Pentatomidae). Bull Entomol Res [Internet]. 2015 [cited 2017 Oct
23];105:566–73. Available from: http://www.journals.cambridge.org/abstract_S0007485315000462

35. Taylor RAJ, Bauer LS, Poland TM, Windell KN. Flight Performance of Agrilus planipennis (Coleoptera:
Buprestidae) on a Flight Mill and in Free Flight. J Insect Behav [Internet]. Springer; 2010 [cited 2020
Jan 3];23:128–48. Available from: http://link.springer.com/10.1007/s10905-010-9202-3

3�. Colvin J, Gatehouse AG. The reproduction‐�ight syndrome and the inheritance of tethered‐�ight
activity in the cotton‐bollworm moth, Heliothis armigera. Physiol Entomol. 1993;18:16–22.

37. Jones HBC, Lim KS, Bell JR, Hill JK, Chapman JW. Quantifying interspeci�c variation in dispersal
ability of noctuid moths using an advanced tethered �ight technique. Ecol Evol [Internet]. 2016 [cited
2017 Oct 23];6:181–90. Available from: http://doi.wiley.com/10.1002/ece3.1861

3�. Dällenbach LJ, Menz MHM, Glauser A, Lim KS, Chapman JW. Higher �ight activity in the offspring of
migrants compared to residents in a migratory insect. Proceeding R Soc B [Internet]. 2018 [cited 2019
Mar 12];285. Available from: https://royalsocietypublishing.org/doi/pdf/10.1098/rspb.2017.2829

39. Minter M, Pearson A, Lim KS, Wilson K, Chapman JW, Jones CM. The tethered �ight technique as a
tool for studying life-history strategies associated with migration in insects. Ecol Entomol [Internet].
John Wiley & Sons, Ltd (10.1111); 2018 [cited 2019 Mar 12];43:397–411. Available from:
http://doi.wiley.com/10.1111/een.12521

40. Naranjo SE. Assessing Insect Flight Behavior in the Laboratory: A Primer on Flight Mill Methodology
and What Can Be Learned. Ann Entomol Soc Am [Internet]. 2019 [cited 2019 Aug 2];112:182–99.



Page 21/28

Available from: https://academic.oup.com/aesa/article-abstract/112/3/182/5298956

41. Adamou A, Dao A, Timbine S, Kassogué Y, Yaro A, Diallo M, et al. The contribution of aestivating
mosquitoes to the persistence of Anopheles gambiae in the Sahel. Malar J [Internet]. BioMed Central;
2011 [cited 2020 Jan 3];10:151. Available from:
http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-10-151

42. Dao A, Yaro AS, Diallo M, Timbiné S, Huestis DL, Kassogué Y, et al. Signatures of aestivation and
migration in Sahelian malaria mosquito populations. Nature [Internet]. Nature Publishing Group;
2014 [cited 2018 Sep 13];516:387–90. Available from: http://www.nature.com/articles/nature13987

43. Lehmann T, Dao A, Yaro AS, Adamou A, Kassogue Y, Diallo M, et al. Aestivation of the African malaria
mosquito, Anopheles gambiae in the Sahel. Am J Trop Med Hyg [Internet]. The American Society of
Tropical Medicine and Hygiene; 2010 [cited 2019 Jan 7];83:601–6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/20810827

44. Gillies MT, De Meillon B. The Anophelinae of Africa south of the Sahara (Ethiopian Zoogeographical
Region). [Internet]. Anophelinae Africa south Sahara (Ethiopian Zoogeographical Reg. Johannesburg:
Johannesburg: South African Institute for Medical Research, P.O. Box 1038, S. Africa.; 1968 [cited
2020 Jan 2]. Available from: https://www.cabdirect.org/cabdirect/abstract/19692900946

45. Fanello C, Santolamazza F, Della Torre A. Simultaneous identi�cation of species and molecular
forms of the Anopheles gambiae complex by PCR-RFLP. Med Vet Entomol [Internet]. John Wiley &
Sons, Ltd (10.1111); 2002 [cited 2020 Jan 3];16:461–4. Available from:
http://doi.wiley.com/10.1046/j.1365-2915.2002.00393.x

4�. Huestis DL, Yaro AS, Traoré AI, Adamou A, Kassogué Y, Diallo M, et al. Variation in metabolic rate of
Anopheles gambiae and A. arabiensis in a Sahelian village. J Exp Biol [Internet]. The Company of
Biologists Ltd; 2011 [cited 2020 Jan 3];214:2345–53. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21697426

47. Rohlf FJ. TpsDig, ver. 2.16. Stony Brook: State University New York; 2010.

4�. Mazzoni D. Audacity 2.1. 2 [Internet]. 2016. Available from:
https://www.audacityteam.org/download/

49. The Cornell Lab of Ornithology BRP. Raven Pro: Interactive Sound Analysis Software (Version 1.5)
[Internet]. Ithaca, NY; 2014. Available from: http://www.birds.cornell.edu/raven

50. Duan S, Zhang J, Roe P, Wimmer J, Dong X, Truskinger A, et al. Timed Probabilistic Automaton : a
bridge between Raven and Song Scope for automatic species recognition. In: Muñoz-Avila, Hector &
Stracuzzi DJ, editor. Proc Twenty-Fifth Innov Appl Artif Intell Conf AAAI [Internet]. Bellevue: AAAI;
2013 [cited 2019 Feb 5]. p. 1519–24. Available from:
http://www.aaai.org/ocs/index.php/IAAI/IAAI13/paper/view/6092

51. Iglewicz B, Hoaglin DC, others. How to detect and handle outliers. ASQC Quality Press Milwaukee, WI;
1993.

52. Leys C, Ley C, Klein O, Bernard P, Licata L. Detecting outliers: Do not use standard deviation around
the mean, use absolute deviation around the median. J Exp Soc Psychol. 2013;



Page 22/28

53. Cousineau D, Chartier S. Outliers detection and treatment: a review. Int J Psychol Res [Internet]. 2010
[cited 2020 Jan 3];3:58–67. Available from: https://www.redalyc.org/pdf/2990/299023509004.pdf

54. Rousseeuw PJ, Hubert M. Robust statistics for outlier detection. Inc WIREs Data Min Knowl Discov
[Internet]. John Wiley & Sons; 2011 [cited 2019 Feb 4];1:73–9. Available from:
https://wis.kuleuven.be/stat/robust/papers/2011/rousseeuwhubert-
robuststatisticsforoutlierdetectio.pdf

55. Kennedy JS. The Migration of the Desert Locust (Schistocerca gregaria Forsk.). I. The Behaviour of
Swarms. II. A Theory of Long-Range Migrations. Philos Trans R Soc Lond B Biol Sci [Internet]. 1951
[cited 2019 Dec 26];235:163–290. Available from: https://www.jstor.org/stable/92412?
seq=1#metadata_info_tab_contents

5�. Gibo DL, Pallett MJ. Soaring �ight of monarch butter�ies, Danaus plexippus (Lepidoptera: Danaidae),
during the late summer migration in southern Ontario. Can J Zool [Internet]. NRC Research Press
Ottawa, Canada ; 1979 [cited 2020 Jan 3];57:1393–401. Available from:
http://www.nrcresearchpress.com/doi/10.1139/z79-180

57. Taylor RAJ, Nault LR, Styer WE. Experimental Analysis of Flight Activity of Three Dalbulus
Leafhoppers (Homoptera: Auchenorrhyncha) in Relation to Migration. Ann Entomol Soc Am
[Internet]. Narnia; 1993 [cited 2020 Jan 3];86:655–67. Available from:
https://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/86.5.655

5�. Menz MHM, Reynolds DR, Gao B, Hu G, Chapman JW, Wotton KR. Mechanisms and Consequences
of Partial Migration in Insects. Front Ecol Evol [Internet]. Frontiers; 2019 [cited 2019 Oct 24];7:403.
Available from: https://www.frontiersin.org/articles/10.3389/fevo.2019.00403/full?utm_source=F-
NTF&utm_medium=EMLX&utm_campaign=PRD_FEOPS_20170000_ARTICLE

59. Johnson CG. Migration and dispersal of insects by �ight. [Internet]. Migr. dispersal insects by �ight.
London: Methuen & Co. Ltd.; 1969 [cited 2019 Dec 26]. Available from:
https://www.cabdirect.org/cabdirect/abstract/19690501815

�0. ROFF DA, FAIRBAIRN DJ. The Evolution and Genetics of Migration in Insects. Bioscience [Internet].
American Institute of Biological Sciences ; 2007 [cited 2017 Feb 1];57:155. Available from:
https://academic.oup.com/bioscience/article-lookup/doi/10.1641/B570210

�1. Davis MA. Why are most insects short �yers? Evol Theory. 1980;5:103–111.

�2. Johnson CG. Lability of the �ight system: a context for functional adaptation. In: Rainey RC, editor.
Insect Flight. London: Blackwell Scienti�c Publications; 1976. p. 217–34.

�3. Reynolds AM, Frye MA. Free-Flight Odor Tracking in Drosophila Is Consistent with an Optimal
Intermittent Scale-Free Search. Rands S, editor. PLoS One [Internet]. Public Library of Science; 2007
[cited 2019 Nov 20];2:e354. Available from: https://dx.plos.org/10.1371/journal.pone.0000354

�4. Huestis DL, Traoré AI, Dieter KL, Nwagbara JI, Bowie AC, Adamou A, et al. Seasonal variation in
metabolic rate, �ight activity and body size of Anopheles gambiae in the Sahel. J Exp Biol.
2012;215:2013–21.



Page 23/28

�5. Arcaz AC, Huestis DL, Dao A, Yaro AS, Diallo M, Andersen J, et al. Desiccation tolerance in Anopheles
coluzzii: the effects of spiracle size and cuticular hydrocarbons. J Exp Biol [Internet]. The Company
of Biologists Ltd; 2016 [cited 2020 Jan 2];219:1675–88. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27207644

��. Jones CM, Papanicolaou A, Mironidis GK, Vontas J, Yang Y, Lim KS, et al. Genomewide
transcriptional signatures of migratory �ight activity in a globally invasive insect pest. Mol Ecol.
2015;24:4901–11.

�7. Glauser A, Lim KS, Chapman JW, Da LJ, Menz MHM. Higher �ight activity in the offspring of
migrants compared to residents in a migratory insect. 2018;

��. Dällenbach LJ, Glauser A, Lim KS, Chapman JW, Menz MHM. Higher �ight activity in the offspring of
migrants compared to residents in a migratory insect. Proc R Soc B Biol Sci [Internet]. The Royal
Society; 2018 [cited 2019 Aug 23];285:20172829. Available from:
https://royalsocietypublishing.org/doi/10.1098/rspb.2017.2829

�9. Dingle H. The Experimental Analysis of Migration and Life-History Strategies in Insects. Exp Anal
Insect Behav. 1974;329–342.

70. Gibo D. Evidence for Use of Water Ballast by Monarch Butter�ies, Danaus Plexippus (Nymphalidae).
J Lepid Soc. 1992;47:160–1.

71. Nayar JK, Sauerman DM. Flight Behavior and Phase Polymorphism in the Mosquito Aedes
taeniorhynchus. Entomol Exp Appl [Internet]. John Wiley & Sons, Ltd; 1969 [cited 2020 Jun
11];12:365–75. Available from: http://doi.wiley.com/10.1111/j.1570-7458.1969.tb02531.x

72. Huestis DL, Dao A, Diallo M, Sanogo ZL, Samake D, Yaro AS, et al. Windborne long-distance
migration of malaria mosquitoes in the Sahel. Nature [Internet]. Nature Publishing Group; 2019 [cited
2020 Jan 3];574:404–8. Available from: http://www.nature.com/articles/s41586-019-1622-4

73. Bazazi S, Bartumeus F, Hale JJ, Couzin ID. Intermittent Motion in Desert Locusts: Behavioural
Complexity in Simple Environments. Fryxell JM, editor. PLoS Comput Biol [Internet]. Public Library of
Science; 2012 [cited 2018 May 2];8:e1002498. Available from:
http://dx.plos.org/10.1371/journal.pcbi.1002498

74. Reynolds AM, Jones HBC, Hill JK, Pearson AJ, Wilson K, Wolf S, et al. Evidence for a pervasive
“idling-mode” activity template in �ying and pedestrian insects. R Soc Open Sci [Internet]. The Royal
Society; 2015 [cited 2018 Jan 29];2:150085–150085. Available from:
http://rsos.royalsocietypublishing.org/cgi/doi/10.1098/rsos.150085

75. Danthanarayana W, editor. Insect Flight: Dispersal and Migration, Proceedings in Life Sciences.
Springer Science & Business Media; 2012.

7�. Lin X, Yao Y, Wang B, Emlen DJ, Lavine LC. Ecological Trade-offs between Migration and
Reproduction Are Mediated by the Nutrition-Sensitive Insulin-Signaling Pathway. Int J Biol Sci
[Internet]. Ivyspring International Publisher; 2016 [cited 2020 Jan 2];12:607–16. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27143957



Page 24/28

77. Slansky F (Jr. . Insect Nutrition: An Adaptationist’s Perspective. Florida Entomol [Internet]. 1982 [cited
2020 Jan 2];65:45. Available from: https://www.jstor.org/stable/3494145?origin=crossref

Figures

Figure 1
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Nocturnal �ight activity. Flight bouts and total hourly �ight across all 707 mosquitoes, (across species,
season, and gonotrophic state). Hourly �ight activity (�ight aptitude) through the night showing the
median (left column) and the 90th %il (right column), representing trends of most mosquitoes and higher
�ight activity mosquitoes respectively. The 95% con�dence interval of each hour (based on
bootstrapping) not shown in full to emphasize the nightly trend.

Figure 2

Flight aptitude index distributions: longest �ight (a), total �ight (b), and �ight bouts (c). Flights were
arbitrarily divided into two classes by units of deviation from the Median Absolute Deviation (x-axis; MAD
units): LFAs; below 3.5 (left of vertical red line), and HFAs; above 3.5 (right of vertical red line). The data
are based on 707 wild female mosquitoes representing three species, of both unfed and gravid females.
Y-axis denotes the frequency in percent of the sample.

Figure 3

Variation of �ight aptitude indices by season; longest �ight (a), total �ight (b), and �ight bouts (c).
Variation in A. coluzzii �ight aptitude between seasons; The x-axis depicts the different parts of the year
(‘seasons’); Dec-Feb and Apr represent the dry season. Jul, Aug-Sep and OctNov represent the wet season.
Y-axis values are percent frequencies of the HFA populations, with n above each bar. Seasonal �ight
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aptitude comparison was carried out on gravid A. coluzzii females, the only species which had samples
across seasons.

Figure 4

Variation of �ight aptitude between species; longest �ight (a), total �ight (b), and �ight bouts (c). Values
are percent frequencies of the �yer populations, with n above each bar. Overall test is a contingency table
exact test using Monte Carol with 10000 replicates. Unless otherwise speci�ed all P-values pertain to 2-
sided tests. Speci�c comparisons are shown were tested using contrasts in logistic regression if overall
test was signi�cant. Species comparison was done on gravid females in Oct-Nov, when sample size was
suitable for comparison.

Figure 5

Variation in �ight aptitude between gonotrophic stages; longest �ight (a), total �ight (b), and �ight bouts
(c). Overall test is a contingency table exact test using Monte Carlo with 10000 replicates. Unless
otherwise speci�ed all P-values pertains to 2-sided tests. This Gonotrophic state comparison was done
when on pooled species in Aug-Sep, when sample size was suitable for comparison. Prior CMH test
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showed that the effect was signi�cant across species (not shown) and no heterogeneity between species
was detected.

Figure 6

Box-whisker plot of wing length (top), and width (bottom) across the anopheline species (x-axis,
abbreviated species) in longest �ight (panels a and d), total �ight (panels b and e) and �ight bouts
(panels c and f) for LFAs (blue) and HFAs (red). Mean marked as ○ (for LFAs) or + (for HFAs). Horizontal
line within box is median. Box top and bottom are 25th percentile and whiskers are upper and lower 75th
percentiles. arab. =A. arabiensis, coluz. = A. coluzzii., gamb. = A. gambiae s.s. Signi�cantly larger mean
and median wing dimensions in HFAs vs. LFAs indicated by asterisks on the left and right of the arrow
(showing direction of increase), respectively. One tailed signi�cance levels of P<0.05 and P<0.01
measured by ANOVA (left of arrow) or Median score tests (right or arrow); shown as ‘*’ and ‘**’
respectively.
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Figure 7

. Wing allometry in HFAs (red) and LFAs (blue) for total �ight, in all three species. In gravid A. coluzzii
during the wet season, total-�ight HFAs had wider wings than LFAs after accommodating wing length
(P<0.035, 1-tail test).
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