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Abstract

Bee flight capacity determines the area that a colony can exploit, and this knowledge is essential to formulate management
and conservation strategies for each species. In this study, we evaluated the flight capacity of Melipona seminigra using
radio frequency identification (RFID). Three questions were addressed: Do the RFID tags affect the flight of M. seminigra
workers? What is the effect of the landscape on foraging activity? Does the time since the colony was re-established affect
the flight range of foragers? Our results indicate that the RFID tag used does not affect the flight ability of M. seminigra. Bees
marked with nontoxic paint vs. RFID tags had the same return ratio and return time to the colony of origin. Flight capacity
was affected by the landscape, because the return rate to the colonies was higher from the tested vegetated area than from
the sterile area. The time elapsed since the bee colony re-establishment also affected the flight range because the return rate
increased with time since the colony was relocated in the new site. We estimate that M. seminigra workers make foraging
flights of approximately 1000 m from the colony and that the maximum flight range is 5000 m. Colonies of this species take
more than 1 or 2 months to be able to fully exploit a landscape.
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Introduction

The colony is the center of the world of social bees, and
workers leave it to go on foraging trips that can extend a
few kilometers from their home (Capaldi and Dyer 1999;
Nunes-Silva et al. 2019; Pahl et al. 2011; Rodrigues and
Ribeiro 2014; Smith et al. 2017). The flight capacity of
bees is related to body size (Greenleaf et al. 2007) and body
measurements, such as head width (Nieuwstadt and Iraheta
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1996), thorax width, and wing size (Aradjo et al. 2004),
which are good predictors of flight capacity, even within the
same species (Kuhn-Neto et al. 2009).

In addition to body size, the flight range of bees is related
to the ability to locate the nest in the landscape, called hom-
ing ability. This ability depends on the integration of mem-
ory with different sensory systems, such as magnetic field
perception, sight, and smell (Chittka et al. 1999; Heinze
2017; Menzel et al. 2006, 1998). Some factors may influence
the functioning of the homing ability of bees, such as expe-
rience (Capaldi and Dyer 1999; He et al. 2013; Rodrigues
and Ribeiro 2014) and environmental factors, for example,
the presence and type of landmarks (Leonhardt et al. 2016;
Southwick and Buchmann 1995), pesticide contamination
(Stanley et al. 2016), diseases (Bordier et al. 2017; Li et al.
2013; Wolf et al. 2014), and pests (Kralj and Fuchs 2006).

The flight capacity of bees determines the area they can
explore (Gathmann et al. 1994; Walther-Hellwig and Frankl
2000a, b; Wright et al. 2015), so the resources they need to
survive and reproduce, such as pollen, nectar, nesting sites,
and reproductive partners, must be present in this area.
Therefore, determining the flight capacity of a bee species
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is fundamental to understanding its ecology and, based on
this, formulating appropriate strategies for species manage-
ment, for either conservation or production purposes (mainly
honey and pollination) (Dramstad et al. 2003; Gathmann and
Tscharntke 2002; Guédot et al. 2009; Nieuwstadt and Iraheta
1996; Wright et al. 2015).

The stingless bee Melipona seminigra is found through-
out most of the Amazon biome (Camargo 1994). Due to
its wide occurrence and ecological characteristics, it is one
of the native bees that is most reared in the region by sub-
sistence farmers and hobbyists (Carvalho-Zilse et al. 2005;
Venturieri 2008; Venturieri et al. 2012). Seven geographic
variations are recognized for this species, with the perni-
gra variety found between the Tapajos River and northwest
Maranhao state to the middle and low Tocantins and Xingu
basins (Camargo 1994). In the Carajas National Forest
region, the native variety is Melipona seminigra pernigra
(Costa 2019).

The overall objective of this study was to evaluate the
foraging flight distance and maximum flight distance (maxi-
mum homing ability) of colonies of M. seminigra perni-
gra using the automated data collection method of radio
frequency identification (RFID). Three questions were
addressed: (1) do the RFID tags used for monitoring affect
the flight of M. seminigra? (2) What is the effect of the land-
scape on the flight activity of M. seminigra? (3) Does experi-
ence (measured as time since colony re-establishment in the
area) affect the flight range of M. seminigra? Our hypoth-
eses were as follows: (1) the RFID tags used for monitoring
would not affect the flight of M. seminigra. (2) A landscape
without floral resources would not attract foragers, so they
would not know this area, decreasing the rate of return and
increasing the time required for return to the colony from
such an area. (3) Colonies long established in the area, which
were therefore more experienced, would have higher flight
capacity (higher rates of return and in less time) than colo-
nies newly established in the area, as already observed in
Apis mellifera (He et al. 2013).

Material and methods
Study site

The flight capacity evaluation experiments were conducted
between July and August 2017 at Carajas National Forest,
Brazil (6°5'17.93" S; 50° 9" 0.30" W; approximately 700 m
altitude) (Ministério do Meio Ambiente and ICMBio 2016).
Carajas National Forest is located in the Amazon biome, and
its vegetation is mainly open rainforest, dense rainforest, and
canga (metallophyte savanna or ferruginous fields) (Minis-
tério do Meio Ambiente and ICMBio 2016). The landscape
around the site where the experimental colonies were set
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up had two contrasting environments: an open area without
vegetation (mining crater) and a rainforest with canga areas
(Fig. 1). The climate in Carajas is AWi under the Képpen
classification (Alvares et al. 2013). July and August are the
driest months, with an abundance of flowering plants dur-
ing this period. All experimental days were sunny and had
temperatures between 25 and 32 °C.

Colonies used in the experiments

Colonies of Melipona seminigra under similar developmen-
tal conditions, i.e., equivalent numbers/amounts of brood
combs, foragers, and stored food, were used in all experi-
ments. All colonies were housed in rearing boxes commonly
used for rearing Melipona fasciculata (Venturieri 2004) that
contained a brood chamber filled with brood combs and
honey and pollen pots, in addition to a full honey super. To
perform experiment 1, we used colonies with the same time
since establishment at the site, for experiment 2, we used
only one of the colonies; and for experiment 3, we used
colonies with different times since re-establishment at the
study site.

Preparation of the bees for the experiments
and RFID monitoring system

To affix the tags, we collected the workers that returned with
pollen, resins, or clay or that had a dilated abdomen (full
of nectar), directly at the entrance of the colony. The tag
was fixed on the dorsum of the bees using high-viscosity
cyanoacrylate glue (TekBond, Saint-Gobain). The identifi-
cation tags used were passive RFID transponders operating
in the ultrahigh-frequency band of 860-920 MHz (Hitachi
Chemical, Tokyo). Each tag measured 2.5x2.5x 0.3 mm
and weighed 5.4 mg (1/13th of M. seminigra’s weight:
70 mg) (Fig. 1a). The tag size fitted easily in the 2.9 mm
wide intertegular region of M. seminigra worker, without
disturbing the wings. After affixing the tags, the workers
remained in a dark box with access to a 50% solution sucrose
ad libitum until they were released. We collected the forag-
ers in the morning (between approximately 8:00 and 9:00
a.m.) and released them at noon. The releases began at the
largest distances and ended at the smallest distances. To
monitor bee return, on the front of the wooden bee boxes
we placed modified plastic boxes (Fig. 2) containing the
RFID reader equipment: an antenna (RFID detector) and a
computer (reader and data recorder—Intel Edison) [details
in (Gomes et al. 2020) and (Nunes-Silva et al. 2019)]. This
RFID reading system allowed us to take multiple read-
ings of the same bee as it passed over the antenna (Fig. 2),
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Fig.1 Maps showing the release points of the three experiments
conducted at Carajas National Forest. a Experiment 1. Melipona
seminigra workers were marked with RFID tags or nontoxic paint. b
Experiment 2. Points marked with a star represent the distances tested
through the area without vegetation (mine); points marked with white

avoiding misreadings, as shown in Apis mellifera (Susanto
et al. 2018).

Experiment 1

Experiment 1 consisted of an evaluation of the effect of the
tag glued to the thorax on the flight capacity of M. semini-
gra. We conducted this evaluation because this species is
2 mm smaller than M. fasciculata, the species in which we
tested these sensors for the first time (Costa 2019; Nunes-
Silva et al. 2019). We translocated and released groups of
30 bees (from each of the three experimental colonies) at a
distance of 100 m. We used the same number of bees affixed
with tags and marked with nontoxic paint (Fig. 1a). The
return of bees marked with different colors of paint was
determined visually by three observers, each positioned in
front of one of the experimental colonies, for 3 h. The same
observation time was used as a cutoff for the return of RFID
tagged bees, which were automatically counted.

Hive relocation time

Hsﬂ

2
fHzD

H1’

0 50 100 150 200 250 300
Time in days

circles represent the same distances tested through the area with
native vegetation. ¢ Experiment 3. Nine release points tested to meas-
ure the flight capacity of M. seminigra foragers from colonies with
different times since establishment at the study site (white box)

Experiment 2

Experiment 2 evaluated the effect of landscape on the flight
activity of M. seminigra. Once the experimental colonies
were set up in the forest flanking the mining area, we sought
to assess whether the wide-open area of the mine located
northward (Fig. 1b) constituted a barrier to the flight activity
of M. seminigra. For this, we chose two release points to the
north on the other side of the mine cavity. The smallest dis-
tance to cross the mine was 1500 m and the longest distance
to cross the mine was 3000 m. These points were compared
with two points of equal distance to the south (the same
points used in experiment 3, in a natural landscape). Thirty
foraging workers were tagged and translocated for release at
each point (i.e., 120 tagged workers in total). For this experi-
ment, we used only one of the colonies (H1), since the other
two colonies were replaced for experiment 3.
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Fig.2 a Front view of the

bee hive (Venturieri 2004)
equipped with the RFID reading
system. b Side view of the hive
equipped with the RFID reading
system. ¢ Top view showing

the RFID reading system and
access of the bees to the nest.
Each hive module measures
25%25%8 cm

Brood chamber

Experiment 3

Experiment 3 evaluated the maximum homing ability and
foraging range (or flight range). With this objective, nine
distances were set up to determine the flight capacity of M.
seminigra: 100 m, 500 m, 1000 m, 1500 m, 2000 m, 2500 m,
3000 m, 4000 m, and 5000 m (Fig. 1c). The experimental
colonies were ground zero. Thirty bees from each colony
were tagged and released at each of the nine experimental
distances (i.e., 810 tagged workers in total). We took forage
workers from three colonies of M. seminigra, named H1
(the same as in experiments 1 and 2), H2, and H3. The first
colony (H1) was placed at the experimental site 10 months
before the start of the experiment. The second (H2) was
brought to the experimental site 1 month before the start, and
the third (H3) was brought to the experimental site 3 days
before the start.

Statistical analysis

The return, or homing, rate was estimated by the number
of workers who made their way back home, regardless of
the time required. To calculate the return time, the time of
release and take-off of the bees was considered the starting
time, and the time of entry into the colony was the ending
time. Flight time was therefore calculated as the difference
between the ending and starting times.
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Computer

The return rate and return time data were evaluated for
homogeneity of variance with Bartlett’s test. The normal-
ity of the data was evaluated with the Shapiro—Wilk test.
As the data were not normal, comparisons between groups
(different distances) were performed using the Wilcoxon and
Kruskal-Wallis tests, as appropriate. In experiment 1, we
used the Pearson Chi-squared (4°) test for return rate com-
parisons and the Wilcoxon test for return time comparisons
under the different treatments. In experiment 2, we used the
Pearson 4 test for return rate comparisons and the Wilcoxon
test for return time analyses. In experiment 3, we analyzed
the data from the three colonies separately to compare the
colonies with different setup times at the study site. To
evaluate homing ability, we considered the total number of
workers that returned from the different tested distances, i.e.,
the return rate, within 5 days. The foraging range (or flight
range) was estimated by the return time, considering only the
workers that returned on the same day of release, assuming
that these workers were the most experienced and therefore
the most informative for estimating the foraging range. Post
hoc analysis was performed using pairwise test for multiple
comparisons of mean rank-sum (Nemenyi Test). The analy-
ses were performed with the R programming language (R
Core Team 2017) within R Studio software (RStudio Team
2015).
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Results
Experiment 1

The return rate of the foragers marked with the electronic tag
(n=18) was not different from that of the workers marked
with paint (n=28) (4*=2.18, df=1, p=0.14). Similarly,
the return time of the workers marked with the different
treatments did not differ according to analysis of vari-
ance (W=177, p=0.09). The fastest bee was marked with
an RFID tag and made the return trip in 4.28 min, which
equaled a speed of 0.4 m/s. Among the bees marked with
paint, the fastest one made the trip in 6 min, equivalent to a
speed of 0.3 m/s.

Experiment 2

There was a significant difference in the number of bees
that returned from the north (other side of the mine cav-
ity) vs. from the south (forest) from the distance of 1500 m
(¥*=3.86, df=1, p=0.05). Half (50%, n=15) of the bees
released at a distance of 1500 m in the south direction
returned, while only 20% (n=06) of the bees managed to
return from the north direction (on the other side of the
mine). However, there was no significant difference in the
return rates for the 3000 m distance (y*=1, df=1, p=0.32).
Only 6.7% (n=23) of the workers returned from 3000 m from
the forest direction (south), while 3.3% (n=1) returned from
the other side of the mine in the north direction. The return
times of the bees released at the 1500 m distance did not
differ significantly (W=54, p=0.52) between forest (south)
and mine (north). The fastest bee made this trip from the

forest (distance of 1500 m) at 0.13 m/s, and the fastest bee
released on the mine side (distance of 1500 m) made the
trip in 0.10 m/s.

Experiment 3

The return ability was not the same between all the tested
colonies (Fig. 3). It was more similar between colonies H1
and H2 (W=46.5, p=0.62), but there was a trend for fewer
workers to return from colony H3 than H1, but the results
were above the significant threshold (W=60.5, p=0.08).
The highest return ability was from colony H1, of which one
worker (3%) returned from 5000 m, followed by colony H2,
of which one worker (3%) returned from 4000 m. The return
limit for workers of colony H3 was 2000 m, from which only
one worker (3%) returned.

The return rate was greater than 50% up to 1000 m (Fig. 3)
for colonies H1 and H2. At> 1500 m, there was a decrease
in the return rate to 50% (H1) or lower (H2). At>2000 m,
only 20% or fewer (H3) of the workers returned. Less than
50% of the bees returned to H3 from all release distances.

Return times for H1 differed significantly between release
distances (K—W y*>=24.833, df=3, p=1.674e—05). Neme-
nyi’s post hoc test revealed significant differences between
100 and 1500 m (p=1.5e—05) and between 500 and 1500 m
(p=0.00). Therefore, there was a significant increase in
the return time of Melipona seminigra workers released
at> 1500 m (Fig. 4). The fastest bee returned from 100 m in
1.13 min, which made for a speed of 1.5 m/s.
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Fig.4 Top: return time for workers released at different distances,
colony H1. Distances above 1500 m were not included in the analysis.
Only one worker returned from 2000 m to the H1 colony on the first
experimental day. Kruskal-Wallis y*=24.833, df=3, p=1.674e—05.
Bottom: box plot showing the return times for workers released at dif-
ferent distances, colony H2. Although differences were found by the
Kruskal-Wallis test (KW »>=10.795, df=4, p=0.03), Nemenyi’s
post hoc test indicated no significant differences in return time with
release distance (p>0.26). In this figure, each box indicates the 25th—
75th percentiles, the black line inside the box indicates the median,
the dashed lines indicate the minimum and maximum limits, and the
circles indicate the outliers. Number of bee returns per distance and
colony: 100 m (H1=13; H2=17); 500 m (H1 and H2=17); 1000 m
(H1=10; H2=11); 1500 m (H1=10; H2=6)

Discussion

The use of RFID monitoring in the study of bee behavior is
relatively recent and has been applied to species with rela-
tively large body sizes (Nunes-Silva et al. 2018). Our com-
parison between RFID tags and paint indicated that M. semi-
nigra is not hampered in its flight capacity by tag use. Both
the return rate and the return time did not differ between the
workers marked with electronic tags and those marked with
paint. The same was observed in other studies using RFID
tags in different species of bees (He et al. 2013; Nunes-Silva
et al. 2019, 2018; Oystaeyen et al. 2013), confirming that
RFID monitoring is a technique with great potential.
Landscape-related factors, such as the landmarks that
bees learn and use for orientation when returning to the
nest, influence the flight distance and the homing ability
of bees (Southwick and Buchmann 1995; Steffan-Dewenter
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and Kuhn 2003). Apis mellifera, for example, shows differ-
ent homing abilities when released in different directions,
demonstrating that the area of activity is not circular but
rather is motivated by landscape elements, which allow them
to learn the landscape (Pahl et al. 2011). Another compo-
nent is resource availability (Campbell et al. 2019; Garbuzov
and Ratnieks 2014; Southwick and Buchmann 1995). Thus,
because the return rate was higher for the bees released in
the direction of the forest (south side) than for bees released
at the same distance in the mining area, we conclude that the
landscape has an effect on the flight capacity of M. semini-
gra, as observed in other bee species. It is possible that, due
to the lack of resources in the sterile mining environment,
the M. seminigra workers were not familiar with the release
site and therefore were unable to return from there to the
colony.

Based on the return rates in experiment 3, we estimated
that the distance at which the M. seminigra workers for-
age is approximately 1000 m. Up to this distance, more
than 60% of the workers can return to the colony of origin.
At>1500 m, 50% or fewer of the bees could return home.
There was a sharp drop in the number of bees that returned
to the colonies at>2000 m, from which the return rate
dropped to 20% or less. The numbers of bees that returned
to colonies H1 and H2 were similar, but they contrasted with
the few bees that returned to colony H3. The maximum hom-
ing ability also differed between the colonies, being higher
in H1 (5000 m) than in H2 (4000 m) and H3 (2000 m). The
analysis of return times for the different distances resulted
in significant differences only for the H1 colony, with no
differences for colonies H2 and H3. The return times of H1
workers increased significantly starting at 1500 m. Colony
H1 was at the experimental site for 10 months, colony H2
for 1 month, and colony H3 for 3 days before the begin-
ning of the experiment. Colony H1, the longest estab-
lished, had a flight time proportional to the distance, as the
bees took longer when they started farther than when they
started closer to the colony. Colony H2 and colony H3, in
particular, showed greater variation in return times at all
distances tested (Fig. 4), probably due to the greater num-
ber of disoriented bees, which took longer to return even
at shorter distances. These results indicate the influence of
colony experience (time in a given area) on the return capac-
ity of M. seminigra workers, as observed for Apis mellifera
(He et al. 2013) and Melipona mandacaia (Rodrigues and
Ribeiro 2014).

Thus, we conclude that M. seminigra workers make forag-
ing flights of approximately 1000 m, with 5000 m being the
maximum homing capacity for this species. These distances
represent half the flight capacity estimated for M. fascicu-
lata using the same equipment as the present study and in
the same environment (Nunes-Silva et al. 2019). Melipona
seminigra has a body size approximately 2 mm smaller than
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M. fasciculata (Costa 2019), and the intertegular distance of
M. seminigra is 2.9 mm, 0.4 mm smaller than the 3.3 mm
of M. fasciculata (Borges et al. 2020). Thus, this result cor-
roborates previous studies that show a correlation between
body size and flight capacity of Meliponini species (Aratjo
et al. 2004; Greenleaf et al. 2007; Mayes et al. 2019; Nieu-
wstadt and Iraheta 1996).

The mapping of landmarks and resources in the landscape
is important for a bee’s ability to exploit the environment.
This result indicates that in changing landscapes, such as
deforestation areas, or seasonal changes in soil used for
agriculture, bees in the remaining natural areas might have
trouble in orientation, and consequently impact their ability
to forage and survive. Moreover, colonies that have been
at a site less than 2 months do not have workers that can
fully exploit a new landscape, as observed in Apis mellif-
era (He et al. 2013). This information should be considered
when using these bees for pollination of agricultural crops,
as well as for the conservation of colonies transferred from
one location to another. We recommend that colonies newly
established in a new location receive special care, such as
supplementary feeding, for at least 1 or 2 months.
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