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Abstract
Many animals deposit odours in their environment, either intentionally or unintentionally, that remain at a site after the 
animal itself has left. These odours may be exploited by other species as social information, and thus have a significant role 
in structuring species interactions, even where the species involved rarely interact directly. Here we show that three spe-
cies of Australian social stingless bees (Meliponini) not only detect the odours left behind by conspecifics, but also those 
of an abundant introduced competitor, the honey bee Apis mellifera (Apini). Foraging bees deposit pheromones that assist 
nestmates in locating profitable food sources (signals) and/or involuntary olfactory “footprints” (cues), both of which are 
vulnerable to exploitation by the foragers of other colonies. Using choice trials, we find that foragers of Tetragonula carbon-
aria, Tetragonula clypearis and Austroplebeia australis were more attracted to feeders recently used by, and thus carrying 
the odours of, their own species (both nestmates and non-nestmates) or honey bees, than to clean unused feeders. Australia’s 
stingless bees may learn to associate honey bee odours with food and exploit this to their advantage, or they may mistake 
honey bee odours for some other attractant and be misdirected. Our results suggest that introduced social insects could have 
a previously overlooked impact on resident communities, by modifying the olfactory landscape of shared resources in ways 
that alter native species’ foraging behaviour.
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Introduction

Many animals use the social information provided by het-
erospecifics to make decisions on when, where and how to 
forage, and thus improve their foraging success (Danchin 
et al. 2004). In a common scenario, predators benefit from 
social information to detect prey, and prey do likewise to 
ensure they forage in safety from predators (Seppänen et al. 
2007). Such use of social information may also occur, how-
ever, within a trophic level, where it can play a key role in 
shaping the competitive interactions between species and, 
in turn, the structure of ecological communities (Goodale 
et al. 2010). Social insects have proved valuable model sys-
tems for understanding these within-trophic interactions 
because they often deposit signals (pheromones) and cues 

(e.g. chemical “footprints”) at food sources, both of which 
are vulnerable to detection and use by competing species 
(Goodale et al. 2010; Lichtenberg et al. 2011; Menzel et al. 
2010; Nieh et al. 2004; Slaa and Hughes 2009; Stout and 
Goulson 2001).

The use of heterospecific odours by foraging social 
insects has to date been documented only in systems where 
the species involved have a long-standing history of sym-
patry. For example, some arboreal ants form close nesting 
associations in which one species locates food by following 
the other’s pheromone trails (Vantaux et al. 2007), some 
Neotropical stingless bees reduce conflict with congeners 
by detecting and avoiding their food-marking pheromones 
(Lichtenberg et al. 2011), and honey bees use the odour 
cues deposited at flowers by bumble bees to avoid flowers 
recently depleted of nectar (Stout and Goulson 2001). Yet 
many ecosystems today include introduced species whose 
ecological niches overlap with those of resident taxa. The 
ability of native species to recognise and respond to the 
odours of aliens, or vice versa, will presumably influence 
how they interact, and thus the impact of new species on 
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an ecosystem. Such interactions are invisible to the human 
observer, yet may be a significant component of interspecific 
competition or facilitation, even where the species are rarely 
seen to interact directly.

Here, we assess the ability of three species of Australian 
stingless bees (Meliponini) to detect the odour marks left 
at food sources by both their own species, and an abundant 
introduced species, the honey bee, Apis mellifera (Apini). 
Foraging bees may recruit nestmates to high quality food 
sources or other resources by actively depositing phero-
mones at, or leading to, the resource site (e.g. stingless bees: 
Barth et al. 2008; Alavez-Rosas et al. 2017; honey bees: 
Free and Williams 1983; Williams et al. 1981) and/or they 
may leave behind involuntary olfactory footprints at food 
sources (e.g. stingless bees: Schmidt et al. 2005; Roselino 
et al. 2016; honey bees: Ferguson and Free, 1979; Bortolotti 
and Costa 2014; bumble bees: Saleh et al. 2007). Foragers 
from other colonies may then detect and use these odours to 
increase their own foraging efficiency, either by exploiting 
the resource themselves (Nieh et al. 2004), or by avoiding a 
resource that has been recently depleted (Giurfa and Núñez 
1992; Stout and Goulson 2001). The Meliponini have a pan-
tropical distribution, comprising an estimated 600 species 
across two clades: Neotropical and Afro-Australasian (Ras-
mussen and Cameron 2010). Several species of Neotropi-
cal stingless bee use nestmate-deposited odours to identify 
food sources and some also lay trail pheromones directing 
nestmates towards food (Barth et al. 2008; Jarau 2009), but 
whether the use of nestmate-deposited odours in foraging is 
widespread among Meliponini remains unclear. In one Aus-
tralian species, T. carbonaria, nestmate-deposited odours 
have been proposed to aid their ability to rapidly recruit to a 
food source (Bartareau 1996; Nieh et al. 1999). If Austral-
ian stingless bees use the odours deposited by nestmates 
to locate profitable food sources, and are also capable of 
exploiting the odours of neighbouring nests’ foragers, then 
we expected to observe attraction to food sources previously 
used by both nestmate and non-nestmate conspecifics.

Honey bees are native to Africa and Eurasia but A. mel-
lifera has been widely introduced elsewhere alongside 
human agriculture (Moritz et al. 2005), including Australia 
in c.1822 (Hopkins 1886). Their impact on native bees is 
poorly understood but generally assumed to be neutral, or 
negative due to competition for food and nest sites, patho-
gen transfer and the pollination and spread of exotic plants 
(Goulson 2003; Mallinger et al. 2017; Paini 2004; Stout and 
Morales 2009; Wojcik et al. 2018). In Australia, honey bees 
and stingless bees have overlapping ranges and use common 
floral resources (Fig. 1A, Heard 2016), indicating there is 
potential for these species to be regularly exposed to each 
others’ food-marking odours. Stingless bees and honey bees 
in Australia, therefore, provide an excellent opportunity 
to assess whether the food-marking odours of introduced 

species can affect the foraging behaviour of native species. 
If Australian stingless bees recognise and respond to honey 
bee odours during foraging, then we expected to observe 
either attraction to, or avoidance of, food sources previously 
used by honey bees.

Methods

We performed a series of feeder choice trials to deter-
mine whether three species of Australian stingless bee 
(Tetragonula carbonaria, Tetragonula clypearis and Aus-
troplebeia australis) respond to food sources recently used 
by conspecifics, or by A. mellifera (hereafter: honey bee). 
Used food sources accumulate the odour marks (pheromones 
and/or footprints) of previous foragers. Trials took place 
in Sydney for T. carbonaria (outdoor grassy areas at the 
University of Sydney’s Crommelin Field Research Station 
− 33.5496° S, 151.29926° E) and A. australis (a residential 
property in southern Sydney; 34.0627 S, 151.1193 E) during 
the summers of 2015, 2016 and 2018. Trials for T. clypearis 
were conducted in Cairns (in the backyard of a rented house; 
16.9256° S, 145.7753° E) during winter 2015. We used 
two hived colonies per stingless bee species and 1–2 hived 
colonies of honey bees per location. The two stingless bee 

Fig. 1  A Native T. carbonaria and introduced A. mellifera co-for-
aging in Australia (image: T. Smith) B The position of feeders (t) 
relative to hives (H) during training and test phases of experimental 
choice trials
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colonies per site were separated from each other by at least 
10 m. The colonies used per species were not recently propa-
gated from each other (i.e. not close relatives) and, therefore, 
considered to be independent. All colonies were free-flying.

Training

At each colony, we trained foragers to artificial feeders posi-
tioned directly in front of the colony entrance (Fig. 1B). We 
observed bees travelling between the feeder and the hive to 
confirm foragers originated from our hives. Feeders were 
50 ml specimen jars wrapped in blue-electrical tape to make 
them opaque, and fitted atop perspex discs (75 mm diameter) 
with 24 radial grooves (1 mm wide). When the jar was filled 
with feeding solution, the solution flowed into the grooves 
where it could be accessed by the bees. We placed a filter 
paper (90 mm diameter) beneath each feeder to increase 
the landing area, and the whole feeder was positioned on a 
platform fixed to a wooden stake such that it was at approxi-
mately the same height off the ground as the hive entrance 
(c. 40 cm). Feeding solution comprised of 50% sugar solu-
tion (T. clypearis trials) or 50% commercial honey bee honey 
solution (T. carbonaria and A. australis trials). The training 
phase continued until ten or more bees were feeding simul-
taneously on a feeder.

Choice trials

We conducted four types of choice trials for each stingless 
bee colony (n = 3 trials per type per colony): nestmates, 
conspecific non-nestmates, honey bees and site-controls. 
Each trial had an odour-marking colony and a test colony, 
excluding the control. In nestmate trials, the same colony 
performed both roles.

Trials had two phases (Fig. 1B): in phase one, foragers 
at the marking colony and test colony were given 30 min 
to use the feeders in the training positions in front of their 
respective hives; in phase two, the feeder in front of the 
marking colony (now the marked feeder) was taken and 
placed alongside a clean unused feeder of identical appear-
ance and food volume in front of the testing colony but at a 
distance one metre beyond the training feeder. At the same 
time, the test colony’s training feeder was removed and the 
trial session began. We recorded the number of test colony 
bees landing on either the marked or clean feeder for 20 min, 
catching all bees with an aspirator immediately upon landing 
to prevent recounting, and to prevent further odour deposi-
tion. We counted only bees that approached and landed when 
no other bees were on the feeders, to minimise the chance 
that foragers were using the visual cue of a preceding nest-
mate (a cue used by other stingless bees; Slaa et al. 2003); 
these uncounted bees were also aspirated at the feeders. 
We swapped the position of the marked and clean feeders 

every five minutes during trials to reduce any influence of 
wind direction, and alternated the starting position (left or 
right) of marked feeders between trials. Across all trials, 
the majority of forager visits occurred in the first 10 min 
of the 20-min test period (mean: 86%), as expected given 
that trained foragers were progressively captured as time 
elapsed. In site-control trials, we presented test colonies with 
a choice of two clean feeders to confirm that there was no 
arbitrary bias to select left-hand or right-hand feeders in the 
testing position for each colony. In all trials, we were careful 
to ensure both feeders were exposed to equal sunlight, and 
that no spills were made during feeder movements that might 
affect feeder choices.

For T. carbonaria and A. australis, we also conducted 
additional “extra-odour” trials, to assess whether foragers 
showed a general bias towards feeders with extra, or novel, 
odours. Such a bias is not expected for social bees, in which 
responses to flower odours are learnt (Reinhard et al 2004; 
McCabe and Farina 2009), though Australian stingless bees 
have not yet been tested in this respect. In “extra-odour” tri-
als, we presented test colonies with a choice between a clean 
feeder and one in which the feeder site was scented with 
vanilla by adding four 2 μl drops of diluted vanilla extract 
onto the filter paper beneath the feeder (1:10 solution; Queen 
Natural Vanilla Extract, one drop per quarter of the circu-
lar paper). Clean feeders in these trials received drops of 
water only. We were unable to perform this trial type with T. 
clypearis, due to the time constraints of our fieldwork in this 
species’ native range of north-eastern Australia.

In all trial types, we handled feeders with gloves and 
cleaned them with 100% ethanol and soapy water between 
trials. For T. carbonaria trials, the number of marking bees 
visiting the feeder during the phase one (“marking phase”) 
was limited to 20 by using paint-pens to mark the thorax of 
20 foragers and allowing only these painted bees to use the 
feeder (non-painted visitors were removed with an aspira-
tor; see Table S1). Trials with T. clypearis and A. austra-
lis allowed an indeterminate number of bees to use feeders 
during the allocated time for phase one; for these species, 
typically around ten bees were on the feeder at any one time 
during this period but the total number of individual bees 
using the feeder in the marking phase was not recorded.

Analysis

We compared the number of bees landing on the marked 
and blank feeders in each trial to the number that might 
be expected by chance if the probability of choosing each 
feeder was 50%, using the binomial probability function 
(one tailed; following Nieh et al. 2004). To assess overall 
responses within trial types per species, we also used bino-
mial tests to compare the number of all trials of a given trial 
type in which a majority of bees chose the marked feeder 
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to that expected by chance if there were no preference for 
marked feeders (where chance predicts marked feeders are 
preferred in three of six trials). Finally, we used Chi-square 
tests for homogeneity of proportions to assess, per species, 
if the proportion of foragers choosing marked feeders was 
similar between the two colonies tested per species, and 
between all trials within and across colonies of the same 
type. This allowed us to detect whether colony-level effects 
were driving preferences in any trial type, and whether for-
ager behaviour was consistent within colony. All analyses 
were conducted in SPSS ver. 20.

Results

Stingless bee foragers in all three species (T. carbonaria, 
T. clypearis and A. australis) were attracted in higher num-
bers to feeders that had previously been used by their nest-
mates than clean unused feeders in all trials, consistent with 
these species depositing an odour that aids in recruitment (6 
out of 6 trials, binomial test; P < 0.05 per species; Table 1; 
Fig. 2, Supplementary Tables S1–S3). Foragers were also 
more attracted to feeders recently used by either conspecif-
ics of another colony, or by honey bees, than they were to 
clean unused feeders (6 out of 6 trials, P < 0.05 per trial type 
per species; Table 1; Fig. 2, Supplementary Tables S1–S3). 
Thus, these stingless bees can detect and use both intraspe-
cific odours, and the odours of an introduced species (A. 
mellifera), in foraging decisions.

Among trials that presented a choice between two clean 
feeders, there was no significant bias towards left or right 
(P > 0.05 for all colonies; Supplementary Table S1–S3). In 
colonies of T. carbonaria and A. australis, for which “extra-
odour” trials were conducted, there was also no preference 
for vanilla-scented feeders over unscented feeders, indicating 
foragers did not simply prefer more scented feeders (P = 0.31 
per species; Table 1; Fig. 2; Supplementary Table S4).

For almost all trial types, the proportion of foragers 
choosing odour-marked feeders was homogenous across 
trials (chi-square tests of homogeneity, P > 0.05; Table 1; 
Supplementary Tables S1–S4); that is, foragers’ prefer-
ences were similar in magnitude between the two colonies 
tested per species, indicating no colony-level effect, and also 
similar in magnitude between each of the three trials per 
colony, indicating consistent responses by the foragers of 
each colony. The exception was A. australis responding to 
feeders used by nestmates; in this case, while there was a 
preference for used feeders in all trials, it varied significantly 
in magnitude between the six trials (range: 64–95% of for-
agers per trial chose the feeder recently used by nestmates; 
Supplementary Table S3). This variation might have arisen 
from variation in the numbers of foragers marking the feeder 
during the marking phase, where more marking bees would 

presumably elicit a stronger preference for used feeders in 
the test phase than fewer marking bees.

Discussion

We show that foragers of the Australian stingless bees T. 
carbonaria, T. clypearis and A. australis are attracted to the 
odours left behind at artificial food sources by the forag-
ers of their own, or other conspecific, colonies. These spe-
cies, therefore, join the cohort of Neotropical stingless bee 
species that have been shown to respond to the odours left 
behind by conspecific visitors under similar experimental 
conditions (Alavez-Rosas et al. 2017; Boogert et al. 2006; 
Hrncir et al. 2004; Koethe et al. 2020; Lichtenberg et al. 
2009; Nieh et al. 2004, 2003; Schmidt et al. 2005; Villa and 
Weiss, 1990), consistent with this behaviour being ancestral 
to all meliponines, and perhaps all corbiculate bees (Saleh 
and Chittka 2006). Forager-deposited odours may be phero-
mone signals, chemical footprints or a combination of both 
(Jarau 2009). Whichever the case for our study species, the 
ability of foragers to detect both nestmate and non-nestmate 
odours confirms that their foraging decisions are responsive 
to the social information provided by conspecifics in their 
environment, and that colonies can influence the foraging 
behaviour of their neighbours indirectly via odours left at 
food sources.

In addition to being attracted to conspecific odours, we 
found that Australian stingless bees were also attracted to 
feeders recently used by, and thus carrying the odours of, 
an introduced species: the honey bee, A. mellifera. Although 
honey bees have been reported to use the nestmate-attract-
ing pheromone Nasonov to mark artificial feeders or water 
sources (Free and Williams 1983; Williams et al. 1981), we 
did not observe honey bees in the marking phase of our tri-
als performing characteristic Nasonov-scenting behaviour 
(raised and pulsating abdomen). The odours left on feeders 
by honey bees in our experiment were more likely therefore 
to be a footprint odour, such as a tarsal gland secretion (Bor-
tolotti and Costa 2014). Indeed, previous studies have shown 
honey bees themselves are attracted to artificial feeders that 
have been recently walked on by their nestmates (Williams 
and Poppy 1997; Koethe et al. 2020). The ability to detect 
and respond to heterospecific foragers’ odours has been well 
documented among social insect species that have coevolved 
in a shared ecosystem (e.g. Lichtenberg et al. 2011; Stout 
and Goulson 2001; Vantaux et al. 2007; Menzel et al. 2010). 
In contrast, Australian stingless bees and honey bees have 
come into sympatry in only the last 200 years. While evolu-
tion can of course act on such timescales, our view is that 
an evolved receptivity to honey bee odours is unlikely to 
account for the behaviour of all three Australian stingless 
bee species studied here.



155Australian stingless bees detect odours left at food sources by nestmates, conspecifics and…

1 3

Ta
bl

e 
1 

 S
um

m
ar

y 
re

su
lts

 o
f f

ee
de

r c
ho

ic
e 

tri
al

s 
w

ith
 T

et
ra

go
nu

la
 c

ar
bo

na
ri

a 
(T

ca
r)

, A
us

tro
pl

eb
ia

 a
us

tra
lis

 (A
au

s)
, a

nd
 T

et
ra

go
nu

la
 c

ly
pe

ar
is

 (T
cl

y)
 in

 w
hi

ch
 fo

ra
ge

rs
 c

ou
ld

 c
ho

os
e 

be
tw

ee
n 

cl
ea

n 
un

us
ed

 fe
ed

er
s a

nd
 fe

ed
er

s r
ec

en
tly

 u
se

d 
by

 n
es

tm
at

es
, c

on
sp

ec
ifi

cs
 fr

om
 a

no
th

er
 c

ol
on

y 
(c

on
sp

.),
 th

e 
ho

ne
y 

be
e 

Ap
is

 m
el

lif
er

a 
(A

m
el

), 
or

 m
ar

ke
d 

w
ith

 a
 fl

ow
er

 o
do

ur
 (v

an
ill

a)

Th
e 

nu
m

be
r o

f f
or

ag
er

s 
ch

oo
si

ng
 m

ar
ke

d 
an

d 
cl

ea
n 

fe
ed

er
s 

ar
e 

to
ta

l n
um

be
rs

 a
cr

os
s 

6 
tri

al
s 

(th
re

e 
tri

al
s 

pe
r c

ol
on

y,
 tw

o 
co

lo
ni

es
 p

er
 s

pe
ci

es
), 

M
pr

ef
 tr

ia
ls

 is
 th

e 
ra

tio
 o

f t
ria

ls
 (n

/6
) i

n 
w

hi
ch

 th
e 

m
ar

ke
d 

fe
ed

er
 a

ttr
ac

te
d 

m
or

e 
fo

ra
ge

rs
 th

an
 th

e 
cl

ea
n 

fe
ed

er
, a

nd
 a

na
ly

si
s v

al
ue

s i
nd

ic
at

e 
th

e 
si

gn
ifi

ca
nc

e 
of

: (
1)

 th
e 

pr
op

or
tio

n 
of

 fo
ra

ge
rs

 c
ho

os
in

g 
us

ed
 fe

ed
er

s o
ve

r c
le

an
 fe

ed
er

s p
er

 tr
ia

l, 
an

d 
fo

r a
ll 

tri
al

s i
n 

a 
ty

pe
 p

oo
le

d 
(o

ne
-ta

ile
d 

bi
no

m
ia

l p
ro

ba
bi

lit
y 

p =
 q 

=
 0.

5)
, (

2)
 th

e 
pr

op
or

tio
n 

of
 tr

ia
ls

 in
 w

hi
ch

 th
e 

m
aj

or
ity

 o
f f

or
ag

er
s c

ho
se

 u
se

d 
fe

ed
er

s o
ve

r c
le

an
 fe

ed
er

s (
bi

no
m

ia
l p

ro
ba

bi
lit

y 
p =

 q 
=

 0.
5)

, a
nd

 (3
) c

hi
-s

qu
ar

e 
te

sts
 o

f h
om

og
en

ei
ty

 o
f p

ro
po

rti
on

s w
ith

in
 e

ac
h 

tri
al

 ty
pe

 (w
he

re
 P

 >
 0.

05
 in

di
ca

te
s c

on
si

ste
nt

 re
su

lts
 b

et
w

ee
n 

ea
ch

 c
ol

on
y 

an
d 

be
tw

ee
n 

al
l t

ria
ls

). 
Fu

ll 
re

su
lts

 p
er

 
tri

al
 a

re
 g

iv
en

 in
 S

up
pl

em
en

ta
ry

 T
ab

le
s S

1–
S4

B
ol

d 
va

lu
es

 in
di

ca
te

 si
gn

ifi
ca

nt
 a

t p
 <

 0.
05

 v
al

ue
s

N
o.

 fo
ra

ge
rs

 c
ho

os
in

g:
A

na
ly

si
s:

Sp
ec

ie
s

Tr
ea

tm
en

t
M

pr
ef

 tr
ia

ls
M

ar
ke

d 
fe

ed
er

C
le

an
 fe

ed
er

(1
)

(2
)

(3
)

P
P

χ
df

P

Tc
ar

ne
stm

at
es

6/
6

12
3

56
 <

 0.
00

1
0.

01
6

3.
7

5
0.

58
Tc

ar
co

ns
p.

6/
6

80
24

 <
 0.

00
1

0.
01

6
4.

0
5

0.
55

Tc
ar

A
m

el
6/

6
16

2
53

 <
 0.

00
1

0.
01

6
4.

9
5

0.
43

Tc
ar

va
ni

lla
3/

6
11

0
10

7
0.

44
6

0.
31

2
6.

55
5

0.
25

A
au

s
ne

stm
at

es
6/

6
17

1
51

 <
 0.

00
1

0.
01

6
13

.5
4

5
0.

02
A

au
s

co
ns

p.
6/

6
17

7
98

 <
 0.

00
1

0.
03

4.
51

5
0.

48
A

au
s

A
m

el
6/

6
14

3
67

 <
 0.

00
1

0.
01

6
3.

17
1

5
0.

68
A

au
s

va
ni

lla
3/

6
12

8
10

7
0.

09
6

0.
31

2
9.

75
5

0.
08

Tc
ly

ne
stm

at
es

6/
6

25
7

14
8

 <
 0.

00
1

0.
01

6
8.

8
5

0.
12

Tc
ly

co
ns

p.
6/

6
13

6
71

 <
 0.

00
1

0.
01

6
8.

4
5

0.
14

Tc
ly

am
el

6/
6

19
4

65
 <

 0.
00

1
0.

01
6

5.
9

5
0.

31



156 R. Gloag et al.

1 3

We consider three possible mechanisms to be candidate 
explanations for Australian stingless bees’ observed attrac-
tion to honey bee odours at food sources. First, stingless bees 
may learn to associate honey bee odours with food. Honey 
bees were present and abundant at all sites where our trials 
took place, thus stingless bee foragers in our trials may have 
learnt to associate honey bees’ food-marking odours with 
profitable resources during their natural foraging experi-
ences gained prior to, or outside of, our experimental set-
up. Social bees are adept at associative learning of odours, 
which is central to their foraging strategy (Hammer and 
Menzel 1995) and the odours of non-native heterospecifics 
are presumably no more challenging to learn than those of 
non-native flowers, which are also abundant in Australian 
cities and regularly visited by native bees. Both stingless 
bees (Roselino et al. 2016) and bumble bees (Ballantyne 
and Willmer 2012; Saleh and Chittka 2006; Witjes and Eltz 
2006), as well as some ants (Menzel et al. 2010), have been 
shown to be capable of learning and predicting food reward 
levels from volatile food markings, and such fine-tuned 
responses to both conspecific and heterospecific forager 
odours is probably a widespread feature of social insect for-
aging. Learning would also be consistent with the ambiva-
lence of foragers to vanilla-scented feeders in the “added-
odour” trials with two of our study species (T. carbonaria 

and A. australis). Our test colonies had no opportunity for 
prior experience with vanilla and, therefore, did not asso-
ciate it with a food reward. Importantly, under a learning 
scenario, stingless bees might equally learn to avoid honey 
bee odours if they were associated with poor resources, such 
as depleted flowers. That is, if learning explains the behav-
iour of stingless bees in our study, then we predict the effect 
of honey bee odours on stingless bee behaviour will vary 
depending on the learnt relationships between odour and 
food rewards in different contexts. Similarly, responses to 
honey bee odours may vary depending on whether or not 
they are accompanied by a scent that indicates an ongoing 
resource (e.g. honey) or a depletable resource (e.g. a flower).

A second possible explanation is that stingless bees’ 
attraction to honey bee odours arises from recognition 
error, because honey bee odours are similar to their own, 
or to those of other native biota for which their sensory 
systems and behaviour are adapted. In the case of recruit-
ment pheromones, very high similarity between those of 
Australia’s stingless bees and honey bees is unlikely. Pher-
omone chemistry in bees varies significantly within gen-
era (Lichtenberg et al. 2011), and even between colonies 
within species (John et al. 2012; Jarau et al. 2010), and 
behavioural studies indicate that bees can readily detect 
and respond to this intraspecific variation. Honey bees 
and stingless bees, meanwhile, diverged from a common 
ancestor 80 million years ago (Rasmussen and Cameron 
2010) and excrete their recruitment pheromones from dif-
ferent glands (labial glands for many stingless bees, Jarau 
2009; Nasonov glands for honey bees, Williams et  al. 
1981). The extent to which foragers could mistake own 
species’ footprint odours for those of other species, how-
ever, is less clear. Some chemical components of footprint 
cues are certain to be shared between all social bees; the 
footprints of bumblebees, honey bees and stingless bees 
are in all cases comprised mostly of long-chain alkanes 
and alkenes (Cassier and Lensky 1997; Jarau et al. 2004; 
Schmitt et al. 1991). Yet, as for pheromones, even small 
differences in footprint chemistry may be enough to elicit 
species-specific responses in foragers. A next step will 
be to assess the chemical profile of both honey bee and 
Australian stingless bees food-marking odours, in combi-
nation with behavioural studies of foragers’ responses to 
candidate compounds. Ideally, characterisation of sting-
less bee recruitment odours would include food sources 
placed at greater distances from the hive than those of our 
study (i.e. > 2 m), to account for the possibility that bees 
deploy different recruitment odours at larger foraging dis-
tances. Notably, even if foragers are not making recogni-
tion errors per se, similarity between the chemical profiles 
of odours of native and non-native species might facilitate 
more rapid learning, such that both chemistry and learning 
contribute to odour detection.

Fig. 2  The proportion of foragers (± 95% C.I.) of three species of 
Australian stingless bee (Tetragonula carbonaria, Austroplebeia aus-
tralis and Tetragonula clypearis) choosing odour-marked feeders over 
clean unused feeders in choice trials where marked feeders were those 
recently used by (i) nestmates, (ii) conspecifics from another colony, 
(iii) honey bees, or (iv) scented with vanilla. Trials with added vanilla 
were conducted for T. carbonaria and A. australis only. Numbers 
above bars indicate the total number of foragers for which choice was 
recorded across all six trials for a given species and trial type. Aster-
isks above bars indicate a significant preference for the marked feeder 
across all trials according to a binomial test
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A third possible explanation for our data is that Australian 
stingless bees show a general preference for more odour over 
less odour when foraging, thereby preferring recently used 
feeders in our feeder trials. We consider this explanation 
the least likely, given that the use of floral odour in forag-
ing decisions in other social bees is well documented to be 
acquired via previous exposure to the odour, either during 
foraging or in the nest (e.g. Reinhard et al. 2004; McCabe 
and Farina 2009). Furthermore, it is difficult to imagine that 
such a broad rule-of-thumb preference could be adaptive for 
social bees, given the vast array of flower and other odours 
present in the environment. Also consistent with this view, 
neither T. carbonaria nor A. australis showed a preference 
for feeders scented with vanilla over unscented feeders, 
though we cannot rule out that certain odours might elicit a 
general preference relative to no-odour feeders.

Will the ability of stingless bees to detect and respond to 
the odours of honey bees influence their foraging ecology 
in natural contexts? Honey bees are abundant throughout 
Australia and use the same broad range of floral resources 
as stingless bees (Heard 2016; Elliot et al. 2021). Sting-
less bees would, therefore, encounter their odours at flow-
ers frequently. If the attraction to honey bee signals stems 
from simple recognition error, then the outcome for stingless 
bees is likely variable: they would sometimes benefit from 
recruitment to mutually profitable food, but they might also 
risk being diverted away from optimal forage, in cases where 
the needs of each species differed. Assuming that the attrac-
tion has been learnt from positive reinforcement, however, 
then it follows that stingless bees can benefit from this use 
of novel heterospecific social information through increased 
foraging efficiency. Relative to Australia’s stingless bees, 
honey bees fly earlier in the day and at cooler temperatures, 
have more foragers, and larger foraging ranges (Heard 
2016; Smith et al. 2016). Provided stingless bees are not 
competitively excluded from shared resources, they might, 
thus, exploit honey bees’ superior search behaviour to find 
food quickly. Both species are often seen at the same flow-
ers without obvious antagonism (Fig. 1A, Heard 2016), but 
whether forager-deposited odours play a role in these shared 
foraging decisions remains unclear. And as a learnt behav-
iour, stingless bees might equally benefit in some contexts 
from learning to avoid honey bee odours at natural forage, 
perhaps to avoid competition or depleted resources (Roselino 
et al. 2016; Saleh and Chittka 2006).

Ultimately, the influence of honey bee odours on sting-
less bee natural foraging success will depend on the interac-
tion of many factors, including the relative preferences for 
own and heterospecific odours, additional cue and odour 
preferences (e.g. responses to other species in the environ-
ment), the volatility of food marks, food availability and 
the relative density of each species. These diverse factors 
remain to be investigated in future studies. For example, a 

relative preference for own species’ odours may ensure that 
intraspecific interactions dominate over interspecific ones. 
Assuming the food-marking odours of each species can be 
characterised in the future, such preferences could be best 
tested via trials that offer foragers a choice between feed-
ers with equal doses of species-specific odours. The rela-
tive volatility of odours of each species will also affect their 
importance in foraging ecology. Footprints may be shorter 
range than some pheromones, and thus more likely to affect 
behaviour only on close approach to a food source. Like-
wise, relative dosages of food-marking odours depend on 
the abundance of foragers using food sources. In our trials, 
we show that for T. carbonaria, visits by twenty foragers 
was sufficient to produce an odour at the feeder detectable 
by subsequent foragers under our experimental conditions. 
Further work is needed, however, to determine exactly how 
intensively a food source must be marked before it influences 
forager preferences in natural conditions. Finally, whether 
honey bees show a reciprocal ability to detect and respond to 
stingless bee odour marks is also an open question, and will 
determine the extent to which social information at shared 
resources influences the interaction of these species.

The responses of native animals to the odours of intro-
duced animals have been well studied in predator–prey 
contexts, particularly for vertebrates (Anton et al. 2020; 
Steindler et al 2018; Webster et al. 2018). For example, the 
failure of prey to detect or avoid the odour cues of novel 
mammalian predators is thought to be a key driver of native 
species population decline (Spencer 2002; Anton et al 2020). 
In light of our results, we propose that important interactions 
between native species and the odours of introduced species 
could also occur within a trophic level. That is, changes in 
the invisible landscape of foraging odours might be a key 
component of the impact of some introduced species on their 
adopted communities. Bees and ants are obvious candidates 
for such interactions, given their widespread use of odours 
to mark food. Even solitary bees are reported to odour-mark 
food sources (Frankie and Vinson 1977; Yokoi and Fujisaki 
2007, 2008), and bees can detect the odours left at flowers 
by other nectar-feeding insects, including hoverflies (Reader 
et al. 2005) and ants (Ballantyne and Willmer 2012). In the 
case of bees, native species’ responses to heterospecific 
odours at flowers also have the potential for knock-on effects 
on pollination and thus plant communities, by changing 
insect flower visitation behaviour (Brittain et al. 2013).
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