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While foraging, pollinators encounter a wide array of molecules, some of which may 
influence their internal states and behaviors. Among these, biogenic amines – nitrog-
enous compounds that serve as essential neuromodulators in animals – have only 
recently been detected in floral nectar. As a result, little is known about the effects 
of nectar concentrations of these compounds on pollinators. In this study, we tested 
how two key biogenic amines, octopamine and its precursor tyramine, affect bumble 
bee behavior by examining: 1) consumption and survival, 2) locomotion, and 3) feed-
ing behavior. Our findings show a preference for low concentration of octopamine 
(0.1 mM) and a dose-dependent effect on flight behavior. Specifically, a concentration 
equal to 0.1 mM of octopamine reduces the bee’s motivation to fly, whereas a concen-
tration of 1 mM increases flight duration. Tyramine has no significant effect on any of 
the behaviors tested. Our results demonstrate that nectar-borne biogenic amines have 
the potential to influence various bumble bee behaviors critical to flower visitation.

Keywords: Bombus terrestris, feeding behavior, locomotion, neuroactive nectar, 
octopamine, tyramine

Introduction

Since the 1970s, hundreds of secondary metabolites have been found in floral nectar 
(Baker and Baker 1986, Palmer-Young et al. 2019, Barberis et al. 2023a). They were 
shown to affect pollinator behavior in a variety of ways, challenging the traditional 
view of nectar as a simple food reward or attractant (Stevenson et al. 2017, Nepi et al. 
2018, Bogo et al. 2021, Barberis et al. 2024). Among these nectar components, some 
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have gained attention for their neuromodulatory effects on 
pollinator nervous systems (Nepi 2014, Mustard 2020). 
Whereas some, such as alkaloids, have been known since the 
1980s, and are nowadays well recognized for affecting pol-
linator behavior at nectar concentrations (Wright et al. 2013, 
Thomson et al. 2015, Baracchi et al. 2017a, Bogo et al. 2019, 
2024, Carlesso et al. 2021), others, such as biogenic amines, 
have only recently been discovered in floral nectar. The first 
study reporting biogenic amines in nectar was published 
by Muth et al. (2022), showing the presence of this chemi-
cal class in 15 plant species covering six plant orders. These 
chemicals are represented by nitrogenous compounds known 
to function as neuromodulators in vertebrates and inverte-
brates (Orchard 1982, Roeder 2000, Blenau and Baumann 
2001, Scheiner  et  al. 2006, Farooqui 2012). To date, tyra-
mine and octopamine are the only biogenic amines reported 
in floral nectar, with the highest concentrations reported in 
the species Citrus x meyeri and Echium vulgare (Muth et al. 
2022, Barberis et al. 2023b, 2023c).

Tyramine and octopamine are structurally related to the 
vertebrate adrenaline and noradrenaline, with which they 
share similar physiological roles, suggesting an early evolu-
tionary origin of the adren​ergic​/octo​pamin​ergic​/tyra​miner​
gic system (Roeder 2005, Muth  et  al. 2023). The fight-or-
flight response, a prompt adaptation to energy-demanding 
situations (Roeder 2005), is only one of several examples that 
can be made to show the involvement of such a system in 
ruling insect behavior. Octopamine and tyramine are prod-
ucts of the decarboxylation of the amino acid tyrosine and 
even though tyramine represents the biological precursor of 
octopamine, they are considered to act as independent neuro-
modulators in insects, through their distinct binding profiles 
to G protein–coupled receptors (Roeder 2005, Kononenko 
2009). Compounds that can activate or inhibit G proteins in 
neurons can affect pollinator behavior both in a short- and 
long-term way (Mustard 2020). For this reason, even before 
their discovery in floral nectar, several studies had already pro-
vided evidence of the effects octopamine and tyramine have 
on insects. In pollinators, for example, they have been shown 
to modulate motivation and general activity, sensitization, 
locomotion, phototaxis, reward-seeking, learning, memory 
and social communication (Barron et al. 2007, Baracchi et al. 
2020, Peng  et  al. 2020, Finetti  et  al. 2021, Muth  et  al. 
2022). Octopamine, in particular, also acts as a value system 
and instructs the brain on the relevance of external events 
(Hammer 1993, Giurfa 2006). In foraging behavior, octo-
pamine has been shown to substitute for the reinforcement 
function in appetitive associative learning (Giurfa 2006, Perry 
and Barron 2013, Muth et al. 2023). Indeed, in honey bees, 
the octopaminergic neuron VUMmx1 substitutes for sucrose 
reinforcement in olfactory PER conditioning. Pairing an odor 
with electrophysiological stimulation of VUMmx1, which 
releases octopamine, or with octopamine injections enhances 
PER learning (Hammer 1993, Hammer and Menzel 1998), 
while silencing octopaminergic receptor expression in the 
antennal lobe blocks it (Farooqui et al. 2003). Yet, most stud-
ies used biogenic amine concentrations far exceeding natural 

nectar levels (Muth et al. 2022), and administered them via 
injection or directly into the haemolymph or nervous system, 
leaving open the question of whether ingested octopamine 
and tyramine can be absorbed, cross the blood-brain barrier, 
and exert neuroactive effects.

In this study, we investigated the effects of diets enriched 
with tyramine and octopamine at concentrations correspond-
ing to their natural extremes (0.1 mM and 1 mM) found in 
the nectar of Echium vulgare Linnaeus (Barberis et al. 2023b, 
2023c). Specifically, we conducted a series of behavioral 
experiments to study how these compounds influence con-
sumption and survival, locomotion and feeding behavior in 
the model bee species Bombus terrestris.

Material and methods

Treatment solutions
We tested the following artificial nectar solutions: a control 
solution (hereafter Control) composed of distilled water and 
sucrose 50% (w/v), and the same solution enriched with 
either octopamine hydrochloride (OA) or tyramine (TA) at 
concentrations of 0.1 mM or 1 mM. Therefore, a total of 
five different treatment diets (namely: Control, OA 0.1, OA 
1, TA 0.1, TA 1) were tested in all the experiments. These 
concentrations were chosen as they represent the upper 
and lower range of natural nectar concentrations found in 
previous studies conducted on the species Echium vulgare 
(Barberis et al. 2023b, 2023c). According to standard prac-
tice in experiments with biogenic amines, ascorbic acid was 
added to all solutions at a concentration of 1.75 mg ml−1 to 
minimize oxidation of the biogenic amines (Scheiner  et  al. 
2002, Linn et al. 2020). Solutions were stored at 5 ± 1°C and 
prepared twice a week. In both experiment 1 and experiment 
2), bees were provided with fresh solution every other day. All 
chemicals were purchased from Sigma-Aldrich).

Model species and experimental conditions
Bumble bee Bombus terrestris colonies were purchased from 
Bioplanet srl, Cesena (Italy), maintained at 24 ± 1°C and 
43 ± 5% RH in continuous darkness and fed ad libitum 
with fresh-frozen honeybee-collected pollen (purchased from 
L’ape e il fiore di Cassanelli Claudio, Sant’Agata Bolognese, 
Italy) and sugar syrup for three days before the start of the 
experiment. Sugar syrup was provided by Bioplanet srl, 
Cesena (Italy), and it came inside a tank underneath each 
bumblebee colony. Each colony contained approximately 
60 workers, brood at all developmental stages and a laying 
queen. In all experiments, we excluded very small and very 
large worker bees, as well as newly emerged and old individu-
als (Bogo et al. 2024).

Consumption and survival (experiment 1)
Following the method described by Bogo et al. (2024), a total 
of 169 worker bees were collected from four colonies (each 
colony being a replicate) under red light and individually 
transferred into Nicot cages (each treatment represented by a 
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minimum of 33 individual bees) (Supporting information). 
Nicot cages were purchased from Lega Italy (Faenza, Italy). 
Once caged, selected bees were individually weighed and 
divided into weight classes to ensure even distribution among 
treatment groups and minimize size-related bias. Worker bees 
were then acclimatized to the test conditions with a 50% 
(w/v) sucrose solution provided ad libitum by means of 2.5 
ml tipless syringes functioning as feeders. The acclimatization 
period lasted 24 ± 2 h. The syringes were then replaced with 
new syringes containing the treatment diets. For 21 consecu-
tive days, the syringes were weighed daily at the same time 
interval (from 9:00 a.m. to 12:00 p.m.), to calculate bumble 
bee consumption and, if necessary, refilled with fresh solu-
tion. The solutions were administered ad libitum. To account 
for evaporation rate, five syringes of each test solution were 
arranged in empty Nicot cages. Before- and after-consump-
tion weights were noted to calculate bee consumption, then 
corrected for evaporation. Similarly, mortality was recorded 
daily. Worker bees were maintained in a dark climate room 
under stable conditions of temperature (24 ± 1°C) and rela-
tive humidity (43 ± 5% RH).

Locomotion (experiment 2)
The method described by Bogo et al. (2019) was adopted with 
minor modifications. A total of 75 individuals were collected 
from three colonies (each colony being a replicate) under 
red light. The bees were individually marked with different 
water-based colors (Uni Posca, Mitsubishi pencil) for indi-
vidual tracking over time and transferred in groups of 5 into 
15 experimental cages per colony (three cages per treatment) 
(Supporting information). Cages were plastic net cylinders 
(length = 25 cm, diam. = 16 cm) mounted horizontally with 
the ends closed by transparent plastic lids (Supporting infor-
mation). They were maintained at room temperature with a 
14:10 h L:D cycle.

Once a day, we recorded the amount of solution con-
sumed by weighing the syringes. Before- and after-consump-
tion weights were noted to calculate bee consumption, then 
corrected for evaporation. The amount was then divided 
by the number of live bees in each cage to obtain the mean 
individual daily consumption. Behavior was recorded twice 
a day (once in the morning and once in the afternoon). At 
each event, each bee (individually marked for tracking) was 
observed for one minute, and the duration of different behav-
ioral categories (i.e. walking, feeding, flying and resting) was 
recorded by means of a vocal recorder. The frequency of each 
behavior was then calculated, as well as the percentage of 
time spent in a dynamic (flying + walking + feeding) or a static 
behavior (staying still). Consumption, survival and behaviors 
were recorded until the end of the experiment, which lasted 
nine days.

Feeding behavior (experiment 3)
A total of 60 individuals (12 per treatment diet) (Supporting 
information) were individually collected from three colonies, 
transferred into a Falcon tube, and tested for their fine feed-
ing responses according to the protocol designed by Ma et al. 

(2016). Falcon tubes were purchased from Di Giovanni Srl. 
The transfer of individuals into Falcon tubes was conducted 
under red light, while the administration of the solution was 
performed under natural light. Bumblebees transferred into 
the Falcon tubes were not harnessed, but free to approach 
the solution. Treatment solutions were dispensed using a 100 
µl microcapillary tube to individuals that had been starved 
for 2–4 h. Their behavior was recorded on digital videos (10 
FPS) by means of a digital microscope (Dino-Lite AM3113T, 
AnMo Electronics Corporation) to analyze the fine structure 
of feeding behavior by continuously scoring the position of 
the proboscis for two minutes after the first contact with the 
solution. Video recordings were analyzed using the event log-
ging software Mangold Interact (Mangold International). 
The three behaviors taken into account were: 1) drinking, 
when distinct proboscis bouts (i.e. extension of the glossa) 
indicated that the worker was actively sucking the solution; 
2) tasting, when the bee explored and searched for the solu-
tion with the proboscis extended, with or without contact 
with the solution; 3) proboscis retrieving, when the probos-
cis was stowed under the head, the bee was out of sight, or 
stopped any attempt to approach the feeder. The number of 
proboscis bouts was counted and recorded during each drink-
ing phase, and the frequency of each behavior within a single 
two-minutes recording was calculated a posteriori. The vol-
ume of solution consumed was also recorded by measuring 
the pre- and post-consumption lengths of the solution in the 
microcapillary tube using a digital caliper during a ten-min-
ute exposure. Again, before- and after-consumption weights 
were subsequently corrected for evaporation.

Statistical analyses

Consumption and survival (experiment 1)
To evaluate differences in feed consumption between bumble 
bee workers fed different treatment diets, we fitted a gener-
alized linear mixed-effect model (GLMM) with a Gamma 
error structure-inverse-link function. We set consumption as 
the response variable and treatment as explanatory variable. 
Treatments comprised the control and the four sugar solu-
tions enriched with tyramine and octopamine at two differ-
ent concentrations (0.1 mM or 1 mM). We included bee ID 
nested within colony ID as a random factor to account for 
individual autocorrelation. To compare the survival of bees 
fed different solutions, a log-rank Kaplan–Meier (K–M) sur-
vival analysis was carried out by means of the ggsurvplot func-
tion of the ‘survminer’ package (Kassambara et al. 2021).

Locomotion (experiment 2)
To evaluate differences in flight behavior induced by different 
treatment diets, we fitted a two-part mixed effect model for 
semi-continuous zero-inflated data. The model allowed us to 
assess 1) the effects of the treatment diets on the likelihood of 
bees engaging in flight versus non-engaging, and 2) the effects 
of the treatment diets on the duration of flight, when flight 
occurred. The model was built using the mixed_model func-
tion of the ‘GLMMadaptive’ package (Rizopoulos 2022), 
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using a hurdle.lognormal distribution as distribution family. 
Flight duration was set as the independent variable, treatment 
as a fixed effect, and bee ID nested within colony ID was set 
as random effect to account for individual autocorrelation. 
To evaluate the influence of the treatment diets on bee dyna-
mism, we created a two-vector variable comprehensive of the 
proportion of time spent engaging in static versus dynamic 
behavior. We then built a GLMM model with a binomial 
error structure-logit-link function where such two-vector 
variable was set as response variable, whilst treatment was 
set as explanatory variable. We included once again the bee 
ID nested with colony ID as a random effect to account for 
individual and colony autocorrelation. Individual consump-
tion was calculated by dividing the total daily consumption 
by the number of bees present in each cage (5). A GLMM 
was built with a Gamma error structure-inverse-link func-
tion. Again, consumption was set as the response variable and 
treatment as the explanatory variable. We included colony ID 
as a random effect to account for non-independence between 
individuals belonging to the same colony.

Feeding behavior (experiment 3)
For the analysis of the data on gustatory response we built 
either a linear mixed model (LMM) or a generalized linear 
mixed model (GLMM) with a Gamma error structure-log-
link function on the arcsin-transformed percentage of the 
duration of each behavioral state (drinking, tasting, losing 
interest). For the data on the frequency of each behavioral 
state and the number of bouts we built generalized linear 
mixed models (GLMMs) with a Poisson error structure-link 
function. An additional GLMM with a Gamma error struc-
ture-log-link function was also built for the consumption 
data. In all these models, each variable was set as a dependent 
variable, the treatment diet was included as a fixed factor and 

bee ID nested within colony ID was included as a random 
factor to account for individual variability.

All generalized linear mixed models were built using the 
glmmPQL function of the R package ‘nlme’ (Pinheiro et al. 
2022), then followed by a pairwise contrast effect estimation 
performed through the R package ‘emmeans’ (Lenth 2021). 
All statistics were performed using RStudio software (ver. 
4.0.2) with the α-error set at 0.05.

Results

Consumption and survival (experiment 1)
Bees fed OA 0.1 diets consumed more solution than both 
those fed Control (Control:OA 0.1, t163 = 3.076, p = 0.021) 
and those fed OA 1 diets (OA 0.1:OA 1, t163 = −3.944, 
p = 0.001). Bees fed tyramine-enriched diets did not differ 
from control bees (Fig. 1, Supporting information).

No significant difference in survival time was found 
among bees fed different treatment diets (log-rank, p = 0.730; 
Supporting information).

Locomotion (experiment 2)
Worker bees fed TA 0.1 and TA 1 diets consumed signifi-
cantly less solution than those fed Control (Control:TA 0.1, 
t157 = −2.872, p = 0.037; Control:TA 1, t157 = −4.384, p < 
0.001). Also, bees fed TA 0.1 diets consumed significantly less 
than those fed OA 0.1 diets (OA 0.1:TA 0.1, t157 = -3.082, 
p = 0.020). (Fig. 2, Supporting information).

Bees fed OA 0.1 engaged a significantly lower number of 
times in flight than those fed Control (OA 0.1, z = 2.790, 
p = 0.005) (Fig. 3a, Supporting information). However, when 
engaging in flight, bees fed OA 1 flew for longer than those 
fed Control (OA 1, z = 2.158, p = 0.031) (Fig. 3a, Supporting 

Figure 1. Individual daily consumption (ml) of the five treatment diets recorded for worker bumble bees individually caged in Nicot cages 
(experiment 1). Different letters indicate significant differences among treatments. Control, n = 680; OA 0.1, n = 680; OA 1, n = 660; TA 
0.1, n = 660; TA 1, n = 680.



Page 5 of 9

information). The subsequent post hoc test between pairwise 
contrasts highlighted no significant difference.

Bees fed OA 0.1 and OA 1 exhibited significantly less 
dynamic behavior than those fed Control (Control:OA 0.1, 
t70 = 2.837, p = 0.046; Control:OA 1, t70 = 2.735, p = 0.059) 
(Fig. 3b, Supporting information).

Feeding behavior (experiment 3)
The analysis of the fine feeding behavior of worker bumble 
bees showed no significant differences for any of the vari-
ables considered (duration of drinking, tasting and probos-
cis retrieving; frequency of tasting and proboscis retrieving; 
and total number of bouts, Supporting information), except 
for the frequency of drinking behavior recorded for bees fed 
TA 1, which was the lowest (TA 1: t52 = -2.171, p = 0.034; 
Supporting information). Nevertheless, the subsequent pair-
wise post hoc test applied did not highlight any significant 
difference among treatments.

Discussion

Our findings confirm that the consumption of natural nectar 
concentrations of octopamine and tyramine have significant 
biological effects on various bumble bee behaviors which 
may be relevant to flower visitation. Though leaving open 
the question on whether ingested octopamine and tyramine 
can cross the blood-brain barrier, previous research on honey 
bees has demonstrated that oral intake increases brain lev-
els of these compounds (Schulz and Robinson 2001), and 
that their consumption induces significant biological effects 

on insect behavior (Barron et al. 2007, Agarwal et al. 2011, 
Arenas et al. 2020). However, most of such studies have used 
concentrations of biogenic amines hundreds or even thou-
sands of times higher than those naturally found in floral 
nectar (Barberis et al. 2023c). A recent study conducted by 
Muth et  al. (2023), for instance, investigated the effects of 
octopamine on the gustatory responsiveness of the species 
Bombus impatiens via conditioning of the proboscis extension 
reflex (PER) by means of a visual cue. The authors reported 
the first evidence of OA increasing gustatory responsiveness 
in harnessed bees at a relatively high concentration (52 mM), 
while such an effect is not retained when bees are fed solu-
tions at a lower concentration (13 mM).

While Muth et al. (2022) emphasized the importance of 
testing combinations of biogenic amines on bee behavior – 
demonstrating that octopamine and tyramine administered 
together have no observable effect on bumblebees – our 
experimental approach was different. We based our choice on 
findings that report the mutually exclusive presence of octo-
pamine and tyramine in the floral nectar of Echium vulgare 
(Barberis et al. 2023b, 2023c).

Our results suggest that octopamine at low concentra-
tions increases food intake, which may indicate a preference 
for this compound. This result aligns with a study on adult 
blowflies (Long and Murdock 1983), where injection with 
an octopaminergic drug led to hyperphagia, demonstrating 
that octopaminergic receptors positively modulate feeding 
and drinking behavior in this species (Long and Murdock 
1983). In addition, several studies have shown that both 
tyramine and octopamine enhance sucrose responsiveness 
in bees by increasing the perceived value of the reward, 

Figure 2. Mean individual daily consumption (ml) of the five treatment diets recorded for worker bumble bees caged by five in small flight 
cages (experiment 2). Different letters indicate significant differences among treatments. Control, n = 33; OA 0.1, n = 32; OA 1, n = 33; TA 
0.1, n = 33; TA 1, n = 33.
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thereby promoting foraging behavior (Pankiw and Page 
2003, McCabe et al. 2017). However, whether nectar con-
centrations of these compounds exert a similar effect remains 
unclear, as conflicting results emerged from several studies 
(Scheiner  et  al. 2002, Pankiw and Page 2003, Muth  et  al. 
2022).

In our study, the general trend towards a preference for 
octopamine over tyramine became more pronounced when 
observed over a longer period in individually caged bees, 
which were confined into a Nicot cage, therefore unable to 
fly or engage in extensive walking (as in experiment 1). These 
bees consumed more solution when fed a diet enriched with 
the lowest concentration of octopamine (OA 0.1). Although 
this trend was not statistically significant in experiment 2, it 
was also observed in bees grouped in small flight cages, where 
they could engage in short flight and walking. The results 
from experiment 2 showed that tyramine-enriched solutions 
were consumed less than the control solution, rather than 
indicating a preference for octopamine-enriched diets. Since 
experiment 2 was conducted in a slightly more natural setting 
for social insects, with bumble bees housed in larger cages 
in groups of five instead of individually, this may suggest 
that the significantly greater consumption of octopamine-
enriched solution at lower concentrations in experiment 1 
could have been a stress-induced response. Additionally, bees 
fed tyramine did not show any significant difference in overall 
dynamism compared to those fed control diets. These find-
ings suggest that bees may find tyramine-enriched solutions 
less appealing than octopamine-enriched solutions, or that 

tyramine is less phagostimulant. Yet, in experiment 3, tyra-
mine did not significantly increase the frequency of interrup-
tions in drinking behavior compared to the other treatments.

No significant effect on consumption was detected as an 
immediate response to the treatment diet during short-term 
exposure (experiment 3). Insect pollinators can assess the 
quality of nectar and pollen using their peripheral organs. 
Antennae, mouthparts and legs are covered with different 
types of sensilla housing gustatory receptor neurons (GRNs), 
which allow insects to taste many chemical compounds, 
including some secondary metabolites (Lim  et  al. 2019, 
Ruedenauer  et  al. 2019, Bestea  et  al. 2021, Rossoni  et  al. 
2025). However, not many studies have thoroughly exam-
ined the gustatory system of bees, particularly their ability to 
detect secondary metabolites in nectar (reviewed by de Brito 
Sanchez 2011, Bestea et al. 2021), and whether pollinators 
can specifically taste biogenic amines is currently unknown. 
That being said, since in experiment 3 all treatment diets 
were based on 50% w/v sucrose solutions, the high sugar 
concentration may have masked any potential preference 
linked to differences in palatability. Moreover, the high 
sucrose concentration used may have induced a ceiling effect, 
limiting the ability to detect variations in perceived value of 
the reward that could have been induced by tyramine and 
octopamine, as suggested by Pankiw and Page (2003) and 
McCabe et al. (2017). It is worth noting that a preference for 
laced over plain artificial nectar does not necessarily require 
the bees to be able to taste them. For instance, honey bees 
and bumble bees have been shown to prefer sucrose solutions 

Figure 3. Mean ± SD flight duration (a); n indicates the number of observations where a bee engaged in flight activity). The pairwise post 
hoc test following a GLMM did not highlight any significant difference among pairs of treatments. Percentage of dynamic versus static 
behavior (b) exhibited by bees fed different treatment diets and grouped by five in small flight cages. Different letters indicate statistically 
significant differences.
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containing neonicotinoid pesticides, despite these chemicals 
not eliciting spiking responses from GRNs in the mouthparts 
(Kessler et al. 2015). Both pre- and post-ingestive processes 
may indeed account for food preference or even avoidance 
learning for certain nectar toxins. Therefore, it is possible 
that the increased food consumption observed in bees fed 
0.1 mM octopamine solution in experiment 1 may be due to 
post-ingestive effects, such as phagostimulation.

In our study, bumble bees could not engage in prolonged 
flights within the observation cages but instead exhibited 
short flight hops. Consequently, our data may not fully 
reflect the actual duration of sustained flight that the sub-
jects might have engaged in under natural conditions. Rather, 
they highlight the extent to which the bees were motivated to 
fly. Previous studies have shown that octopamine and tyra-
mine differentially affect flight behavior in honeybees when 
injected into the thorax. Specifically, octopamine tends to 
enhance flight, while tyramine generally reduces it (Roeder 
2005, Fussnecker et al. 2006). Our findings are only partially 
consistent with these results: octopamine, at a lower natu-
ral concentration, decreased the bees’ motivation to fly. In 
contrast, bees fed a treatment diet enriched with a higher 
octopamine concentration – while not exhibiting a high fre-
quency of flight – showed, on average, longer flight dura-
tions. However, at natural nectar concentrations, tyramine 
appeared to have no significant effect on either the frequency 
or duration of flight compared to the control.

Our study was conducted in a laboratory setting. While 
the use of captive animals presents limitations, it generally 
facilitates the identification of behavioural effects induced 
by different artificial nectars (Barberis et al. 2025a). Despite 
controlled settings simplifying the system by excluding a 
number of confounding variables, they may not always pro-
vide an entirely realistic representation of natural behavior. 
For instance, harnessed bees can behave differently from free-
moving individuals (Ayestaran et al. 2010). Even though we 
recognize that experiments with caged bees should be prefer-
ably followed by essays on freely flying bees, our results can 
be used to infer what may occur in more realistic scenarios. 
Plant–pollinator co-evolution, which has lasted for more 
than 100 million years, has made both plants and pollinators 
reciprocally dependent upon one another (Mitchell  et  al. 
2009). Particularly, plants have evolved flowers that enhance 
their attractiveness and fitness, making themselves more vis-
ible and memorable with shapes, colors and volatile organic 
compounds (VOCs), and more attractive with complex 
nectars (Chittka and Menzel 1992, Raguso 2004, Moyroud 
and Glover 2017), so that they are easily recognizable and 
memorable even in the framework of complex communi-
ties. Nectar composition has been shaped by pollinators and 
its high complexity due to secondary metabolites appears to 
play a crucial role in building pollinator loyalty (Nepi et al. 
2018, Mustard 2020). Therefore, our results suggest that 
also the presence of biogenic amines in nectar may have the 
potential to influence pollinator foraging behavior in nature, 
a hypothesis that needs to be validated in mesocosms and 
field experiments.

Conclusion and future perspectives

Based on the concentrations of tyramine and octopamine 
reported in previous studies (Muth et al. 2022, Barberis et al. 
2023b, 2023c) our treatment diets at 0.1 mM seem to more 
closely reflect the typical levels of these compounds in the 
natural nectar of various species. At this concentration, octo-
pamine in floral nectar may enhance insect retention, either 
by stimulating feeding behavior or reducing their motivation 
to fly away. It is worth noting that the neurobiological mech-
anisms underlying foraging behavior are not only driven by 
external cues or learned associations but also by the insect’s 
internal state. This state is regulated by neuromodulators such 
as dopamine and octopamine, as well as neuropeptides like 
FMRFamide-related peptides, which influence hedonic com-
ponents of motivation, including “wanting” and “liking” that 
shape the feeding behavior (Huang et al. 2022, Bastea et al. 
2022, Da Silva et al. 2025). These hedonic processes may also 
be linked to primitive emotional systems, which are increas-
ingly recognized in insects and thought to play a role in adap-
tive decision-making (Perry and Barron 2013, Baracchi et al. 
2017b). Dopamine, for example, plays a role in aligning 
foraging effort with both individual nutritional status and 
colony-level needs (Huang  et  al. 2022), while octopamine 
acts as a value-encoding system in appetitive learning (Giurfa 
2006, Perry and Barron 2013). Although we did not manipu-
late these pathways directly, their likely involvement suggests 
that nectar chemistry may influence pollinator behaviour by 
engaging core motivational and affective systems. If these 
effects were confirmed, they would indicate that the pres-
ence of these compounds in floral nectar can influence plant 
reproductive success in different ways, depending on species-
specific traits like factors such as the plant’s breeding system. 
Therefore, different model plant systems should be studied 
individually to fully understand how these compounds affect 
plant reproductive fitness. Ultimately, what our study indi-
cates is that insect pollinators that interact with the nectar 
landscape consume pharmacologically active concentrations 
of exogenous neurotransmitters, and this may influence 
behaviors potentially crucial to flower visits.
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