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Honeybees’ plasticity to adjust responses according to environmental changes has been extensively studied in the laboratory but 
seldom along temporal variation in natural resources. Apple (Malus domesticus) and pear (Pyrus communis) trees often coexist 
in mixed agricultural settings offering different resources, and their blooming periods are slightly shifted. This scenario provides 
an opportunity to study how changing environments influence the way the honeybees perceive, learn, discriminate, and use odor-
resource information along successive flowering events. We found that honeybees preferred to gather pollen on pear flowers and 
nectar on apple. These individual preferences correlated with variations in the type of resources collected at the colony level 
according to changes in the floral market. Spontaneous proboscis extension response to pear and apple floral scents of bees cap-
tured at the hives located within the crops fluctuated according to changes in floral availability too. The capability of the proboscis 
extension response-trained honeybees to discriminate between both floral scents at the beginning or at the end of the flowering 
period was also found, although bees lose this ability when both flowers were fully available. These response patterns suggest that 
olfactory information experienced on flowers were memorized to predict reward yet susceptible of being reversed when the floral 
scents were no longer available in the orchard. Combining behavioral assays and field observations, we provide here an example 
of how honeybees process floral odor information to make decisions about resources in a fluctuating complex environment.

IntroductIon
An approach to study animal behavior is the so-called cognitive 
ecology—concerned with how animals obtain and process infor-
mation of  their environment, relate it to themselves, and use it 
to make decisions (Dukas 1998; Healy and Braithwaite 2000; 
Chittka and Thomson 2001). An important point of  this field is 
integrating ecology (i.e., interactions between organisms and their 
environment) and cognition (i.e., the neuronal processes through 
which animals acquire and make use of  information) to under-
stand how the surroundings influence the way an animal makes 
decisions according to their perceptual and learning capabilities.

Abundance and composition of  flower species have profound eco-
logical consequences on the insect pollinators because both can change 
over their short life span (Kearns and Inouye 1993; Willmer and Stone 
2004). The ability of  nectar and pollen foragers to perceive, learn, dis-
criminate, and thereafter switch their foraging preferences among flower 
species is critical to adjusting their behavior in an ever-changing environ-
ment. Such a statement is supported by numerous studies that assess the 
relevance of  insect behavioral plasticity in response to a wide range of  
factors that change unpredictably under laboratory conditions (Menzel 
1999; Dyer and Chittka 2004; Giurfa 2007). However, few studies have 
analyzed such plasticity concerning natural floral resource fluctuations in 
space and time (Gerber et al. 1996; Raine and Chittka 2008).

It is well known that generalist bees, such as honeybees and 
bumblebees, assess the nectar quality of  the flowers offered (von 
Frisch 1967; Waddington and Gottlieb 1990; Banschbach 1994; 
Molet et al. 2009), which forms the basis of  the decision of  whether 
to forage or not. When a forager bee perceives a food source as 
suitable (either a nectar or a pollen source), it can associate the 
surrounding floral cues with the reward and within a few visits 
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establish memories that once retrieved they are helpful in guiding 
bees toward the learned stimulus (Ribbands 1955; Koltermann 
1969; Menzel 1999; Arenas and Farina 2012).

Because at any time certain floral species offering nectar or 
pollen can become scarce (or depleted), olfactory memories con-
stantly need to be updated on the basis of  new information associ-
ated with rewarding flowers. At the same time, “former memories” 
become extinguished (Menzel 1993, 1999) as they are no longer 
paired to any valuable reward. Then the counterbalance between 
memorization and extinction of  the correct piece of  information 
should be relevant to improving the efficiency over successive feed-
ing bouts, eliminating the time wasted in visiting unrewarding 
patches.

This issue is particularly challenging for honeybee colonies 
exposed to forage in environments where mass blooming is a com-
mon strategy among plant species (Waser 2001; Dornhaus and 
Chittka 2004). Under this situation, many individuals of  the same 
colony simultaneously exploit a flower species during narrow peri-
ods, and once this resource is no longer available, the collective for-
aging effort is redirected to an alternative plant species that are also 
widespread in the surrounding.

Here, we combined ecological and behavioral studies to under-
stand how information associated with natural resources is per-
ceived, learned, and memorized “in real time” by honeybees (Apis 
mellifera) along overlapping flowering events. For this, we chose an 
agricultural setting dominated by 2 commercial crops with mass-
blooming strategies: the pear tree (Pyrus communis) and the apple tree 
(Malus domesticus). It is known that these species: 1) exhibit successive 
and overlapping flowering events; 2) are both commonly visited by 
honeybees; and 3)  diverge substantially in the amount of  pollen 
and nectar they offer (Farkas and Orosz-Kovács 2003; Benedek and 
Finta 2006).

To provide an ecological framework for the interpretation of  
honeybee plasticity, we describe some features of  the agricul-
tural settings, as well as the foraging behavior of  the honey-
bees in the orchard. We also measured the blooming dynamic 
of  both floral species along a 2-week period and related such 
outcome to the activity of  the honeybee colonies placed in the 
orchard. Moreover, we registered the type of  resources the hon-
eybees preferred to exploit (either pollen or nectar) on each flo-
ral species and the moment they switched from pear to apple 
species. We also performed behavioral controlled assays in situ 
to test how pear and apple olfactory memories are acquired, 
retained, and extinguished along these flowering periods by 
honeybees.

MaterIals and Methods
Study site and animals

Field and behavioral studies were performed during the pear–apple 
blooming seasons in 2007, 2008, and 2011 in a fruit plantation in 
Ingeniero Huergo (8 ha; located 39°03′ 27.5″S; 67°13′ 53.5″W), 
province of  Río Negro, Argentina. Half  of  the plantation (4 ha 
plot) was exclusively dominated by pear trees (P. communis sp.; vari-
eties: Packham and D′Anjou), whereas the other half  (4 ha plot) 
consisted of  apple trees (M. domesticus sp.; varieties: Granny Smith, 
Gala, and Red Delicious). Pear and apple trees within the plots 
were planted in 80 rows of  about 70 trees.

A total of  35 colonies (5 colonies in 2007, 10 colonies in 2008, 
and 20 colonies in 2011)  of  European honeybees (A.  mellifera L.) 
containing a mated queen, 3 or 4 frames of  capped brood, food 

reserves, and about 15  000 individuals were located between the 
pear and the apple plots having equal access to both species. These 
beehives were the only ones available inside the orchard and within 
a 3 km radius.

Blooming period

To describe the flowering period of  pear and apple, we studied the 
phenological stage of  branches belonging to different trees of  the 
same variety every morning from 22 September to 2 October 2007, 
from 15 to 23 October 2008, and from 23 September to 5 October 
2011. To this end, 60 new branches were randomly sampled each 
day. By means of  random numbers, we chose 10 rows per plot, 6 trees 
per row, and finally a branch per tree. This procedure was repeated 4 
times: 1 for Packham, 1 for D′Anjou, 1 for Granny Smith, and 1 for 
Gala and Red Delicious (the last 2 varieties bloomed together). Then 
we estimated the percentage of  opened flowers (hence accessible for 
the bees) over the total number of  flowers per branch.

Honeybee foraging behavior at the flowers

To sample honeybee foraging behavior in pear and apple flowers, 
we randomly chose 3 rows in the apple plot and 3 rows in the pear 
plot. Every day between 25 and 30 September 2007 at 11:00 AM, 
3 researchers walked along the rows (1 per row) and scrutinized 
1 every 3 trees. Each tree was observed for 1 min, and honeybees 
observed foraging for nectar, pollen, or both were counted.

Bees protruding their proboscises into the floral nectaries and 
presumably sucking were considered nectar foragers, and those 
chewing pollen with their mandibles or packing the grains on their 
posterior legs were considered pollen foragers. Bees extending their 
proboscises into the nectaries while carrying pollen on their poste-
rior legs were considered foragers of  both resources.

Colony activity in the orchard

We recorded the number of  incoming bees (incoming rate) at the 
entrance of  the hive as an indicator of  the general colony activ-
ity. We counted the arrivals in 5 colonies for 1 min every morn-
ing (9:30–10:00 AM), during the whole experimental period (from 
22 September to 1 October 2007). According to the presence or 
absence of  pollen loads on their hind legs, incoming bees were 
recorded as pollen or nonpollen bees.

To estimate the proportion of  nectar foragers among the return-
ing bees without pollen loads (nonpollen bees), we collected a sam-
ple of  individuals throughout the apple and pear blooming and got 
them to regurgitate their gut content. This measurement was done 
in the 2011 season. The bees were captured in plastic tubes (10 mL) 
at the entrance of  20 hives located within the crop, anesthetized by 
means of  CO2 released inside the tubes and then gently squeezed 
in the abdomen. Regurgitated contents were emptied onto a refrac-
tometer to distinguish nectar foragers from water foragers.

Pollen loads were sampled with conventional pollen traps (frontal 
entrance trap) fixed at the entrances of  the hives for 3 h (11:00 
AM–14:00 PM) on 25, 26, 27 and 29 September and 1 October 
2007. Afterwards, pollen loads were divided into 4 categories (pear, 
apple, dandelion, and others pollen) according to their color. When 
necessary, the analysis was confirmed with palynological practices 
(using a Labomed microscope CXR III) comparing hand-collected 
pollens obtained directly from the anthers of  the flowers with pollen 
samples from the bees’ loads (Kearns and Inouye 1993).

Using a Mettler Toledo AG 285 balance, we weighed the pollen 
loads collected from a single colony on 27 and 29 September and 1 
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October 2007. To reduce errors during weighing, the sample unit 
was defined as the weight (mg) of  30 pear-pollen loads.

Spontaneous responses to pear and apple 
floral odors

We tested whether pear and apple floral olfactory cues were 
relevant for the bees as food predictors. To achieve this goal, we 
focused on the proboscis extension response (PER) values obtained 
during the first presentation of  the odors (henceforth, spontane-
ous response; SR). High percentages of  SR would indicate that the 
olfactory information is relevant to predict food and anticipates the 
appetitive response: the extension of  their proboscis.

This single-PER-trial test was performed every day along the 
10-day study period (from 23 September to 2 October 2007). We 
captured bees at the entrance of  the hives and harnessed them in 
metal tubes so that they could only move their mouthparts and 
antennae (Takeda 1961). They were fed with 50% w/w sucrose 
solution for about 3 s and kept in a dark place (30ºC, 55% relative 
humidity) for 2 h until the odor test. During the assay, a constant 
airflow of  50 mL/s was delivered to the head of  the bees through a 
tube (1 cm diameter) placed 2 cm in front of  the bees in which the 
scents were injected.

Only bees that showed an unconditioned response after apply-
ing sugar solution onto the antennae and did not respond to the 
mechanical stimulus (airflow) were used. The single-PER-trial test 
lasted 46 s, divided into 3 steps: 20 s of  air flow, 6 s of  floral odor 
(CS), and the last 20 s of  air flow. The presentation order of  the 
odors was balanced—half  of  the bees were tested with pear/apple 
scent in the first presentation and the other half  with pear/apple 
scent in the second presentation. The odors were presented with 
a 15-min intertrial. The CSs were obtained by an air flow going 
through a 500 mL Büchner flask (a side-arm glass flask) containing 
100 g D′Anjou pear flowers or 100 g Granny Smith apple natural 
flowers.

Memory retrieval and discrimination between 
pear and apple floral odors

To get a better insight into the dynamic of  olfactory memories 
according to currently exploited flora, odor responses in the PER 
setup were studied again in the following season (Spring 2008). We 
repeated the measurement of  SR levels to pear and apple flowers, 
and we also performed differential PER conditionings to analyze 
the learning abilities to discriminate between both floral scents. By 
conditioning bees to discriminate between apple and pear floral 
odors (Takeda 1961; Bitterman et  al. 1983), we studied how pre-
vious experience (i.e., putatively assumed to be exposed to pear 
and apple olfactory cues) influenced the acquisition of  the condi-
tioned response. We expected then that acquisition of  CS values 
(i.e., pear and apple odors) were facilitated or impaired according 
to experiences acquired in the natural context with the currently 
exploited flora.

To measure these variables, we focused on 3 different moments 
during the 2008 season when 1) only pear flowers were available 
in the surroundings (September 16); 2)  pear and apple flowers 
were both available (September 21); and 3)  only apple flowers 
were available because pear became scarce (September 23, 
Figure  3D). SR values were obtained exactly as stated in the 
previous section. Responses to both pear and apple odors were 
then contrasted with variations in the flowering dynamic during 
this season.

We used a discrimination assay to train bees, a procedure that 
involved 2 odors and forced individuals to respond differentially 
to them (Bitterman et al. 1983). Here, we performed 2 differential 
PER conditionings using the pear and apple floral odors as CSs. In 
such procedures, 1 odor was presented as the rewarded conditioned 
stimulus (CS+) paired to a 50% w/w sucrose solution (i.e., US) and 
the other as the nonrewarded conditioned stimulus (CS−), which 
was presented without reward.

Bees were obtained and manipulated as explained in the previous 
section. Just similar to a single-PER-trial test, conditioning trials lasted 
46 s, divided into the same 3 steps: 20 s of  air flow, 6 s of  floral odor 
(CS), and last 20 s of  air flow. During rewarded trials, the reward (US) 
was delivered during the last 3 s of  CS. The bees were exposed to these 
stimuli 4 times each in a pseudorandomized order (CS−, CS+, CS+, 
CS−, CS−, CS+, CS−, CS+). The intertrial interval of  the condition-
ing lasted 15 min. After the conditioning, bees were subjected to a test-
ing phase, during which the bees were exposed to both conditioned 
odors without reward. The 15-min interval was maintained between 
the last trial and the first testing event and also between testing events.

To compare the dynamic of  learning between both condition-
ings (CS+: Apple/CS−: Pear; and CS−: Apple/CS+: Pear), we cal-
culated a generalization index (GI; Sandoz et al. 2001; Gramacho 
and Spivak 2003):

 GI = − + − −
+ + −

1
( ) ( )
( ) ( )
R R
R R  

where R+ is the number of  positive responses obtained to the CS+ 
during the 4 trials, and R− is the number of  positive response to the 
CS−. From each bee, we obtained a GI value. The GI value ranges 
from 0 to 1: 0, when bees respond only to the CS+, and 1, when bees 
respond equally to the CS+ and the CS−. GI values above 1 could 
be achieved if  bees responded more to the CS− than to the CS+.

The GI and testing response offer different but complementary 
information: GI indicates how bees generalized between 2 floral 
scents (i.e., generalization is defined as the tendency of  animals 
to respond to stimuli, which differ from a learnt stimulus; Pearce 
1987), whereas testing response shows the outcome of  the learning 
process. Here, we used them together to investigate bee’s capacity 
to learn and discriminate the pear and apple floral scents according 
to putative information gained from the environment. We used GIs 
to compare discrimination performance between conditionings, 
where either apple or pear odor acted as CS+ or CS−, whereas we 
used PER obtained in the testing phase to describe how the odors 
involved within a single conditioning (CS+: Apple/CS−: Pear or 
CS−: Apple/CS+: Pear) were learned in relation to each other.

Statistics

Behavioral preferences for nectar or pollen at the pear and apple 
flowers were analyzed using a goodness-of-fit test (Sokal and Rohlf  
1995). Because the assumptions of  normality and homogeneity of  
variances were met, the number of  incoming foragers per unit time 
along the blooming period was studied using a 2-way analysis of  
variance (ANOVA) with repeated measures, with type of  forager as 
a between-group factor (2 levels: pollen or nonpollen foragers) and 
incoming rate as the repeated measure. When detecting statistical 
differences in the interaction between factors, we computed simple 
effects using the corresponding error (Quinn and Keough 2002).

Weights of  pollen loads were compared with a Kruskal–
Wallis test, followed by a posteriori comparisons between groups 
(Conover 1971). The proportion of  incoming bees that returned 
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carrying nectar was analyzed using the simultaneous-G-test pro-
cedure of  the unplanned test of  homogeneity for goodness of  fit 
(Sokal and Rohlf  1995). The proportion of  bees that responded 
toward floral odors before differential PER conditioning (SR) and 
after the procedure (testing phase) was compared by a Fisher’s 
Exact test. GI values obtained from differential conditioning were 
analyzed using t-tests for independent samples. To reduce the risk 
of  Type I  errors due to the multiple use of  the same data, the 
level of  significance was corrected using the Bonferroni method 
(α′ = α/k), with α = 0.05 and k = 2. Thus, our new significance 
level was α′ = 0.025.

results
Honeybee foraging behavior at the flowers

Regarding the honeybee behaviors observed at the apple and the 
pear flowers, we found differences in the type of  resource they col-
lected in each plant species. Although the most frequent behavior 
performed in the apple flowers was collecting nectar ( χ1

2
 = 82.68, 

P < 0.0001, N = 227), honeybees mainly gathered pollen in the pear 
flowers ( χ1

2
 = 99.19, P < 0.0001, N = 192; Figure 1). No bees carry-

ing pollen loads were observed licking nectar in either pear or apple 
flowers.

Colony activity in the orchard

The rate of  incoming bees carrying pollen loads and bees with-
out pollen loads differed along the measuring period (Figure  2A). 
This was revealed by an ANOVA interaction between foraging 
type and time (2-way repeated measures ANOVA, F8; 64  =  8.148, 
P  <  0.0001). Simple effect analysis showed statistical differences 
(P < 0.05) on 24, 26, and 28 September and 1 October (Figure 2A). 
By the time the orchard was dominated by the pear flowers (begin-
ning of  the flowering periods; Figure 2D), a stronger pollen-forag-
ing activity was measured.

On 29 September, when less than the 20% of  Granny Smith 
(apple) flowers were opened (Figure 2D), the proportion of  pollen 
and nonpollen arrivals was reverted. This tendency became sta-
tistically significant with almost all incoming nonpollen bees on 1 
October (P < 0.0001; Figure 2A). By this time, every apple tree was 
in bloom with most of  their flowers opened (Figure 2D).

Accordingly with the intense pollen-foraging activity monitored 
at the beginning of  the season, we measured an increasing amount 
of  pear-pollen loads collected in the traps (Figure 2B). It is impor-
tant to note that no measurements were done from 22 to 24, 28, 
and 30 September and 2 October (see Methods). In parallel with 
the drop in pollen-foraging activity on 1 October, the amount of  
pear-pollen loads trapped at the hive entrances decreased, whereas 
the apple-pollen loads slightly increased. Amounts of  apple-pollen 
loads were never as large as pear-pollen loads (Figure 2B,D).

Despite the number of  pear-pollen loads decreasing after a peak 
of  collection on 26 September (Figure 2B), the estimated weight of  
pear-pollen loads collected per foraging bout increased significantly 
until 1 October (H = 55.55, N = 73, P < 0.001, Kruskal–Wallis test; 
Table 1).

Table 2 shows that the proportions of  returning bees identified 
as nectar carriers did not differed along the progression of  the 
pear and apple flowering during spring 2011 (G test: GH = 6 283, 
P  =  0.18, N  =  510, degrees of  freedom  =  4). From Table  2 it is 
observed that proportion of  nectar foragers remained relatively 
homogeneous between 26 September and 3 October (when both 
apple and pear flowers were available). The most extreme values 
were detected from 45.8% at the very beginning of  our measure-
ment (on 23 September) to 30.8% at the end of  the recordings. 
Such fluctuation, by the time new rewarding flowers were discov-
ered and by flower senescence on 5 October, might be related to the 
adjustment of  collective response to changes in the floral market.

Spontaneous responses to pear and apple 
floral odors

PER values to the pear and apple floral odors on 23 and 24 of  
September 2007 (when neither pear nor apple inflorescences 
were available; Figure  2C) showed low SR levels. Such responses 
remained relative constant until the earlier variety of  pear 
(D′Anjou) got to 50% flowering on 26 September. By this time, 
PER values to the pear floral odor increased by 17% and reached 
to the highest level. It is worth mentioning that SR levels toward 
pear-odor were not exclusive, and some bees also responded to the 
apple odor and even to both odors (31.2%). Highest PER values 
to apple floral odor (53.2%) were detected on 28 September when 
the first variety of  apple, Granny Smith, presented around 5% of  
opened flowers (Figure  2C). At the end of  the measuring period, 
100% of  apple flowers were already open and started to wither, we 
found the lowest levels of  PER values to this odor.

Memory retrieval and discrimination between 
floral odors

On 16 September 2008, when only pear flowers were available (see 
Figure  3D), SR to pear floral odor was higher than responses to 
apple floral odor (Fisher’s Exact test, P  =  0.0026; Figure 3A, left 
panel). This observation suggests that the presence of  pear flowers 
available in the orchard allowed bees to learn pear floral scent in 
the natural environment and transfer this information to the PER 
setup. On the other hand, low levels of  SR to the apple floral odor 
would indicate the absence of  a specific memory to the apple floral 
odor and suggest that pear floral-odor memories were not general-
ized to apple floral scents.

Changes in the floral market  also influenced the performance 
during PER conditioning as revealed in the GI analyses. When 
bees were trained with pear floral scent as the CS+, we obtained 
a lower generalization (better discrimination) than those obtained 
with the pear floral scent as CS− (GI values on 16 September: 

Figure 1 
Honeybees foraging preferences on apple and pear flowers. Percentage of  
honeybees showed different foraging behaviors on apple and pear flowers. 
**, P < 0.01, ***, P < 0.001.
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Student’s t-test, t50 = 2.81, P = 0.00725; Figure 3A, center panel). 
In agreement with putative pear floral olfactory memories, condi-
tioned bees could discriminate successfully between odors when 
pear floral odor acted as CS+ (Fisher’s Exact test, pear CS+: 
P = 0.0018, Figure 3A, right side of  the right panel), but they failed 

to discriminate between scents when pear floral odor acted as CS− 
(Fisher’s Exact test, apple CS+: P = 0.0708, Figure 3A, left side of  
the right panel).

When apple and pear trees were simultaneously in bloom 
(21 September), honeybees revealed no differences in their 

Figure 2 
Honeybee activity along the apple and pear-blooming periods. (A) Returning bees to their colonies per minute (mean ± standard error). Empty circles represent 
the number of  incoming bees carrying pollen loads, and filled circles represent number of  incoming bees without pollen loads in their hind legs. (B) The 
total incoming pollen loads were collected in traps at the hive entrance during 3 h every morning from 25 September to 1 October. The X indicates that no 
measurements were done on that date. (C) Percentage of  bees that extended the proboscis during the first presentation (spontaneous PER) to the pear floral 
odor or to the apple floral odor. (D) Percentage of  blooming of  apple and pear varieties along the experimental period. *, P < 0.05, **, P < 0.01, ***, P < 0.001.
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levels of  SR (Fisher’s Exact test, P  =  0.0910, Figure  3B, left 
panel). Moreover, SR level to a third novel scent not available 
in the surroundings was tested to control bees’ responsiveness. 
A  total of  67 subjects tested to Jasmine showed very low SR 
levels (16.2%). At this time, GI values obtained from both dif-
ferential conditionings were high and similar (GI values on 21 
September: Student’s t-test, t59 = −0.606, P = 0.547, Figure 3B, 
central panel). These results indicate that bees could not dis-
criminate between the CS+ and the CS− probably as both flo-
ral scents were currently available in the orchard and associated 
with reward. The absence of  differences during testing (Fisher’s 
Exact testpear CS+: P = 0.0518, Figure 3B, right side of  the right 
panel; Fisher’s Exact testapple CS+: P = 0.6468, Figure 3B left side 
of  the right panel) confirmed the presence of  stable memories to 
pear and apple floral scents.

On 23 September, when apple flowers became dominant 
and pear flowers started withering, SR levels to the apple floral 
scent remained slightly higher than those obtained to the pear 
floral odor, although not significant (Fisher’s Exact testα′= 0.025, 
P  =  0.0307, Figure  3C, left panel). Interestingly, when GI values 
were analyzed, we detected lower values with apple floral scent 
than with pear floral scent acting as CS+ (GI values: Student’s 
t-test, t57  =  −3.2981, P  =  0.0017; Figure  3C, central panel). 
Consistent with the olfactory memories updated according to the 
flora availability, responses obtained in the testing phase showed 
higher responses to the apple floral scent when it was rewarded 
than when it was not (Fisher’s Exact testapple CS+: P  =  0.02, 
Figure  3C, left side of  the right panel; Fisher’s Exact testpear CS+: 
P = 0.07, Figure 3C, right side of  the right panel).

dIscussIon
This study addresses honeybees’ foraging behavior with an 
approach that combines ecological aspects (i.e., interactions 
between honeybees and 2 floral species that provided them with 
essential resources) with their well-known cognitive abilities. First, 
we observed that honeybees preferred to gather pollen on pear 
flowers and nectar on apple (Figure 1) according to profitability of  

these food sources (Supplementary Figure  1S). Individual prefer-
ences observed on these flowers well correlated with the response 
patterns observed at the entrance of  the hive throughout the mea-
suring period (Figure 2).

Second, we observed that the pear-pollen loads became heavier 
once the pear-blooming period declined (Table 1), suggesting that 
the honeybees’ skills to handle and get pollen from flowers are 
improved with expertise as it was found in bumblebees (Raine and 
Chittka 2008). Finally, PER values measured along the flowering 
periods and at different critical moments of  the season suggest that 
honeybees establish species-specific olfactory memories (Menzel 
1993, 1999) while visiting the dominant flowers in the orchard and 
adjust them according to fluctuations in the resource availability 
(Figures 2C and 3). These memories would improve the searching 
for food by reducing the time the bees spend visiting depleted or 
unrewarded flowers.

The predictive value of odors is adjusted in 
response to floral availability

Associative learning processes established under natural condi-
tions (e.g., while visiting natural flowers) are scarce in the litera-
ture (Gerber et al. 1996; Raine and Chittka 2007) but important 
to fit the laboratory data into a complex and realistic scenario. 
In this study, we describe how honeybees adjust their responses 
in a changing environment by managing information that relates 
to it.

In our experiments, as bees were taken from the field and we 
were not able to controlling their previous experience, we cannot 
rule out the contribution of  innate preferences in the measured 
response. Because innate responses result from the coevolutionary 
adaptations between the plant cues and bees’ perceptual capa-
bilities (Menzel 1999; Giurfa 2007), we expected their levels to 
remain constant despite environmental fluctuations. Thereafter, 
even when initial differences in SR levels between apple and pear 
odors could be due to differences in innate preferences, changes 
in the patterns of  SR in accordance with changes in the floral 
market strongly suggest that PERs were adjusted through associa-
tive learning.

Table 1 
Mean weight of  the pear pollen collected by 1 beehive on 27 and 29 September 2007 and 1 October 2007

27 September 29 September 1 October

Weight of  the pollen loads collected (mean weight, in mg, ± standard error;  
sample unit: 30 pollen baskets)

145.9 ± 2.87a (26) 213.4 ± 3.75b (26) 239.2 ± 3.43c (21)

Weight of  each pear-pollen load collected (estimated) 4.86 7.11 7.97

Values indicate means and standard error 30 pollen loads (sample unit). Sample sizes appear in brackets. The estimated weight of  single pollen load is also 
presented.
Different letters indicate statistical differences (P < 0.05).

Table 2 
Percentage of  blooming of  pear and apple varieties along the experimental period during the spring 2011

Spring 2011 Pear blooming (%) Apple blooming (%) Incoming nectar carriers (%) Bees sampled (N)

23 September 30 0 45.8 120
26 September 60 15 34.2 120
28 September 90 30 34.2 120
03 October 97 70 40 30
05 October 100 85 30.8 120

Percentage of  incoming bees carrying nectar was obtained from a sample of  N bees captured randomly from 20 hives placed in the experimental orchard.
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High levels of  SR elicited by the pear floral odor at the begin-
ning of  the 2008 season (Figure  3A) support the idea that pear-
olfactory memories were established when bees exploited pear 
floral sources. However, the response pattern toward pear odors 
was different in the previous year. Different trends in the pattern 
of  SR levels measured during 2007 and 2008 might be explained 
by slight differences in the flowering dynamics. From Figures 2D 
and 3D, we can see that during the first season, flowerings pro-
gressed faster (in about 4–5 days) than those recorded in the follow-
ing spring (6–7 days). With flowerings that progressed slower, bees 
might have had more chances to learn pear floral odors without 

the interference of  alternative resources such as the apple flower 
odor. Pear-odor memories established in the field were also revealed 
during the PER conditionings, as they impaired the acquisition of  
information that was in conflict with the information available in 
the surroundings.

With pear trees in bloom and no apple flowers yet available, 
we showed that both pear and apple floral odors were clearly dis-
criminated during the PER conditioning in which the pear odor 
was paired with the reward (Figure  3A, central panel). In con-
trast, bees were not able to learn the discrimination tasks if  the 
apple odor was paired with the reward, and pear odor remained 

Figure 3 
Testing olfactory memory and discrimination performance between pear and apple floral odors along the blooming periods. Percentage of  bees that extended 
the proboscis during the first presentation (spontaneous PER) to the pear odor or to the apple odor (left panel). GI values obtained after differential PER 
conditioning (central panel) and percentage of  bees that responded during the testing phase (right panel). PER were recorded when (A) only pear flowers were 
available in the surroundings, (B) both pear and apple flowers were available, and (C) only apple flowers were available in the field. Samples size is presented 
at the top of  each figure. CS+: conditioning stimulus rewarded, CS−: conditioning stimulus unrewarded. In left and central panels, asterisks indicate statistical 
differences after Bonferroni correction: **, P < 0.01; *, P < 0.025; #, 0.025 < P < 0.05 (not significant after Bonferroni correction); ns: not significant. For 
testing phase **, P < 0.01, *, P < 0.05, ns: not significant. (D) Percentage of  blooming of  apple and pear varieties along the experimental period.
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unrewarded and bees continued responding more to pear odor 
even when the apple odor was reinforced (GI > 1; Figure 3A, cen-
tral panel). We conclude that the relevance of  pear floral odor 
as a predictor of  reward was high and quite independent of  the 
context in which it was tested (Rescorla et al. 1985; Sandoz et al. 
2000). As occurred during a preconditioning procedure, in which 
animals are exposed to a stimulus in order to prepare them to be 
more resilient if  the same stimulus is tested in the future (Menzel 
1999), exposure to pear floral odor in the surroundings would 
make bees more responsive when this odor was evaluated in the 
PER protocol.

The increasing number of  bees that responded to pear and 
apple odors by the beginning of  the Packham pear and the very 
beginning of  the Granny Smith apple flowering in 2007 might 
indicate that both olfactory cues were memorized under natural 
conditions. This idea is consistent with results obtained when flow-
erings coexisted for a 3-day period in the following spring 2008, 
when bees were no longer able to discriminate pear and apple floral 
odors (Figure 3B, central panel). In contrast to odor discrimination 
attained previously, generalization indexes (GI ≈ 1)  indicated that 
bees responded almost equally to both odors irrespectively of  act-
ing as rewarded or unrewarded stimuli. We reason then that olfac-
tory responsiveness during this overlapping period corresponds to 
the presence of  the 2 different species-specific memories rather 
than a generalized response.

By the end of  the measuring periods, when the apple flower-
ing kept on and pear flowers withered, apple-odor memories were 
more conspicuous than pear-odor memories. This fact was clearly 
observed through the SR levels at the end of  the measuring period 
(Figure  2C), as well as during the PER conditioning procedures 
(honeybees could extinguish pear odor but not apple memories 
when these scents were offered as CS−; Figure 3C, central panel). 
With a pear floral odor that lost its predictive value, bees were 
again able to discriminate the rewarded apple odor from the unre-
warded pear odor.

Concluding, we reason that odor-rewarded experiences might 
assist foragers during searching for resources in this heterogeneous 
agricultural setting. As long as floral odors are species specific, they 
can provide reliable information for guidance. We observed that 
previous floral-odor memories continued being retrieved even when 
a novel odor source starts being intensively exploited. Foraging 
on both pear and apple resources enables memories to coexist. 
Interestingly, bees’ incapability to discriminate might reflect that 
olfactory memories established in the field are very stable and that 
the meaning of  these odors could not be easily reversed under labo-
ratory conditions.

Different behaviors performed at pear and apple 
flowers

Within the hive, not all the bees perceive rewarded stimuli equally. 
Pollen foragers, more likely to show high sensitivity to sugar (Page 
et al. 1998), are able to perceive reward even when it is scarce or 
offered at low rates or concentrations (Siegel et al. 2012). A recent 
study showed that nectar foragers learn poorly when conditioned 
with pollen as the only unconditioned stimulus (Arenas and Farina 
2012). In contrast, pollen foragers respond successfully to pollen 
as reward and also to other gustatory stimuli present in pollen 
resources such as fatty acids.

We might speculate then that mainly those animals with 
higher gustatory sensitivity would be prone to visit pear trees, 
hence able to establish pear-odor memory using pollen as the 

sole US. It has recently been demonstrated that odor–pollen 
association leads to memories that are very stable and can guide 
pollen foragers to the feeding sites (Arenas and Farina 2012). 
This study showed that memories gained while gathering pol-
len from scented feeders can be recalled in laboratory assays. 
These memories were successfully transferred to a dichotomous 
food-choice device (i.e., a Y-maze); however, they failed to be 
transferred to the PER paradigm where the bees were harnessed 
(Arenas and Farina 2012).

Although we cannot exclude the possibility that foragers could 
acquire pear-odor memories with nectar or even as a combination 
of  nectar and pollen rewards, previous reports showed that nec-
tar offered by pear flowers is very scarce and diluted (Farkas and 
Orosz-Kovács 2003), and we confirmed that in pear flowers of  
Packham variety (Supplementary Figure 1S).

On the other hand, it is highly possible that bees learned that 
apple odor is associated with nectar. Biases toward nectar-foraging 
behavior in apple trees were consistent with previous findings that 
stated that apple flowers offered good quality nectars (Free 1993; 
Benedek and Finta 2006). Previous studies showed that apple flow-
ers offered a high volume secreted from the flowers and high sugar 
concentration (McGregor 1976; Free 1993; Delaplane and Mayer 
2000). More specifically, apple flowers of  Granny Smith’s vari-
ety showed nectar of  a higher sucrose concentration and higher 
volume than pear flowers of  Packham’s variety (Supplementary 
Figure 1S). This is due to that olfactory memories in this case were 
established using nectar as a primary rewarded stimuli. Whether 
the apple floral odor could be better acquired and/or retained than 
pear floral odor because of  the type of  reward remains elusive.

Increasing efficiency of pollen foragers

Other than the olfactory memories that facilitate searching for food 
and reduce the time bees would waste visiting unrewarded alter-
natives, we found evidence that pollen foragers might learn how 
to handle pear flowers and improve in this way their foraging effi-
ciency. As it has already been reported for bumblebees Bombus ter-
restris (Raine and Chittka 2007), we observed that the amount of  
pollen collected per foraging bout (the weight of  pear-pollen loads) 
increased along the blooming period of  pear flower. The improve-
ment in the efficiency per foraging bout was calculated to be up to 
60% by the end of  this period (Table 1), and this fact was indepen-
dent of  the total pear-pollen loads collected by the colony, a vari-
able that decreased within the measuring period (Figure 2B). This 
observation suggests that learning is involved in the motor skills 
required to extract pollen (Laverty and Plowright 1988; Woodward 
and Laverty 1992; Laverty 1994; Raine and Chittka 2007). Since 
the improvement in the efficiency of  pollen collection was observed 
by senescence of  pear flowers (Figure 2B,D), we could hypothesize 
that the low profitability found at the pear flowers was compensated 
by a higher gathering effort of  pollen foragers.

From individual perception to collective foraging 
patterns

Individual behavior at the flowers influenced different foraging pat-
terns at a social scale according to fluctuations in nectar and pollen 
resources. Foraging behavior pattern (Figure 2A) was characterized 
by 3 phases according to the abundance and composition of  the 
available flora: a first phase with no significant difference between 
the incoming rates of  bees carrying pollen and nonpollen, followed 
by a phase of  intense pollen foraging (mainly bees collecting pollen), 
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followed by a third phase with a reduced activity on pollen, when 
the number of  nonpollen incoming bees dramatically increased.

During the first phase of  this foraging pattern, neither pear nor 
apple trees were in bloom. Collective responses at this time might 
reflect basal levels of  foraging activity on the alternative flora. The 
second phase was described in parallel with the pear blooming. It 
is plausible to think then that such a pattern was mainly due to 
bees with low response gustatory thresholds (Page et al. 1998) moti-
vated to forage on pollen resources. We related the sudden switch 
from incoming pollen bees to nonpollen bees (Figure 2A) with the 
appearance of  higher profitable sources in terms of  nectar such as 
the apple flowers (Supplementary Figure  1S; Benedek and Finta 
2006), which might emerge to optimize the gathering of  resources 
provided by the environment.

The complementary study to estimate the proportion of  bees with-
out pollen loads that brought nectar back to the hive showed that the 
ratio of  incoming bees loaded with nectar remained quite constant 
from 26 September during the apple blooming period (Table 2). The 
increasing rate of  nonpollen incoming bees, together with the con-
stant ratio of  bees that returned with nectar, suggests that the num-
ber of  nectar foragers fluctuated proportionally with the incoming 
rate of  nonpollen bees. We speculate that during the third phase, the 
activity of  nectar foragers increased, whereas the activity of  pollen 
foragers diminished. We relate this fact to the appearance of  a profit-
able nectar source (i.e., apple trees’ inflorescences, McGregor 1976; 
Free 1993; Delaplane and Mayer 2000) that prompted low-sensitiv-
ity foragers to increase nectar collection and/or even triggered bees 
that were initially foraging upon pear-pollen resources to switch to 
apple nectar gathering. These results provide a good example of  how 
collective tasks are adjusted in response to environmental changes, 
a process that might have been assisted by information exchange 
within the hive (Farina et al. 2005, 2007, 2012).

Honeybees and bumblebees have extensively been assessed 
for plasticity in their response to unpredictable conditions in 
experiments in which variables change one at a time (Menzel 1999; 
Dyer and Chittka 2004; Giurfa 2007; Molet et al. 2009). Although 
necessary to make conclusions, this scenario is not realistic as 
animals have to extract relevant information from a complex 
matrix of  stimuli in nature to make decisions. Thus, it remains a 
gap between the processes that were experimentally assayed under 
highly controlled conditions (i.e., laboratory) and the relevance 
that the studied stimuli might gain in nature. Here, we attempted 
to understand the underlying processes that control foraging under 
natural conditions to have a better insight of  insect pollinators’ 
behavior, pollination–plant interactions, and the sharing of  food-
related information in a highly social insect society.
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