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 Introduction 

 The association between brain plasticity and behav-
ioral change is a subject of major interest across the ani-
mal kingdom [Kolb and Whishaw, 1998]. Social insects 
present a system well suited to address this correlation 
because in many species workers perform different tasks 
during their lifetime (temporal polyethism). This facili-
tates analyzing the correlation between behavioral tran-
sitions and neuroanatomical changes. For example, in 
workers of the honeybee  Apis mellifera,  critical behav-
ioral, physiological and neural changes support the tran-
sition between performance of in-hive tasks and foraging 
activities [discussed by Fahrbach and Dobrin, 2009]. This 
transition is preceded by an enlargement of the mush-
room bodies [Fahrbach et al., 1998], brain structures in-
volved in the integration of multisensory information, 
learning and memory, initiation of motor activity [re-
viewed by Strausfeld et al., 1998; Zars, 2000] and sleep 
[Joiner et al., 2006]. Subsequent orientation flights and 
foraging experience are accompanied by further enlarge-
ment of the mushroom bodies and a decrease in the size 
of the antennal lobes involved in olfactory processing 
[Withers et al., 1993], resembling commonly found brain 
plasticity associated with experience in vertebrates [Kolb 
and Whishaw, 1998; Fahrbach and Dobrin, 2009]. Simi-
lar changes have been shown to occur in other social
insect species exhibiting temporal polyethism, such as 
wasps and ants [Gronenberg et al., 1996; O’Donnell et al., 
2004; Kühn-Bühlmann and Wehner, 2006]. Together, 
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 Abstract 
 Brain plasticity is a common phenomenon across animals 
and in many cases it is associated with behavioral transitions. 
In social insects, such as bees, wasps and ants, plasticity in a 
particular brain compartment involved in multisensory inte-
gration (the mushroom body) has been associated with tran-
sitions between tasks differing in cognitive demands. How-
ever, in most of these cases, transitions between tasks are 
age-related, requiring the experimental manipulation of the 
age structure in the studied colonies to distinguish age and 
experience-dependent effects. To better understand the
interplay between brain plasticity and behavioral perfor-
mance it would therefore be advantageous to study species 
whose division of labor is not age-dependent. Here, we focus 
on brain plasticity in the bumblebee  Bombus occidentalis , in 
which division of labor is strongly affected by the individual’s 
body size instead of age. We show that, like in vertebrates, 
body size strongly correlates with brain size. We also show 
that foraging experience, but not age, significantly correlates 
with the increase in the size of the mushroom body, and in 
particular one of its components, the medial calyx. Our re-
sults support previous findings from other social insects sug-
gesting that the mushroom body plays a key role in experi-
ence-based decision making. We also discuss the use of bum-
blebees as models to analyze neural plasticity and the 
association between brain size and behavioral performance. 
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these findings show that temporal polyethism is accom-
panied by neuroanatomical changes, which may be fur-
ther enhanced by experience. In honeybee workers, these 
neural changes go along with an increase in learning and 
memory abilities as they transition toward foraging.

  In contrast to temporal polyethism, size-based divi-
sion of labor is less common in social insects, particu-
larly in bees. However, size-based division of labor pro-
vides a different perspective for evaluating hypotheses 
regarding behavioral specialization, development of cog-
nitive capacities and brain plasticity. Importantly, it 
avoids having to account for the direct effect of age on an 
individual’s behavior and the necessary manipulations to 
control for differences associated with age. For instance, 
in bumblebees, the large intracolony variation in body 
size among workers [up to 4 times in body mass in  Bom-
bus terrestris;  Goulson, 2003] correlates much more 
strongly with division of labor than age does. Large indi-
viduals form most of the foraging workforce and may en-
gage in out-of-nest tasks as early as 2 days after emergence 
[Riveros, pers. observations], whereas small workers en-
gage in in-nest tasks and some may never leave the nest 
during their entire life. Accordingly, learning and mem-
ory performance are not affected by age in bumblebees, 
and 1-day-old individuals may perform as well as much 
older bees [Riveros and Gronenberg, 2009a]. However, 
foraging experience and body size are significantly asso-
ciated with learning and memory performance in bum-
blebees [Riveros and Gronenberg, 2009a, b].

  Based on these differences, several questions regard-
ing brain plasticity and cognitive maturation emerge: is 
age associated with brain plasticity or with changes in 
cognitive capacities in species relying on size-based divi-
sion of labor? How does foraging experience affect brain 
structure and cognition in such species? How are chang-
es in body size associated with variation in brain size and 
cognitive capacities?

  Here, we focus on the characterization of brain plastic-
ity in the bumblebee  Bombus occidentalis . Specifically, we 
explore the effect of foraging experience and age on brain 
plasticity. Taking advantage of the wide variation in body 
size in bumblebees, their role as models for studying cog-
nition [e.g. Worden et al., 2005; Riveros and Gronenberg, 
2009a, b], their advantages for neurophysiological ap-
proaches [Paulk et al., 2008, 2009], and their capacity to 
adapt to laboratory environments, we discuss the impli-
cations of our results in a broader context, exploring how 
the study of bumblebees may contribute to solve more 
general questions common to evolutionary neurobiology 
and cognitive ecology.

  Materials and Methods 

 Rearing Conditions and Individual Tracking 
 All bees were from the same colony of  B. occidentalis  (Biobest, 

Inc .,  USA), which was maintained at 35% relative humidity, 19   °   C 
and 12 h/12 h photoperiod .  The nest was connected to a foraging 
flight cage (2.0  !  1.2  !  1.2 m) where the bees collected sugar 
water (15% w/w), pollen (Bee Healthy Farms, USA) and water 
from artificial feeders. Only workers were used and all individu-
als were marked using numbered tags (Betterbee, Inc.) glued to 
their thorax. Thus, we were able to track age, foraging experience 
and body size for every bee in the colony. Newly emerged bees 
were marked every 2 days; hence our age estimation has an error 
of  8 1 day. To assess very young bees, a group of pupae (n = 18) 
was isolated in individual plastic containers and dissected after 
eclosion. We collected randomly selected bees (from the entire 
population) ranging between 1 and 48 days old.

  The nest entrance was continuously videorecorded to assess 
the individual bees’ foraging experience, defined as the number 
of trips to the foraging cage that exceeded 1 min. We therefore had 
a continuous record of each bee’s foraging behavior (up to 48 days 
for the older individuals). Head width and fresh body mass (in-
cluding only head and thorax) were used as measures for indi-
vidual body size. 

  Brain Processing and Brain Volume Estimations 
 After collection, individual bees were chilled in ice for 10 min. 

Next, the brains were dissected from the head capsule and fixed in 
4% phosphate-buffered formaldehyde for 2 h and then rinsed in 
phosphate buffer. Brains were then stained in the dark using 1% 
osmium-tetroxide for 2 h at 4   °   C and an additional 30 min at room 
temperature. After repeated rinses with distilled water, we dehy-
drated the brains using 50% ethanol (10 min), acidified 2,2-dime-
thoxypropane [10 min; Thorpe and Harvey, 1979] and acetone (10 
min). Next, brains were plastic-embedded (Spurr’s low viscosity 
medium, RT 14300 Electron Microscopy Sciences) and sectioned 
on a sliding microtome at 10–20  � m, mounted and coverslipped.

  Outlines of the entire brain and individual brain regions were 
drawn using a camera lucida attached to a light microscope. We 
specifically assessed the volume of the following brain regions 
(see also  fig. 1 ): optic lobes (medulla and the lobula, which are in-
volved in processing of visual information), antennal lobes (cen-
ters for primary processing of olfactory information), fan-shape 
body within the central complex (generally considered to inte-
grate multisensory information to coordinate complex motor 
function), and the mushroom bodies. Next, drawings of these 
structures were digitized on a flatbed scanner at 300 dpi and areas 
of the brain and brain components were calculated using the pix-
el counting routine in Adobe Photoshop v7.0 (Adobe). Volumes 
were determined by multiplying the area of each region by the 
section thickness. To estimate volumes, we outlined and mea-
sured every second (20  � m) or every third (10  � m) section. This 
method leads to an error of less than 5% compared to measuring 
each section [see Mares et al., 2005].

  Statistical Analysis 
 To determine the effect of age, size and foraging experience on 

specific brain regions, we constructed multilinear regression mod-
els including all the bees to predict the volume of each region. The 
effect of each factor was determined using effect leverage plots, 
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which represent the effect of each variable after accounting for the 
effect of the other two variables (e.g. effect of age after controlling 
for the effect of size and foraging experience). In the cases where 
not all the variables had a significant effect, the leverage plots pre-
sented are based on the reduced model. All statistical analyses were 
performed using the program JMP v 7.0 (SAS Institute, Inc.). 

  Results 

 Brain Size and Body Size 
 We found a significant allometric correlation between 

body mass and total brain volume. Total brain volume 
varied by a factor of almost 3 (0.89–2.41 mm 3 ), whereas 
body mass varied by almost 6-fold (20.2–112.8 mg; 
 fig. 2 a). We also found a nonlinear correlation between 
brain volume and head width, which varies by a factor of 
almost 2 (2.35–3.96 mm;  fig. 2 b). The exponential corre-
lation holds even after correction for differences in di-
mensionality by raising head width to the third power.
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  Fig. 1.  Bumblebee size variation and brain composition. A small 
( a ) and a large bumblebee worker ( b ) approximately representing 
the body size range covered by the current study.  c  Bumblebee 
brain; montage of photomicrographs of three frontal brain sec-
tions representing different anteroposterior depths and showing 
major brain components.  d  Drawing representing micrograph in 
 c  and showing in shades of grey the brain components analyzed 
in this study; lateral white areas not included in analysis. AL = 
Antennal lobe; CB = central body; lCa, mCa = lateral and medial 
mushroom body calyx, respectively; La = lamina; Lo = lobula;
Me = medulla; MBVL, MBML = vertical lobe and medial lobe of 
the mushroom body, respectively; Re = retina; SEG = subesoph-
ageal ganglion. 

a b
  Fig. 2.  Correlation between total brain vol-
ume and proxies of body size: body mass 
( a ) and head width ( b ). 
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  Effect of Age, Size and Experience on Individual Brain 
Components 
 Including all individuals, our model showed a signifi-

cant effect of total brain volume, age and experience on 
the volume of individual brain regions. However, not all 
the regions were equally affected by each factor. As ex-
pected, larger total brain volume explained most of the 
variation (31–83%) and was associated with increases in 
all individual regions ( fig. 3 ). The slope of the regression 
lines varied between 0.69 (fan-shaped body) and 1.04 
(medulla;  fig. 3 ) after accounting for the effects of experi-
ence and age, but in all cases the 95% confidence interval 
included 1, showing that all the regions on average in-
crease isometrically with respect to the total volume of 
the brain. Age was associated with increases in brain 
component volume, with the exception of the fan-shaped 
body. However, changes associated with age were slighter 
(explaining between 4–40% of the variation after ac-
counting for the effect of brain volume and experience) 
and were statistically significant only due to the inclusion 
of the 1-day-old bees (see below). Foraging experience 
only affected the volume of the mushroom bodies ( fig. 3 ), 
leading to a slight increase. 

  Given the effect of the 1-day-old bees on our first mod-
el ( fig. 3 ), we constructed a second model excluding this 
group of bees ( fig. 4 ). Similar to the first model, most of 
the variation (77–90%) in brain component volume was 
explained by changes in total brain volume, with the ex-
ception of the fan-shaped body (R 2  = 0.22;  fig. 4 ). Also 
consistent with the first model, the volume of the mush-
room bodies increased along with foraging experience. In 
contrast, our second model showed that age did not affect 
the volume of the brain regions evaluated. Thus, 1-day-
old bees seemed to differ from the other individuals, but 
age did not significantly affect the brain of older adults, 
suggesting that age-dependent brain volume changes oc-
cur only during the first 1–2 days.

  Foraging Experience and Enlargement of the 
Mushroom Bodies 
 Given the consistent effect of foraging experience on 

the volume of the mushroom bodies, we conducted a 
more detailed evaluation of the bees that actively foraged 
(range of foraging trips = 1–297). We examined potential 
changes in the volume of the entire mushroom bodies, 
both calyces and each calyx (medial and lateral) sepa-
rately. This analysis showed that increased foraging expe-
rience did not significantly affect the total volume of the 
mushroom bodies ( fig. 5 ), the total volume of the calyces 
( fig. 5 ) or the volume of the lateral calyx ( fig. 5 ) after ac-

counting for the effect of the total brain volume. In con-
trast, we found that foraging experience significantly ex-
plained 23% of the variation in the volume of the medial 
calyx after accounting for the effect of the total brain vol-
ume ( fig. 5 ;  table 1 ). The slope of this correlation was sig-
nificantly higher than 1 only in foragers ( table 1 ), where-
as the slope of the correlation for the lateral calyx was 
lower and did not differ from 1 ( table 1 ).

  Discussion 

 Here, we have presented an analysis of brain plasticity 
associated with age and foraging experience in bumble-
bees. We have quantified these variables in much greater 
detail than previous approaches, by recording precisely 
the foraging effort and age of each bee in the colony, rath-
er than broadly defining foragers versus in-hive workers. 
The analysis of continuous variables associated with 
brain plasticity enabled the use of multivariate linear 
models that also included the effect of total brain volume. 
This latter aspect is very important because of the varia-
tion in brain volume in bumblebees associated with the 
large variation in body size [Mares et al., 2005]. 

  Our results demonstrate that the variation in brain 
volume goes along with the variation in body mass and 
head width, as expected from studies comparing differ-
ent mammalian species [Jerison, 1973]. Interestingly, the 
association between total brain volume and head width is 
almost equally well described as an exponential (r 2  = 
0.68) or a linear (r 2  = 0.65) correlation. This might suggest 
the existence of two slopes within the correlation ( fig. 2 b). 
Within ‘small’ bees, the correlation does not deviate from 
isometry and exhibits a large variance (slope = 1.1; 95% 
CI for slope = 0.4 –1.8). Within large bees, the correlation 
exhibits positive allometry and less variation (slope = 1.6; 
95% CI for slope = 1.1–2.2). The significance of this result 
cannot be inferred from our data but certainly warrants 
further investigations considering the association be-
tween body size and behavior in the context of division 
of labor in bumblebees. 

  Importantly, our results provide evidence for brain 
plasticity in specific areas within the brain after statisti-
cally controlling for the effect of the variation in brain 
volume as described above. Thus, our models for indi-
vidual brain regions included total brain volume as a fac-
tor ( fig. 3 ,  4 ). Excluding the effect of total brain volume 
(directly affected by variation in body size) allows deter-
mining potential significant changes in a brain compo-
nent’s volume associated with age or foraging experience. 
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  Fig. 3.  Effect of total brain volume, age and foraging experience on total size of individual brain components in 
bees of all ages.     
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  Fig. 4.  Effect of total brain volume, age and foraging experience on total volume of individual brain components 
in bees older than 1 day.     
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This showed a positive effect of age on most structures, 
with the exception of the fan shape body ( fig. 3 ). How-
ever, this effect seemed to result from the inclusion of 
1-day-old workers, as it was not significant within mature 
older adults ( fig.  4 ). This may suggest a considerable 
change within the 1st week of life, although our results do 

not enable us to determine the nature of the change. How-
ever, even if bumblebee brains require a few days in order 
to fully develop, such differences do not seem to be cru-
cial at least for some aspects of their behavior. Young 
bumblebee workers may start foraging within 1 or 2 days 
after emergence [Riveros, unpubl. data; O’Donnell et al., 

  Fig. 5.  Effect of total brain volume, foraging experience and age on the volume of individual components of the 
mushroom bodies of bees that foraged.     
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2000] and, when trained using pavlovian olfactory con-
ditioning, they exhibit adult-like levels of learning and 
memory as early as 2 h after emergence [Riveros and 
Gronenberg, 2009a]. 

  These patterns of behavior and brain maturation in 
 B. occidentalis  contrast with observations from the hon-
eybee  A. mellifera , and might reflect divergences in the 
social structure of their colonies. A primary difference is 
the temporal pattern that follows the transition toward 
foraging activity. In honeybees, engagement in foraging 
typically starts when workers are about 2 weeks old, and 
once foragers, workers tend to perform much less or no 
work at all inside the hive. Following this pattern, the 
transition toward foraging behavior in honeybees is pre-
ceded by a significant increase in neuropil volume in the 
mushroom bodies, which has been regarded as an exam-
ple of experience-expectant brain maturation [Fahrbach 
et al., 1998]. Further increases in the mushroom body 
neuropil are experience-dependent and are particularly 
large following foraging activity [Fahrbach et al., 2003; 
Ismail et al., 2006; Maleszka et al., 2009]. The antennal 
lobes are the only structures, besides the mushroom bod-
ies, showing changes associated with behavioral matura-
tion. In this case, however, changes point toward a reduc-
tion in the volume of the antennal lobes. Thus, nurses 
have bigger antennal lobes than foragers, even when for-
agers are older [Withers et al., 1993, but see Brown et al., 
2004]. 

  In contrast to honeybees, bumblebee workers may start 
foraging much earlier in life [O’Donnell et al., 2000 for 
 Bombus bifarius ; Riveros, pers. observations for  B. occi-
dentalis ] and engagement in foraging does not preclude 
performance of activities inside the nest [O’Donnell et al., 
2000; Jandt et al., 2009]. However, our results suggest that 
similarly to honeybee brains, bumblebee brain plasticity 
goes along with behavioral maturation and is affected by 
foraging experience and by changes during the first days 
of life. Age showed a significant effect on the volume of 
the structures within the brain only when the 1-day-old 
bees were included in the analysis, which suggests dra-
matic changes occurring very early in the adult life of 
workers. Whether such changes are analogous to the ex-
perience-expectant reorganization of the honeybee brain 
is unknown, yet not likely as our results showed differ-
ences in all the structures within the brain rather than 
only in the mushroom bodies. Furthermore, an experi-
ence-expectant reorganization of the bumblebee brain 
should occur relatively fast given the early performance of 
foraging activities. Assuming that the general develop-
mental mechanisms are comparable in honeybees and 

bumblebees, our results suggest that an interesting heter-
ochrony exists regarding both, brain and behavioral mat-
uration. We currently do not know what mechanisms may 
underlie the apparently accelerated development of young 
adult bumblebees. In fact, we assume that bumblebees 
might represent a more basal developmental time course 
that one would also expect in solitary bees that need to be 
completely ‘functional’ soon after eclosure. In contrast, 
the delayed maturation of young honeybees may represent 
an adaptation for the highly social life of honeybees. 
While bumblebees appear to be precocious when com-
pared to honeybees, they still mature and gain experience 
during their first days as foragers, as has also been shown 
for solitary bees  (Osmia lignaria) , whose mushroom bod-
ies also increase with experience [Withers et al., 2007].

  Unlike the apparent effect of age, plasticity associated 
with foraging experience was evident independently of 
the inclusion of 1-day-old bees in the models, yet it was 
limited to a specific region in the bumblebee brain, the 
mushroom bodies. The fact that the mushroom bodies 
exhibited plasticity associated with foraging experience 
is not unexpected, as it has been previously reported in 
both solitary [Withers et al., 2007] and social hymenopter-
an species, including honeybees [Withers et al., 1993; 
Durst et al., 1994], ants [Gronenberg et al., 1996; Kühn-
Bühlmann and Wehner, 2006] and wasps [O’Donnell et 
al., 2004]. In our case, a more detailed analysis of the 
mushroom bodies including only foragers showed that 
the effect of experience was limited to the medial calyx 
( fig. 5 ;  table 1 ). Previous reports on honeybees and ants 
have shown that experience does not always lead to a 
global increase in the volume of the mushroom body, but 
that the reorganization consistently involves the calyces 
[Durst et al., 1994; Kühn-Bühlmann and Wehner, 2006; 
Maleszka et al., 2009]. Furthermore, morphological plas-
ticity can be localized in distinct subcompartments with-
in the calyx. Thus, honeybee nurses have smaller collars 

Table 1. V alues of slopes for the correlation between total brain 
volume and mushroom body calyces

Group Medial calyx
slope (95% CI)

Lateral calyx
slope (95% CI)

1-day-old 0.6 (0.4–0.8)a 0.6 (0.3–0.9)a

Nonforagers 1.2 (0.8–1.5) 1.0 (0.7–1.3)
Foragers 1.6 (1.2–2.1)b 1.0 (0.6–1.3)

a  Negative allometry.  b Positive allometry.
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(which receive visual input) and lips (which receive olfac-
tory input) than foragers, but do not differ in the size of 
their basal ring [Durst et al., 1994]. Our current results 
suggest further exploration of the development of the lip, 
collar and basal ring regions in bumblebees, in particular 
in the medial calyx, which we found to be significantly 
affected by experience. This finding is unexpected as we 
are not aware of previous accounts suggesting functional 
differences between the calyces. In general, the two caly-
ces are viewed as very similar, receiving identical or al-
most identical input and serving the same functions. This 
view is evident from the fact that most quantitative stud-
ies do not discriminate between the two calyces. Only a 
single study suggests a slight difference in the innervation 
pattern of the lateral and median calyx in honeybees 
[Abel et al., 2001]. However, like other studies, this study 
[Abel et al., 2001] implies that both calyces receive identi-
cal input. We therefore cannot explain our finding that 
the medial calyx appears to correspond more with forag-
ing experience than the lateral one, but the problem may 
be relevant for understanding the evolution of double-
calyx mushroom bodies in advanced hymenoptera, cock-
roaches and beetles and some other insects [Farris, 2005]. 
The increased size of only the medial calyx may also sug-
gest a certain degree of functional subdivision, as is as-
sociated with brain region expansion in vertebrates [dis-
cussed by Kaas, 2005]. 

  Also in contrast to honeybees, we did not find evi-
dence of plasticity in the volume of the antennal lobes. As 
mentioned above, honeybee nurses exhibit bigger anten-
nal lobes than foragers, presumably because of the en-
riched chemical environment within the hive [Withers et 
al., 1993]. It is likely that such differences are not observed 
or are more difficult to detect because bumblebee forag-
ers are also active within the nest, thus sharing the en-
riched chemical experience of in-nest workers. Higher 
levels of activity inside and outside of the nest are expect-
ed because of the smaller colony size in bumblebees rela-
tive to honeybees, which also partially explains the fast 
engagement of workers in foraging behavior and proba-
bly their fast maturation of learning and memory abilities 
[Riveros and Gronenberg, 2009a].

  A final difference in behavior between honeybees and 
bumblebees is the mode of foundation of new colonies. 
Although we have not explored it here, bumblebee queens, 
unlike honeybee queens, must forage during early stages 
of the colony. Thus, brain plasticity and learning and 
memory abilities are likely to have a stronger effect in the 
bumblebee queen brain than that observed in honeybee 
queens [Fahrbach et al., 1995]. 

  Implications of Bumblebee Brain Allometry in Studies 
of Cognition  
 A remarkable aspect of the neurobiology of bumble-

bees is the large intraspecific variation in brain volume, 
which is clearly observed at the intracolony level [Mares 
et al., 2005]. We consider that such variation, together 
with our increasing knowledge of the bumblebees’ cogni-
tive capacities, suggests that they can be used as models 
to approach the longstanding problem of the relationship 
between brain size and behavior [Rensch, 1956; Aboitiz, 
1996; Healy and Rowe, 2007]. Typically introduced as a 
‘bigger = better’ (‘B = B’) problem, the hypothesis is most 
often associated with two closely related predictions: 

  (1) Behavioral complexity positively correlates with 
brain size. 

  (2) Larger brains should perform particularly well in 
demanding cognitive tasks or provide higher ‘cognitive 
power’. 

  However, the evaluation of these two predictions has 
been repeatedly challenged due to methodological and 
semantic problems in defining appropriate measures of 
‘cognition’ [which can also be affected by anthropomor-
phic estimations of animal cognition; Andrews, 2008, 
2009] or ‘behavioral complexity’ and correlating them 
with proper measures of ‘brain size’ [Deaner et al., 2007; 
Healy and Rowe, 2007]. 

  These problems are in part a consequence of the use of 
interspecific comparisons. Comparing different species 
allows the inclusion of larger ranges of brain sizes and the 
exploration of evolutionary trends, being more appropri-
ate to approach prediction (1). However, regarding predic-
tion (2), interspecific comparisons carry the problem of 
generalized measures of cognition and the difficulty to 
control for species-specific adaptations [Tinbergen, 1951, 
p. 12]. Thus, intraspecific comparisons should be much 
more appropriate to test prediction (2). On the other hand, 
it is important to remember that it is not brain size per se 
that underlies predictions (1) and (2), but the changes in 
internal organization and structure associated with varia-
tion in brain size [Striedter, 2005]. Also, brains are orga-
nized in anatomically segregated functional modules 
[Redies and Puelles, 2004; Sporns et al., 2004]. Thus, the 
identification and measurement of specific areas involved 
in particular cognitive processes, and the inclusion of 
measures of connectivity across brain regions and the ra-
tio between volume and neuronal density need to be taken 
into account when available [Tononi et al., 1994; Striedter, 
2005; Herculano-Houzel et al., 2007] in order to obtain a 
proper interpretation of the meaning of ‘brain size’. Fo-
cusing on a single species can ameliorate these problems. 
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  We argue that the large variation of brain size in bum-
blebees supports their use to approach the ‘B = B’ ques-
tion in neurobiology and cognition. Our results also 
highlight two main elements that support the use of bum-
blebees as models in future neurobiological studies. First, 
our results show a significant selective increase in the 
mushroom bodies as a consequence of foraging experi-
ence ( fig.  3 ;  table  1 ). Interestingly, our previous results 
evaluating learning and memory performance in bum-
blebees showed a significant improvement in learning as-
sociated with increased foraging experience [Riveros and 
Gronenberg, 2009a]. Whether these two correlates of for-
aging experience exhibit a causal relationship is current-
ly unknown, but, given the central role of mushroom 
bodies in learning and memory, certainly warrants fur-
ther investigation.

  A second important result is the difference in brain 
allometry between 1-day-old bees and older adults. When 
compared with our previous results on learning, the re-
markable learning performance of the youngest bees, 
which learned as well as the older workers [Riveros and 
Gronenberg, 2009a], is intriguing. Thus, it seems that the 
change in brain allometry found here is not associated 
with changes in our measures of behavioral performance. 
However, the fact that inexperienced young bees can be 
reliably tested in a learning and memory paradigm opens 
up new opportunities to examine in more detail correla-
tions between brain composition and behavioral perfor-
mance without the confounding effect of experience. 

  It is also important to consider the effect of the varia-
tion in size at the level of the sensory organs. In bumble-
bees, larger body size correlates with longer antenna [and 
greater number of olfactory receptors; Spaethe et al., 
2007] and larger eyes [and greater number of ommatidia; 
Kapustjanskij et al., 2007], which leads to higher sensory 
sensitivity in large bees. Thus, differences in performance 
are not exclusively associated with differences in the 
brain but may be strongly influenced by the amount of 
information being captured by the sensory organs. 

  Finally, it is important to consider the link between 
brain composition, size and behavior in the context of the 
social organization of the bumblebees. Large bees com-
pose most of the foraging workforce, which probably re-
lies on their higher performance in resource detection 
and exploitation [Spaethe et al., 2001; Spaethe and Wei-
denmüller, 2002]. Would one expect small workers to ex-
perience more or fewer critical changes in the brain be-
cause of foraging activity? In a different social insect, the 
desert ant  Cataglyphis , changes in mushroom body size 
associated with foraging experience are relatively larger 
in small than in large workers [Kühn-Bühlmann and 
Wehner, 2006], suggesting that within the social group 
larger individuals are better equipped than smaller ones 
for foraging tasks. As maintenance of neural tissue is en-
ergetically very expensive [Laughlin et al., 1998; Laugh-
lin, 2001], small individuals might face larger costs of for-
aging if greater investment in brain development is re-
quired. At the colony level, however, such costs might be 
minute unless there were only small foragers available. In 
bumblebees, further research on the potential differences 
in brain plasticity between large and small individuals is 
needed. Also, if smaller bees, indeed, undergo more dra-
matic changes in their brain composition, it will be inter-
esting to determine whether learning and memory per-
formance also increase and whether changes in the mush-
room bodies are localized in a particular region of the 
calyces. 
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