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 Introduction 

 Animal behavior is generated and controlled by the 
nervous system, so correlations can often be found be-
tween the elaboration and size of particular brain struc-
tures and the respective behaviors that they support. The 
most obvious examples are found in animals with unique 
sense organs or sensory abilities that are reflected by the 
size and organization of corresponding brain areas. For 
example, bats [Suga and Jen, 1976; O’Neil and Suga, 1982], 
owls [Knudsen and Konishi, 1978] and dolphins [Popov 
et al., 1986; Funga et al., 2005] have large and highly spe-
cialized auditory systems that process temporal and spa-
tial aspects of sound signals important for prey location 
and orientation. Each of the whiskers of rodents is repre-
sented by a prominent ‘barrel’ in their mechanosensory 
cortex [Woolsey and van der Loos, 1970], and the same is 
true for the facial appendages in star-nosed moles [Cata-
nia and Kaas, 1995; Sachdev and Catania, 2002].

  Other prominent examples of the correlation between 
brain structure and behavior include the increased size of 
the hippocampal formation in food-caching birds [Krebs 
et al., 1989; Sherry et al., 1989; reviewed by Lucas et al., 
2004] or the seasonal increase in particular forebrain ar-
eas of songbirds that support male singing during mating 
seasons [Nottebohm, 1981]. Correlations between brain 
structure and social behavior are particularly well estab-
lished in primates where the relative size of the cerebral 
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Face recognition 

 Abstract 

 Unique among insects, some paper wasp species recognize 
conspecific facial patterns during social communication. To 
evaluate whether specialized brain structures are involved 
in this task, we measured brain and brain component size in 
four different paper wasp species, two of which show facial 
pattern recognition. These behavioral abilities were not re-
flected by an increase in brain size or an increase in the size 
of the primary visual centers (medulla, lobula). Instead, wasps 
showing face recognition abilities had smaller olfactory cen-
ters (antennal lobes). Although no single brain compartment 
explains the wasps’ specialized visual abilities, multi-facto-
rial analysis of the different brain components, particularly 
the antennal lobe and the mushroom body sub-compart-
ments, clearly separates those species that show facial pat-
tern recognition from those that do not. Thus, there appears 
to be some neural specialization for visual communication 
in  Polistes . However, the apparent lack of optic lobe special-
ization suggests that the visual processing capabilities of pa-
per wasps might be preadapted for pattern discrimination 
and the ability to discriminate facial markings could require 
relatively small changes in their neuronal substrate. 
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cortex increases with, and probably underlies, the com-
plexity of a species’ social behavior [Dunbar, 2003; re-
viewed by Roth and Dicke, 2005]. Because brain size is 
reflected by the shape of a primate’s skull, this is also an 
important measure for tracing hominid evolution.

  Of course not all complex behaviors require neural 
specialization. Even relatively simple brains can be flex-
ible enough to perform complex tasks. For example, hon-
eybees have complex social and navigational behavior 
and can be trained to perform complicated pattern rec-
ognition tasks [reviewed by Menzel and Giurfa, 2006] de-
spite having a ‘mini-brain’ [Menzel and Giurfa, 2001] 
comprising less than 1,000,000 neurons. In fact, honey-
bees are so good at pattern discrimination, they can be 
taught to discriminate between pictures of human faces 
[Dyer et al., 2005; Dyer, 2006; but see Pascalis et al., 2006]. 
Seemingly complex tasks might not always require neural 
specialization. However, whenever complex tasks are an 
important part of an animal’s livelihood, selection might 
favor neural specializations that allow these tasks to be 
performed more quickly and efficiently than would oth-
erwise be possible.

  Individual identity and quality signaling are two forms 
of social communication that often involve specialized 
brain areas. Individual identity signals are variable, dis-
tinctive characteristics that are used to recognize conspe-
cifics as individuals [Dale, 2006]. Individual recognition 
is particularly important in many social species. For ex-
ample, humans rely on voice and face recognition to iden-
tify known individuals. Individual face recognition also 
occurs in other primates [Parr et al., 2000] and sheep 
[Kendrick et al., 2001; da Costa et al., 2004]. In addition, 
particular cortical areas such as parts of the temporal 
lobe have been associated with face recognition in hu-
mans [Yovel and Kanwisher, 2004; reviewed by Joseph, 
2001], other primates [reviewed by Rolls, 2000], and sheep 
[Kendrick et al., 2001; da Costa et al., 2004]. In insects, 
individual recognition has been found in ants [D’Ettorre 
and Heinze, 2005] and wasps [Tibbetts, 2002].

  Unlike signals of individual identity, signals of quality 
convey information about the overall phenotypic and ge-
netic constitution of their bearer (e.g., fighting ability, 
immune function, parenting ability) and are used in so-
cial interactions such as mate choice and dominance 
competitions [Dale, 2006]. Less research has examined 
the neural structures associated with assessing quality 
signals. However, there is some evidence that the need to 
assess complex quality signals is associated with the en-
largement of specialized neural areas [Brenowitz and Ar-
nold, 1986; DeVoogd et al., 1993].

   Polistes  paper wasps are a good taxon to address the 
evolution of neural specialization for social communica-
tion as  Polistes  species exhibit a range of communication 
behavior.  Polistes fuscatus  wasps have variable black and 
yellow facial patterns that signal individual identity [Tib-
betts, 2002], whereas  P. dominulus  wasps have black and 
yellow facial patterns ( fig. 1 a) that are a signal of quality 
[Tibbetts, 2004; Tibbetts and Dale, 2004]. In contrast, 
other species such as  P. flavus  and  P. arizonensis  do not 
have the type of variable facial patterns used for social 
communication [Tibbetts, 2004].

  There are numerous questions about how insects per-
form complex cognitive tasks such as facial pattern rec-
ognition. In particular, how does a small insect brain sup-
port elaborate visual social communication? Do these 
tasks require increased brain capacity; or can facial pat-
tern be discriminated with a non-specialized general pat-
tern recognition system? For example, can the basic pat-
tern recognition abilities used by  Polistes  for navigation 
and foraging be co-opted for facial recognition? As a first 
step to address these questions we undertook a morpho-
metric comparison of the brains of four different paper 
wasp species. Two of the species are able to discriminate 
face markings in conspecifics  (P. dominulus ,  fig. 1 a;  P. 
fuscatus)  whereas the other two species  (P. flavus ,  P. ari-
zonensis)  do not use visual cues for social communication 
[Tibbetts, 2004]. The goal was to determine if any par-
ticular brain regions might correlate with, and potential-
ly underlie, the ability to use face markings during social 
communication.

  Fig. 1.  Paper wasp head and brains. Photomicrograph of a  Polistes 
dominulus  head ( a ) and brain ( b ,  c ), frontal view;  b  montage of 
two sections (osmium-stained material) representing different 
antero-posterior depths to show relevant components; ( c ) shows 
the neuropils measured: antennal lobe al, central body cb, mush-
room body calyx ca, mushroom body peduncle and lobes mbl, 
lobula lo and medulla me; bold line outlines brain parts analyzed 
(excluding lamina la, ocelli oc); cross-hatched area indicates brain 
compartments referred to as ‘brain remainder’.  d–g  comparative 
view of the four species’ brains; each image is a montage of two 
sections (cresyl violet-stained, Nomarski interference contrast) 
representing different antero-posterior depths to show relevant 
components.  d   P. fuscatus ,  e   P. dominulus ,  f   P. arizonensis ,  g  
 P. flavus ; note that planes of section are not identical in the four 
specimens.  h  section showing a mushroom body of  P. fuscatus  
with the peduncle ped and the calyx components lip lp, collar col 
and basal ring br; white arrows indicate the border or area of tran-
sition between the collar and the basal ring; approximate area 
depicted in this image indicated by box in  c ; scale bars 500  � m 
except for  a  (1 mm). 
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  Methods 

 Animals 
 Females of the following paper wasp species were included in 

the brain comparison:  Polistes fuscatus  (n = 22),  P. dominulus
 (n = 22),  P. flavus  (n = 19) and  P. exclamans arizonensis  Snelling, 
here referred to as  P. arizonensis  (n = 7).  P. fuscatus  and  P. domi-
nulus  were collected from natural colonies generally found on the 
eaves of houses and barns in rural and semirural areas near Itha-
ca, New York.  P. flavus  and  P. arizonensis  were caught either while 
they were foraging for nectar on flowers or collecting water on 
and around the campus of the University of Arizona.

  Before dissection, the wasps were chilled and the head width 
was measured using electronic calipers (widest width at the level 
of the compound eyes) and the body was weighed on an analytical 
balance. In order to avoid variation due to the different filling 
state of the crop, the abdomen was cut off before weighing, hence 
what is here referred to as ‘body weight’ comprises only the weight 
of the head and thorax.

  Histology 
 Wasps were decapitated and their heads fixed in wax to facili-

tate brain dissection. Brains were dissected under 0.1  M  sodium-
cacodylate buffer (pH 6.8) and fixed in 4% formaldehyde in caco-
dylate buffer for 2 h on a rotator at room temperature. After sev-
eral rinses in buffer, whole brains were stained in 0.1% cresyl 
violet in 3% acetic acid for 4–14 h and differentiated in 70% etha-
nol for 5–60 min. In order to get a good overview of the different 
brain compartments, some brains ( fig. 1 b) were instead treated 
with 1% osmiumtetroxide solution for 3 h at 0   °   C, and for an ad-
ditional hour at room temperature and then rinsed repeatedly in 
water. All brains were dehydrated in acidified 2,2-dimethoxypro-
pane [Thorpe and Harvey, 1979], plastic-embedded (Spurr’s me-
dium, EMS, Hatfield, Pa., USA) and polymerized at 70   °   C. Brains 
were sectioned on a sliding microtome at 15  � m thickness, mount-
ed and cover-slipped. Osmium-treated brains were more difficult 
to section and morphometric measurements were therefore per-
formed on the cresyl-violet stained specimens, which yielded 
enough contrast and landmarks to trace the brain components 
listed below.

  Morphometry 
 Brain outlines were drawn from the cresyl-violet sections 

( fig. 1 d–g) using a microprojector (Ken-A-Vision, Kansas City, 
Mo., USA) and drawings were scanned to the computer on a flat-
bed scanner. Every second section was thus traced and measured, 
corresponding to a ‘virtual’ section thickness of 30  � m. Com-
parison with control measurements based on every single section 
(15  � m) confirmed that this method, although not based on ran-
dom samples, yields results as accurate as the ‘Cavalieri’ method 
[Mares et al., 2005], a commonly used randomized morphometric 
technique [Gundersen and Jensen, 1987; Michael and Cruz-Orive, 
1988]. Outlined areas of the digitized images were measured us-
ing the Photoshop (Adobe) pixel counting routine. Calibration of 
the system (in pixels per mm 2 ) and multiplication with the section 
thickness yielded the actual volume per section.

  From the drawings, the volume of the overall brain without 
the subesophageal ganglion and without the retina and lamina 
was calculated (see  fig. 1 b) because those parts were sometimes 
damaged during dissection. Within the brain, the following neu-

ropils (without surrounding cell body layers) were measured: the 
optic lobes medulla and lobula, the antennal lobe, the central 
body, and the mushroom body, in which the calyx was discrimi-
nated from the peduncle and lobes (see  fig. 1 b). Another measure 
used as a reference is the ‘brain remainder’. This measure refers 
to the overall brain minus the particular neuropils listed above 
(optic lobes, antennal lobes, the central body and mushroom bod-
ies). The ‘brain remainder’ comprises the cell bodies and brain 
components that were not individually measured because they 
are not well delineated in the wasp brain (e.g., the lateral and me-
dial protocerebrum, the dorsal lobe of the deutocerebrum and the 
tritocerebrum). This entity (‘brain remainder’) served as a refer-
ence to calculate relative proportions of particular structures
(e.g., mushroom body volume divided by ‘brain remainder’ vol-
ume). This measure was used because, unlike the overall brain 
volume, it does not include the relative volume of the structures 
being examined. In a subset of brains (10 brains each for  P. domi-
nulus ,  P. flavus  and  P. fuscatus  and 7 brains for  P. arizonensis ), the 
mushroom body calyx and its major components (the lip, the col-
lar and basal ring region;  fig. 1 h) were traced at higher magnifica-
tion (20 !  lens) using a camera lucida attachment to the micro-
scope and their volumes calculated as described above.

  Statistics 
 Volumes were compared across species using Student’s t-test 

and linear regression; discriminant function analysis was used to 
determine the set of brain measures (treated as independent vari-
ables) that allows for the best discrimination between the four 
species. Statistical analysis was performed with JMP IN 5.1.2 soft-
ware (SAS, Cary, N.C., USA).

  Results 

 Body and Brain Size 
 Individuals varied in head size as well as body weight 

within and between each species ( fig. 2 a–c). Not surpris-
ingly, a strong positive correlation existed between head 
width and body weight in all species (larger wasps were 
heavier;  fig. 2 c). Comparison of the means of head size 
( fig. 2 a) and body weight ( fig. 2 b) confirm what the indi-
vidual values in  figure 2 c suggest: the ‘small’ species  P. do-
minulus  and  P. arizonensis  are almost indistinguishable 
with respect to their size and weight, as are the ‘large’ spe-
cies  P. fuscatus  and  P. flavus , but the differences between 
those two groups were significant (Student’s t-test; p  !  
0.05; n = 70; t = 1.997). This provides a sound basis for 
brain comparison as in each size group we have one species 
that is able to recognize facial patterns  (P. dominulus ,  P. 
fuscatus ) and one that does not ( P. arizonensis ,  P. flavus) .

  Brain size correlated with head size ( fig. 2 d) and the 
correlations were relatively strong for the smaller species 
( P. arizonensis : y = 1.43x – 3.85; R 2  = 0.63, n = 7, p = 0.03; 
 P. dominulus : y = 1.33x – 3.55; R 2  = 0.50, n = 22, p = 
0.0002) whereas the larger species showed non-signifi-
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cant correlations with smaller slopes ( P. flavus : y =
0.41x – 0.41; R 2  = 0.14, n = 19, p = 0.12;  P. fuscatus : y = 
0.19x – 0.46; R 2  = 0.074, n = 22, p = 0.22). The correlations 
between brain size and body weight showed a similar 
trend (not shown), but they were weaker. When compar-
ing relative brain sizes (brain volume divided by body 
weight) across species,  P. dominulus  had slightly larger 
mean values than the two larger species whereas the small 
 P. arizonensis , of which we only had a small sample size 
of seven individuals, did not differ significantly from the 

other species [ P. dominulus  (A): 11.6  8  2.3;  P. arizonensis  
(AB): 10.9  8  3.6;  P. fuscatus  (B): 10.0  8  2.4;  P. flavus  (B): 
9.4 8  1.8; here, letters behind species names indicate sta-
tistical differences (Student’s t-test; p  !  0.05; n = 70; t = 
1.997)].

  Brain Components 
 In order to facilitate comparison across species and to 

exclude individual variation in absolute brain size, we 
compared relative volumes of the different brain compo-
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  Fig. 2.  Head, body and brain size of the four wasp species.  a, b  
Histograms showing the mean and standard deviation for the 
head width and body weight. Different letters in  a  and  b  indicate 
significant differences between species (Student’s t-test; p  !  0.05; 
n = 70; t = 1.997 for  a  and  b ).  c  Correlation between head width 
and body weight (head and thorax); asterisks:  P. arizonensis  (y = 
0.11x – 0.30; R 2  = 0.67, n = 12, p  !  0.0001); diamonds:  P. dominu-
lus  (y = 0.09x – 0.22; R 2  = 0.50, n = 24, p  !  0.001 ); circles:  P. flavus  

(y = 0.12x – 0.35; R 2  = 0.78, n = 33, p  !  0.0001); squares:  P. fuscatus  
(y = 0.11x – 0.30; R 2  = 0.61, n = 25, p  !  0.0001).  d  Correlation be-
tween head width and overall brain volume for the four wasp spe-
cies; asterisks :  P. arizonensis  (y = 1.43x – 3.85; R 2  = 0.63, N = 7,
p = 0.03); diamonds:  P. dominulus  (y = 1.33x – 3.55; R 2  = 0.50,
n = 22, p = 0.0002); circles: P . f lavus  (y = 0.41x – 0.41; R 2  = 0.14,
n = 19, p = 0.12); squares:  P. fuscatus  (y = 0.19x – 0.46; R 2  = 0.074, 
n = 22, p = 0.22). 
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nents. The selected neuropils (antennal lobes, medulla, 
lobula, mushroom body and central body; see  fig. 1 ) made 
up about 40% of the overall brain volume as defined in 
the Methods section. The rest of the brain (‘brain re-
mainder’ in  table 1 ) accordingly comprised about 60% of 
the total brain. The ‘brain remainder’ is an assortment of 
brain components difficult to define and not readily as-
sociated with any particular function, and it did not dif-
fer across the four wasp species ( table 1 ), which makes it 
particularly suited as a reference for relative volumetric 
data when comparing different brain compartments.

  Among the other neuropils compared, the optic lobes 
did not vary significantly in relative size. In all four spe-
cies, the medulla was the largest brain component, about 
three times as large as the lobula ( table 1 ), indicating the 
importance of visual information processing for all the 
wasp species. Likewise, the central body did not show any 
significant differences among the species ( table 1 ), but it 
is the smallest of the brain structures (the medulla is 
more than 50 times larger) and accordingly more prone 
to measurement errors. The other brain components dif-
fered in at least one of the species. The relative volume of 
the antennal lobes was smaller in the two species able to 
discriminate face markings  (P. dominulus ,  P. fuscatus) , 
compared to the other two species that do not discrimi-
nate face markings ( table 1 ). These differences were sig-
nificant in the case of  P. arizonensis  and of  P. dominulus,  
(Student’s t-test; p  !  0.05; t = 1.997; n = 70) but the differ-
ences in the relative antennal lobe size were not quite as 
pronounced and not statistically significant when com-
paring  P. flavus  and  P. fuscatus .

  In all species, the mushroom bodies were large, simi-
lar in size to the medulla and about four times as large as 
the antennal lobes ( table 1 ).  P. fuscatus  had significantly 
smaller mushroom bodies than the other species ( table 1 ) 
and in all species the calyx was considerably larger than 
the mushroom body lobes ( table 1 ), although interspecif-
ic variation was found in the relative size of the mush-
room body components: the mushroom body lobes were 
largest in  P. arizonensis  and smallest in  P. fuscatus  where-
as the mushroom body lobe volumes of  P. flavus  and  P. 
dominulus  were intermediate and not significantly dif-
ferent from each other ( table 1 ).  P. fuscatus  had signifi-
cantly smaller calyces and also overall smaller mushroom 
bodies than the other species (Student’s t-test; p  !  0.05;
t = 1.997; n = 70;  table 1 ). These measures compare par-
ticular brain components to the individual’s ‘brain re-
mainder’. When compared to the whole brain, interspe-
cific differences for relative brain structure sizes were 
similar, but not quite as pronounced as when compared 
to the ‘brain remainder’.

  When comparing the calyx size to the mushroom 
body lobe volume, the value for  P. dominulus  was signif-
icantly larger than that of the other species ( table 1 ). The 
same is true for the ratio of mushroom body to antennal 
lobe volume, which was significantly larger in  P. dominu-
lus  than in the other three species (not shown). No differ-
ences were found in the relative amount of sensory neu-
ropil (optic and antennal lobes combined) with respect to 
the brain remainder, suggesting that the basic brain or-
ganization is very similar in all four species.

Table 1. Head width and relative size of different brain compartments in the four wasp species

P. fuscatus P. flavus P. dominulus P. arizonensis

Head width, mm; t = 1.997 3.8480.19 A 3.9280.24 A 3.4280.14 B 3.3780.14 B
Brain remainder, % 5782 A 5681.8 A 5681.8 A 5680.8 A
Central body, % 0.680.2 A 0.680.1 A 0.580.1 A 0.680.1 A
Antennal lobe, % 6.980.8 BC 7.681.8 AB 6.580.9 C 8.080.3 A
Medulla, % 31.882.3 A 31.882.4 A 30.782.7 A 30.682.2 A
Lobula, % 10.181.0 A 9.780.7 A 10.381.2 A 10.080.9 A
Calyx, % 16.482.9 B 17.882.4 A 19.181.4 A 18.681.1 A
mb lobes, % 9.881.3 C 10.781.0 AB 10.481.3 BC 11.781.3 A
mb total, % 26.183.7 B 28.583.1 A 29.682.4 A 30.381.3 A
Calyx/mb lobes 1.6980.27 B 1.6580.20 B 1.8680.22 A 1.6280.24 B

‘Brain remainder’ = volume of the ‘brain remainder’ (see Methods section and figure 1c for definition) in 
percent of total brain volume; other relative values (%) with respect to the ‘brain remainder’; mb, mushroom 
body; calyx/mb lobes, calyx volume divided by mushroom body lobe volume; bold letters indicate statistically 
significant differences between species (Student’s t-test; p < 0.05; n = 70; t = 1.99).
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  Size Relationships 
 When comparing the relative size of brain compo-

nents with body size (head width, body weight or brain 
size) the correlations were weak in most cases, suggesting 
that within a given species, small and large wasps have 
basically the same brain composition.  Figure 3  shows ex-
amples for the strongest (although still modest) correla-
tions found: the relative volume of the optic lobes (me-
dulla and lobula combined) virtually did not vary with 
brain size in  P. arizonensis ,  P. flavus  and  P. fuscatus ,
but it showed a negative tendency in  P. dominulus  (y =
–0. 13x + 0.53; R 2  = 0.65, n = 22, p = 0.0001), hence in  P. 
dominulus  larger individuals tend to have relatively 
smaller optic lobes ( fig. 3 a). Similarly, the relative volume 
of the mushroom bodies ( fig. 3 b) showed a slight tenden-
cy to increase with brain size (hence body size) in  P. fus-
catus  (y = 0.14x + 0.09; R 2  = 0.26, n = 22, p = 0.016). There 
was no significant relationship between mushroom body 
size and brain size in  P. arizonensis ,  P. dominulus , or  P. 
flavus  (all p  1  0.05, see  fig. 3 b).

  Calyx Composition 
 The calyx of paper wasp mushroom bodies is com-

posed of three different concentric areas: the lip, the col-
lar, and the basal ring. Lip and collar are distinct and 
separated from each other ( fig. 1 h), whereas the collar 
and the basal ring are continuous and differ only in their 
basic texture: the collar has a finer texture (it is composed 
of smaller microglomeruli) than the basal ring ( fig. 1 h). 
It was not always possible to exactly determine the divid-
ing line between collar and basal ring as the transition 
from finer (collar) to coarser texture (basal ring) may oc-
cur gradually. Arrows in  fig. 1 h indicate the transition 
zone between the two adjacent compartments and sug-
gest the degree of ambiguity involved in determining 
their exact borders. We therefore not only compared the 
relative volumes of the three calyx compartments, but 
also compared the volume of the lip to that of the com-
bined collar and basal ring region ( table 2 ), a measure 
that is less ambiguous.  Table 2  shows that significant dif-
ferences exist in the relative size of the three calyx com-
ponents, but the differences do not distinguish individu-
al species nor do they fall along the line of ‘facial pattern 
discriminating’ species vs. ‘non-discriminating’ species 
or accompany body weight or head width differences ( ta-
ble 2 ).  P. fuscatus  and  P. arizonensis  are similar with re-
spect to their calyx composition and do not differ sig-
nificantly from each other in any of the relative calyx 
measures ( table 2 ). Likewise,  P. flavus  and  P. dominulus  
have similar calyx compositions that do not differ sig-

nificantly from each other ( table 2 ).  P. fuscatus  and  P. fla-
vus  (the two larger species) differed most strongly from 
each other,  P. fuscatus  having the largest lip and  P. flavus  
the largest collar (relative to the calyx volume;  table 2 ). It 
is interesting to note that the relative size of the calyx 
compartments does not reflect the size of the optic or an-
tennal lobes: the species with the relatively largest lip re-
gion ( P. fuscatus ;  table 2 ) has rather small antennal lobes 
( table 1 ) which supply the lip. Likewise, significant differ-
ences exist in the relative size of the collar ( table 2 ), which 
receives visual input, but not in the size of the optic lobes 
( table 1 ) that supply the collar.

  Discriminant Analyses 
 There is no single parameter that would allow to reli-

ably distinguish one species from another. However, 
combinations of parameters can be determined that to-
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  Fig. 3.  Relative size of the optic lobes ( a ; sum of volumes of me-
dulla and lobula) and the mushroom bodies ( b ) compared to over-
all brain volume; relative volumes with respect to ‘brain remain-
der’; linear regressions are ( a ):          P. arizonensis  (asterisks ; y = –0.04x 
+ 0.45; R 2  = 0.36, n = 7, p = 0.16),     P. dominulus  (diamonds; y =
–0.13x + 0.53; R 2  = 0.65, n = 22, p  !  0.0001 ); P . f lavus  (circles; y = 
–0.02 + 0.44; R 2  = 0.01, n = 19, p = 0.65), and    P. fuscatus  (squares; 
y = 0.09x + 0.32; R 2  = 0.15, n = 22, p = 0.08); (   b ):  P. arizonensis  (as-
terisks ; y = 0.02x + 0.28; R   2  = 0.28, n = 7, p = 0.22),   P. dominulus 
 (diamonds; y = –0.04x + 0.33; R 2  = 0.15, n = 22, p = 0.08);  P. flavus  
(circles; y = –0.04x + 0.33; R 2  = 0.04, n = 19, p = 0.45), and  P. fus-
catus  (squares; y = 0.14x + 0.09; R 2  = 0.26, n = 22, p = 0.016). 
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gether allow for the best discrimination among the wasp 
species. Three examples for this discriminant function 
analysis are shown in  figure 4 . The three most decisive 
parameters are the relative volume of the antennal lobes, 
the mushroom body calyces and the mushroom body 
lobes (relative to the ‘brain remainder’). These three mea-
sures are sufficient to discriminate  P. dominulus  from the 
other species ( fig. 4 a). In order to distinguish  P.fuscatus , 
the lobula also needs to be included in the comparison. 
This set of four parameters (the relative volume of the 

lobula, the antennal lobe and the mushroom body calyx 
and lobe) separates  P. dominulus  (and at the same time 
 P. fuscatus ) from the other three species ( fig. 4 b).

  Hence it takes four parameters to discriminate  P. fus-
catus  and  P. dominulus  from the other two species: anten-
nal lobe, mushroom body lobe, calyx and lobula ( fig. 4 c). 
Instead of the antennal lobe, the ‘brain remainder’ to-
gether with the mushroom body lobe, calyx and lobula 
volume can also serve to discriminate  P. fuscatus  and  P. 
dominulus  from the other two species (graph not shown). 

Table 2. Relative size of mushroom body calyx compartments in the four wasp species

P. fuscatus P. flavus P. dominulus P. arizonensis

Lip/calyx 36.981.2 A 33.982.2 B 34.681.5 B 36.582.0 A
Collar/calyx 50.680.9 B 54.283.2 A 52.381.8 AB 52.081.9 B
Basal ring/calyx 12.580.7 AB 11.981.4 AB 13.182.2 A 11.480.8 B
Lip/collar 72.983.7 A 63.187.7 C 66.384.0 BC 70.386.0 AB
Lip/collar + b.r. 58.583.1 A 51.585.1 B 53.083.6 B 57.784.8 A

Relative values (%) of lip, collar and basal ring, respectively, with respect to the total calyx volume (rows 
1–3) and relative volume of the lip compared to the collar (row 4) and to the sum of the collar and basal ring b.r. 
volume (row 5); bold letters indicate statistically significant differences between species (Student’s t-test;
p < 0.05; n = 38; t = 2.03).
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  Fig. 4.  Discriminant analyses. Canonical plot of linear discrimi-
nant analysis of different brain measures [relative antennal lobe 
(al), mushroom body calyx (cal) and mushroom body lobe (mb) 
volume ( a ); relative antennal lobe, mushroom body calyx, mush-
room body lobe and lobula (lob) volume ( b ); relative antennal 
lobe, mushroom body calyx, mushroom body lobe, lobula, me-
dulla (med), central body (cb), and ‘brain remainder’ rest volume 
( c )] against the four wasp species (           P. fuscatus , squares;  P. flavus , 
circles;  P. dominulus , diamonds;  P. arizonensis , asterisks). Ordi-

nate and abscissa represent the two major discriminant function 
axes (canonical 1 and 2, respectively) which represent 99.4% (                       a ), 
97.5% ( b ), and 96.0% of the variation ( c ), respectively. Rays indi-
cate the correlation of the eigenvectors with the two major ca-
nonical axes; crosses indicate group means; the size of the circles 
corresponds to a 95% confidence limit for the mean of the respec-
tive group; groups that have non-intersecting circles tend to be 
significantly different (p  !  0.05; N = 69).                   
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However, discriminant analysis did not allow the separa-
tion of  P. arizonensis  and P.  flavus  brains by the analysis 
of any combination of the relative sizes of the brain com-
ponents (‘brain remainder’, central body, antennal lobe, 
mushroom body calyx and lobe, medulla, lobula;  fig. 4 c). 
Although the brains of  P. flavus  and  P. arizonensis  sig-
nificantly differ in absolute size (like their heads and 
bodies), the overall composition of their brains is thus 
very similar even though they are not particularly close-
ly related phylogenetically [Carpenter, 1996].

  Discriminant analysis based on the relative size of the 
calyx components lip, collar and basal ring ( fig. 5 ) does 
not distinguish any of the four species. This reflects the 
finding that significant differences in calyx composition 
( table 2 ) do not single out any particular species.

  Discussion 

 A detailed comparison of the brains of four paper wasp 
species revealed no differences in the size of the optic 
lobes between species with and without visual face pat-
tern recognition. Therefore, the primary visual process-
ing centers might not need to be enlarged for facial pat-
tern discrimination. Despite overall similarities in brain 
structure, the antennal lobes were smaller in the species 
able to discriminate facial features, suggesting that the 
use of visual communication could reduce the impor-
tance of olfactory communication in some species.

  Brain Size 
 Very few studies have examined wasp brains [Flögel, 

1878; v. Alten, 1910; Jawlowski, 1959], and only one study 
has compared different paper wasp species [Ehmer and 
Hoy, 2000; this study focused on mushroom bodies ex-
clusively]. As in the current study, Ehmer and Hoy [2000] 
describe the mushroom bodies as being very similar in 
the three  Polistes  species they studied, but different from 
mushroom bodies found in other polistine genera or 
honey bees. Our measurements correspond to data pub-
lished for  P. dominulus  by Ehmer et al. [2001], although 
those data included cell bodies with the respective neu-
ropils; absolute data are thus not directly comparable to 
our measurements. However, it is possible to compare the 
brain components’ size relative to the medulla, the largest 
structure measured by Ehmer et al. [2001] and in the cur-
rent study. Both studies find similar volumes (relative to 
the medulla) for the lobula (35 vs. 33.6% in the current 
study), the antennal lobe (25 vs. 21.2%) and the mush-
room body lobes (34% in both studies). Only the relative 

size of the calyx differs: 62% in the current study com-
pared to 52% in Ehmer et al. [2001]. The histological and 
morphometric procedures were similar in both studies, 
the major apparent difference being that our specimens 
were generally workers (assumed to be several weeks old), 
whereas the study by Ehmer et al. [2001] was based on 
queens (which were almost one year old). It is known 
from ants that the brain composition changes in older 
queens [Julian and Gronenberg, 2002], but we do not 
know if similar mechanisms might explain the apparent 
discrepancy in calyx volume between this study and that 
of Ehmer et al. [2001].

  Our wasps were divided into two significantly differ-
ent size classes ( fig. 2 : small  P. arizonensis  and  P. dominu-
lus  , large  P. flavus  and  P. fuscatus ). Although absolute 
brain size differed between the two groups, there were no 
significant differences in the brain composition of large 
and small wasps. In the smaller species  (P. dominulus  and 
 P. arizonensis)  correlation between body weight or head 
width and brain size was more pronounced than in the 
larger species ( fig. 2 d), confirming the universal trend 
that larger animals have relatively smaller brains [Jerison, 
1973].

  Similar Brain Composition across Species 
 Overall, the species had relatively similar brain com-

partment composition. The general similarity in brain 
structure is not surprising given the strong phylogenetic 
and behavioral similarities across the genus  Polistes  [Car-
penter, 1996, Arévalo et al., 2004]. Interestingly, there are 
significant differences between the species that use facial 
cues and those that do not. We used discriminant analy-
sis to separate the species by simultaneously comparing 
several brain parameters. The antennal lobes and the 
mushroom body calyx and lobes together distinguish the 
two species that use facial cues  (P. dominulus  and  P. fus-
catus)  from those that do not ( fig. 5 ). In contrast, neither 
 P. flavus  nor  P. arizonensis  could be separated from each 
other using discriminant analysis ( fig. 5 , using all the 
brain components examined).

  The antennal lobe and mushroom body modifications 
in the two species that rely on visual facial markings for 
communication are likely the result of behavioral simi-
larities rather than shared history. In fact,  P. fuscatus  and 
 P. flavus  are the most closely related species.  P. dominulus  
recently invaded North America from Europe, so it is dis-
tantly related to the other three species [Carpenter, 1996]. 
In closely related taxa, brain composition is generally more 
strongly correlated with ecological and behavioral factors 
than with phylogenetic position [Hutcheon et al., 2002]. 
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Therefore, the patterns of brain structure similarity reflect 
the close phylogenetic relationship and general behavioral 
similarity among  Polistes , whereas the subtle differences in 
brain composition relate to the behavioral distinction of 
visual face pattern recognition in some species.

  The Substrate for Visual Discrimination 
 The optic lobes do not differ in size between species 

with and without variable facial patterns. Hence, the abil-
ity to discriminate facial markings does not seem to de-
pend on the overall size of the optic lobes or the overall 
brain. It was initially surprising that neither the medulla 
nor the lobula showed significant size difference across 
species, given the importance of these neuropils in visual 
processing. Perhaps discriminating contrasting facial 
markings is no more demanding for the brain than visu-
ally discriminating land marks, food items or potential 
predators. In fact, calculations using information about 
visual interneurons in flies and honey bees [Strausfeld, 

1989; Yang and Maddess, 1996] suggest that the optic lobe 
neurons likely provide sufficient spatial resolution to dis-
criminate facial markings even without neural special-
ization. This is particularly likely because the wasps are 
relatively close together when they examine each other 
visually: at a distance of 1 cm, an average sized face mark-
ing of 1 mm would extend an angle of about 6   °   . The in-
ter-ommatidial angle in frontal areas of the honey bee eye 
is less than 1   °    [Baumgärtner, 1928] and about 1   °    in vespid 
wasps [Land, 1997]. Assuming similar values for paper 
wasps, resolution is more than adequate to discriminate 
face markings at distances of several centimeters without 
optic lobe or eye specializations.

  Of course, it is possible that  Polistes  wasps have special-
ized neurons underlying the recognition of facial features 
similar to, but not necessarily as advanced or as selective 
as, face recognition neurons in the temporal cortex of pri-
mates [Tsao et al., 2003]. Such neurons may be small be-
cause analyzing facial markings is not a particularly fast 

  Fig. 5.  Mushroom body calyx composi-
tion. Canonical plot of linear discriminant 
analysis of the volumes of the three calyx 
components lip, collar and basal ring 
(shown in inset; basal ring b.r.; volumes 
relative to the respective calyx volume) of 
the four wasp species [ P. fuscatus , squares 
(n = 10);  P. flavus , circles (n = 10);  P. domi-
nulus , diamonds (n = 10);  P. arizonensis , 
asterisks (n = 8)]. Ordinate and abscissa 
represent the two major discriminant 
function axes (canonical 1 and 2, respec-
tively) which explain 100% of the varia-
tion. Rays indicate the correlation of the 
eigenvectors with the two major canonical 
axes; crosses indicate group means; the 
size of the circles corresponds to a 95% 
confidence limit for the mean of the re-
spective group; all groups have intersect-
ing circles, suggesting that they do not dif-
fer significantly.                                                 
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process that would require large (fast-conducting) neu-
rons. Consequently, they would not significantly contrib-
ute to overall size of the optic lobes or central brain. Al-
ternatively, the density of neuropil processing visual stim-
uli could be increased, hence a given brain compartment 
might comprise more neuronal terminals or input regions 
(‘spines’) without showing concomitant volume increase, 
as is the case in primate visual cortical areas specialized 
for processing movement and spatial cues [e.g., Elston and 
Rosa, 1997]. More detailed electrophysiological analysis 
would be needed to identify such specialized neurons.

  Antennal Lobe Volume 
 The two species with visual facial recognition  (P. do-

minulus  and  P. fuscatus)  had relatively smaller antennal 
lobes than the other two species ( P. flavus  and  P. arizo-
nensis ;  table 1 ). Given the importance of the antennal 
lobes in olfactory communication, these results suggest 
that  P. dominulus  and  P. fuscatus  might not rely on olfac-
tory communication (pheromones, cuticular hydrocar-
bons) as strongly as the species lacking visual recogni-
tion. This supposition could be tested behaviorally by 
comparing the olfactory threshold sensitivity for phero-
mones or cuticular hydrocarbons across the paper wasps. 
The relative importance of olfactory communication 
across the  Polistes  has not been tested, but both  P. domi-
nulus  and  P. fuscatus  use cuticular hydrocarbons for 
nestmate recognition [Panek et al., 2001].

  Another way to test whether  P. dominulus  and  P. fus-
catus  rely less strongly on olfactory communication 
would be to examine their pheromone-specific glomeru-
li. If size differences of the antennal lobes relate to spe-
cies-specific differences in pheromone communication, 
one would expect to find more or larger pheromone-spe-
cific glomeruli (macroglomeruli) in  P. flavus  and  P. ari-
zonensis  than in  P. fuscatus  and  P. dominulus .  We have 
not performed the detailed anatomical analysis of the an-
tennal lobes necessary to specifically test this hypothesis, 
but pheromone-specific glomeruli are common in other 
insects. Sex-specific ‘macroglomeruli’ have been found in 
moths [Rospars and Hildebrand, 2000], honey bees [Ar-
nold et al., 1985] and cockroaches [Rospars and Cham-
bille, 1981] and enlarged glomeruli that might be trail 
pheromone-specific have been described in two leafcut-
ting ant species [Kleineidam et al., 2005].

  How Demanding Is ‘Facial Pattern Recognition’? 
 It has been shown repeatedly in social hymenoptera 

that the complexity of task requirements correlates with 
the size of the mushroom body neuropil and of the calyx 

in particular. Foragers usually perform more demanding 
tasks (at least in terms of sensory processing) than nurses 
or nest workers, and they have larger calyces or mush-
room bodies [honey bees: Withers et al., 1993; Durst et 
al., 1994; paper wasps  Polybia : O’Donnell et al., 2004; car-
penter ants: Gronenberg et al., 1996;  Pheidole  ants: Seid 
et al., 2005, this study reveals ultrastructural differences 
in the calyx]. Considering that intuitively face pattern 
recognition appears to be a demanding task, one might 
have expected to find increased calyx volume in  P. fusca-
tus  and  P. dominulus  species that are able to discriminate 
facial markings. However,  P. fuscatus  has the relatively 
smallest mushroom bodies ( table 1 ), implying that the 
ability to discriminate face markings does not rely on 
large mushroom bodies. Of course, the same restrictions 
mentioned above in the context of the optic lobes apply 
to the mushroom bodies: overall size might not predict 
particular behavioral abilities as differences in neuronal 
structure, connectivity and function do not necessarily 
accompany size changes.

  It is also possible that the ability to discriminate facial 
markings correlates with the relative amount of visual vs. 
olfactory input to the calyx, which are represented by the 
calyx’ collar and lip zone, respectively [Howse, 1974; 
Mobbs, 1982]. A survey comparing the brain composi-
tion of honey bees and many ant species [Gronenberg and 
Hölldobler, 1999] revealed a strong correlation between 
the behavioral importance of vision for a given species 
and the composition of its calyx neuropil. The study 
showed that  Cataglyphis  desert ants, the best studied 
model for polarization vision in insects [Wehner, 1994], 
do not have particularly large eyes or optic lobes, but have 
an unusually large proportion of visual input to the calyx. 
However, our measurements did not show an over-repre-
sentation of the calyx’ collar (the visual input region) in 
those species that rely on facial pattern recognition ( ta-
ble 2 ). This suggests that no additional processing power 
is necessary for this task and that the brains of all paper 
wasps might be equipped with the major neural ‘tools’ for 
analyzing facial markings.

  The neural tools used for facial pattern analysis might 
have originated in the context of foraging and navigation. 
 Polistes  wasps use their visual capabilities to discriminate 
prey and potential predators and to recognize the nest, as 
well as learning and memory capabilities to remember 
landmarks for navigation. In fact,  Polistes  workers use 
landmark cues to locate their nest from a distance of up 
to 1300 meters [Ugolini and Cannicci, 1996]. The same 
neural components underlying these abilities (which, be-
sides the optic lobes, probably include the mushroom 
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bodies and protocerebral compartments here subsumed 
as part of the ‘brain remainder’) might also be used for 
recognizing and remembering facial markings. Facial 
recognition has evolved at least five times independently 
in the genus  Polistes  [Tibbetts, 2004], suggesting that it 
can be relatively easily achieved and might not require 
massive neural change. Instead, neural tools for other be-
havioral tasks may be co-opted for facial recognition and 
paper wasp brains might therefore be preadapted for this 
task. Based on the neuronal substrate common in polis-
tine wasps, this might suggest that the analysis and dis-
crimination of facial markings is not as difficult and 
complex as one might intuitively think when considering 
‘face recognition’. Our data suggest that any advanced 
general recognition system, such as found in honey bees, 
should be able to discriminate wasp facial pattern.

  Previous research on the neural capabilities of hyme-
noptera has largely focused on honeybees, finding that 
bees have impressive pattern recognition and learning 
skills that probably evolved in the context of foraging and 
navigation [Menzel and Guirfa, 2001]. Given the striking 
pattern recognition abilities of bees, in particular in the 
context of differential conditioning [e.g., Giurfa et al., 
1999; Giurfa, 2004; Stach et al., 2004; Dyer and Neumey-
er, 2005], it is likely that bees could be trained to discrim-
inate between wasp faces. However, it is possible that bees 
might learn wasp faces in a very different way than wasps 
learn wasp faces. During training, honeybees learn to as-
sociate particular facial patterns with sugar, essentially 
learning pictures of wasp faces as if they were flower pat-
terns [Dyer et al., 2005]. In contrast, wasps learn each 

other’s faces without any training, and use information 
associated with each other’s facial patterns during com-
plex social interactions [Tibbetts, 2002; Tibbetts and 
Dale, 2004]. Although bees and wasps perform different 
kinds of behaviors, both use small brains to perform an 
impressive repertoire of apparently complex behaviors. A 
wasp or bee ‘mini brain’ [Menzel and Giurfa, 2001] is 
anything but simple and, in part, comprises a neuronal 
packing density that exceeds that of the mammalian cor-
tex. The mushroom body features a neuronal packing 
density 5–20 times that found in mice [larger mammals 
have even lower packing densities data calculated from 
accounts published on honey bee brains, Witthöft, 1967; 
Fahrbach et al., 1995; Withers et al., 1995; and mammals, 
Tower, 1954]. Small brains can perform remarkable feats 
by adapting their limited circuits to different tasks. There-
fore, it might not take many changes in evolutionary 
terms to enable existing neuronal networks that already 
underlie the discrimination of subtle flower patterns or 
colors [Giurfa et al., 1999; Giurfa, 2004; Stach et al., 2004; 
Menzel and Giurfa, 2006] to distinguish facial patterns.
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