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Communication requires both signals and receiver responses, yet we know little about how signals and
responses covary when recognition capacity differs across a species' geographical range. Previous work
has shown that Polistes fuscatus wasps from Michigan, U.S.A. are capable of individual face recognition,
while P. fuscatus from central Pennsylvania, U.S.A. are not. Here, we provide a broader assessment of
intraspecific variation in signals and responses across the range of P. fuscatus. We quantify the amount of
perceivable facial pattern variation in each population as a measure of individual identity signalling. We
also measure how accurately wasps from each population learn to discriminate between a standard set of
conspecific faces as a measure of individual face recognition. We show that wasps are equally adept at
learning to discriminate faces of wasps from their own population and faces of wasps from different
populations, confirming that discriminating a standard set of faces provides a comparable measure of
individual face learning capacity. We find that there is striking variation in signals and responses across
wasp populations and that individual identity signals and receiver responses are linked. Wasps from
populations with more variable individual identity signals learn to discriminate between a standard set
of conspecific faces more accurately than wasps from populations with less variable individual identity
signals. Overall, we find surprisingly high levels of intraspecific geographical variation in individual
identity signals and responses. Work in additional taxa will be important to assess whether signal
phenotype and receiver responses are commonly linked in geographically variable communication

systems.
© 2024 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights are
reserved, including those for text and data mining, Al training, and similar technologies.

A fundamental question in evolutionary biology is how traits
evolve when selection on one individual depends on the phenotype
of other individuals (e.g. mutualism, predator—prey relationships,
cooperation, communication) (Herre et al., 1999; Moore et al,,
1997). Communication requires both signals and receiver re-
sponses (Bradbury & Vehrencamp, 1998; Searcy & Nowicki, 2005).
Selection on senders depends on receiver phenotypes and vice
versa. Senders must have variable phenotypes that convey infor-
mation to receivers and receivers must pay attention to these
phenotypes and respond appropriately. Either component alone is
insufficient (Scott-Phillips et al., 2012). For example, humans with
unique facial features that allow individual recognition will benefit
if receivers learn and remember them but not if receivers are

* Corresponding author.
E-mail address: tibbetts@umich.edu (E. A. Tibbetts).

https://doi.org/10.1016/j.anbehav.2024.09.003

incapable of recognition. Similarly, the ability to recognize in-
dividuals may be beneficial if senders have variable, unique phe-
notypes, but not if senders are so similar that individual recognition
is impossible. Therefore, a change in either signals alone or re-
sponses alone could disrupt a communication system. Conse-
quently, a positive correlation between signals and responses
might be expected in the evolution of communication systems.
Because communication requires both signals and responses,
there has been much interest in how both traits vary across species'
geographical ranges. Thus far, most work has focused on
geographical variation in signals involved in mate choice, including
visual, acoustic and chemical signals in birds, fish, mammals and
insects (Foster & Endler, 1999; McElfresh & Millar, 2001; Podos &
Warren, 2007; Searfoss et al., 2020). Sexual signals and receiver
responses are often linked (Panhuis et al., 2001). For example,
birdsong dialects often vary geographically and adults preferen-
tially choose mates that sing the local dialect (Slabbekoorn & Smith,
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2002a). Similarly, tangara frog, Physalaemus pustulosus, calls differ
across their range and females prefer the calls of local males (Prohl
et al., 2006). However, in some taxa, signals and responses are not
linked, as females prefer males with the most elaborate ornaments,
even if the extent of male ornament elaboration varies across a
species' range (Hill, 1994).

Theory suggests intraspecific variation in sexual signals and
receiver responses are often linked across geography because sig-
nals and responses are genetically correlated. In taxa with genetic
covariance between signal and receiver response, selection on
either trait leads to a change in the other trait. Genetic covariance
between mating signals and mate preferences has been found in
many sexual signalling systems (Bakker & Pomiankowski, 1995). It
arises due to assortative mating between senders with ornaments
and receivers that prefer the ornaments (Fowler-Finn & Rodriguez,
2016). Choosers with extreme mating preferences mate with
courters that have extreme ornaments, so preference and orna-
ments become genetically linked. Consistent with theory, a recent
review found that sexual signals are commonly genetically corre-
lated with mate preferences (Fowler-Finn & Rodriguez, 2016).

While there has been significant progress in understanding
intraspecific geographical variation in signals and responses in
sexual communication systems, we lack parallel theoretical and
empirical work in nonsexual communication systems. On one
hand, having both signals and receiver responses is crucial for
communication, so the traits may often be associated. On the other
hand, there is no assortative mating in nonsexual signals, so genetic
correlation between signals and responses may be unlikely.
Instead, signals and responses could be linked via other mecha-
nisms, like ‘reciprocal plasticity’ (Tibbetts & Snell-Rood, 2021). Thus
far, we lack data testing whether and how nonsexual signals and
receiver responses are linked.

Individual recognition is one type of communication system
that varies geographically, but we currently know little about the
how signals and responses covary. During individual recognition,
receivers learn the unique phenotype of conspecifics, associate the
phenotype with individual-specific information and recall the
phenotype—information link during subsequent interactions
(Tibbetts & Dale, 2007). The variable phenotypes used for indi-
vidual recognition are called individual identity signals. Some in-
dividual identity signals vary geographically. For example, orang-
utan vocal calls used to individually identify neighbours
(Spillmann et al., 2003) vary in their duration and pulse rate across
populations (Delgado, 2007). Similarly, parrot contact calls and
dolphin signature whistles have different characteristics across
populations (Janik et al, 2006; Wright, 1996). Importantly,
although the precise characteristics of the individual identity sig-
nals vary across populations, all populations have highly variable
individual identity signals and are assumed to be capable of indi-
vidual recognition. Comparatively little is known about whether
receiver capacity for individual recognition differs across pop-
ulations. To our knowledge, Polistes fuscatus paper wasps are the
only taxon known to show different capacity for individual recog-
nition across populations (Tibbetts et al., 2021).

Polistes fuscatus offer an intriguing system to test how individual
identity signals and capacity for individual recognition covary
geographically. Previous work has shown that P. fuscatus vary in
both individual identity signals and capacity for individual recog-
nition. In Michigan and New York, U.S.A., P. fuscatus have highly
variable facial patterns that signal individual identity (Fig. 1)
(Tibbetts, 2002). These wasps are adept at learning and remem-
bering the unique facial patterns of conspecifics. Wasps use indi-
vidual recognition during social interactions on and off nests
(Sheehan & Tibbetts, 2008; Tibbetts, 2002; Tibbetts et al., 2020) and
also learn to discriminate between individual conspecific faces
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Figure 1. Portraits of Polistes fuscatus wasps collected from different locations illus-
trating the differences in facial pattern variation between populations.

during training (Tibbetts, Injaian, et al., 2018). In contrast, P. fuscatus
from Rothrock, Pennsylvania (Tibbetts et al., 2021) and Louisiana
(Tumulty et al., 2023), U.S.A. lack individual recognition. P. fuscatus
from Pennsylvania do not learn and remember individual conspe-
cifics during social interactions (Tibbetts et al., 2021) and are also
not capable of learning to differentiate conspecific faces, even when
unique conspecific faces are used for training (Tibbetts et al., 2021).
Furthermore, the facial patterns that signal individual identity are
less variable in wasps from Pennsylvania than wasps from Michigan
(Fig. 1).

Here, we explore the factors that influence variation in indi-
vidual identity signals and capacity for individual face recognition
at multiple sites across the geographical range of P. fuscatus. This
study expands our previous work comparing two P. fuscatus
populations (Tibbetts et al., 2021) to 14 populations. It also pro-
vides an in-depth quantification of wasp facial pattern variation
that incorporates information about wasp vision. First, we
quantify individual face learning capacity of wasps from each
population by assessing how well wasps learn to discriminate
between a standard set of conspecific faces. We also confirm that
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wasps are equally adept at learning to discriminate faces of wasps
from their own population and faces of wasps from different
populations. Measuring learning of different face stimuli is
important to ensure that the standard set of wasp face images
provides a comparable measure of individual face learning ca-
pacity. Next, we assess variation in individual identity signals by
quantifying the level of within-population variation in facial
patterns. High levels of facial pattern variation facilitate individ-
ual discrimination and provide more effective individual identity
signals than lower levels of facial pattern variation (Dale et al.,
2001; Tibbetts et al., 2017). Finally, we test whether there is a
link between individual identity signal variation and individual
face learning across nine populations of P. fuscatus. We predicted
that populations with greater facial pattern variation would be
more adept at learning a standard set of face images than pop-
ulations with less facial pattern variation.

METHODS
Collection

Polistes fuscatus wasps were collected from 14 populations
across the eastern United States (Michigan, Minnesota, Illinois,
Ohio, Virginia, Pennsylvania and North Carolina) (Fig. 2). After
collection, wasps were transported to Ann Arbor, Michigan. Wasps
and their nests were housed in individual containers and fed water,
sugar and waxworms ad libitum.

Wasps used in the trials were collected as adults from the wild.
Wasps collected prior to worker emergence were categorized as
nest-founding queens. Wasps collected after worker emergence
were dissected to assess caste. Wasps were classified as queens if
their ovaries contained eggs that were larger than 1 mm and clas-
sified as workers if their ovaries contained eggs that were smaller
than 1 mm (Tibbetts et al., 2011). Differences in ovarian develop-
ment between queens and workers are not subtle, so caste
discrimination was straightforward. Only one wasp per nest was
used for individual identity signal assessment to ensure that any
similarity in facial patterns within a nest did not influence popu-
lation measures of facial pattern variation.

Individual Identity Signal Assessment

Photography

To measure signal variation, we first photographed all wasp
faces using a Leica microscope that had a camera attachment, with
the same magnification and lighting for all photographs. To
photograph the wasp's faces unobstructed, antennae were removed
prior to photography. To minimize potential visual distortion, water
droplets were removed from the wasp faces with KimWipes. To
control for variation in lighting across photographs, we white-
balanced each image using built-in functions in MatLab (‘illum-
gray’ and ‘chromadapt’; Mathworks, Natick, MA, U.S.A.). Note that,
because we used image segmentation and colour remapping later
in image processing, white-balancing had no effect on our results.

Facial analysis

To control for variation in face shape, we used a custom script in
MatLab (version R2020B, (https://www.mathworks.com/help/
images/ref/fitgeotrans.html) to transform all wasp faces to align
with a template face chosen because the face picture had ideal
orientation (PA-GF193). To do this, each wasp face was marked with
a series of landmark points signifying reliably identified facial
features (inner eye, bottom of clypeus, top of upper frons). We also
applied a mask to each image, which allowed us to remove parts of
the face that do not vary between populations (the eyes, lower
mandible) (Tibbetts et al., 2021). A projective transformation was
then applied to the focal wasp image to warp it, so that its land-
marks lined up with the corresponding landmarks on the template.
This type of transformation is best used when most of the differ-
ences between images are the result of one image being slightly
tilted relative to the other images, which was the case for our im-
ages. Finally, we applied a low-level Gaussian blur to the masked
images to account for the low visual acuity of a wasp. The warped
and blurred output images were exported from MatLab to be used
for subsequent analysis in R.

Colour adjustments and shine removal

To ensure that our analysis captured variation that would be
visually discernible to wasps, we remapped wasp colour space values
to each pixel on the wasps' face. To do this, we first used the R
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Figure 2. Map of collection locations. A: Minnesota, Minneapolis; B: Michigan, Ann Arbor; C: Illinois, Rockford; D: Ohio, Columbus; E: Pennsylvania, Hesston; F: Pennsylvania, New
Florence; G: Pennsylvania, Entricken; H: Virginia, Front Royal; I: Pennsylvania, Alpine; J: Pennsylvania, Nockamixon; K: Pennsylvania, French Creek; L: North Carolina, Charlotte; M:

North Carolina, Raleigh; N: North Carolina, Wilmington.


https://www.mathworks.com/help/images/ref/fitgeotrans.html
https://www.mathworks.com/help/images/ref/fitgeotrans.html

16 C. Weise et al. / Animal Behaviour 218 (2024) 13—21

package ‘recolorize’ (https://CRAN.R-project.org/package=recolorize)
to perform colour segmentation on the face images, which provided
us with a uniform colour palette for each population. Recolorize uses
segmentation algorithms to extract distinct colours from an image,
which is particularly useful when analysing images of species with a
limited colour palette, as in the case of P. fuscatus (Weller et al., 2024).
We used the ‘hist’ method with five bins to segment the colours, then
applied a clustering algorithm to group similar colours together.
Specifically, we used the ‘recluster’ function to perform hierarchical
clustering on the colour values in the ‘Lab’ colour space, which is
designed to be more perceptually uniform than other colour spaces.
The clustering algorithm was based on the Euclidean distance be-
tween the colours, and we set the cutoff distance to 30 to ensure that
the algorithm did not merge colours that were too different from
each other. The resulting colour palette was then applied to each
pixel in the image using the ‘imposeColors’ function, which assigns
each pixel to the closest colour in the palette. This image segmen-
tation step allowed us to assign each pixel to one of a set of limited
colours (black, brown, dark brown, red-brown and yellow). For
example, wasps from North Carolina populations were primarily red-
brown and black, with small patches of yellow (Fig. 1).

We then used an Ocean Optics USB400 spectrophotometer
along with a custom fibre optic probe to measure the reflectance
spectra for the full set of colours from representative individuals
across all populations (black: N=8; brown: N = 3; dark brown:
N = 3; red-brown: N = 16; yellow: N =5). The number of mea-
surements for some colours was limited because some colour
patches were below the smallest area the probe could measure. We
previously collected photographs of wasp faces that revealed that
P. fuscatus wasps have very low reflectance in the ultraviolet (UV),
consistent with other research in Polistes coloration using both
spectrophotometric and multispectral imaging (Jernigan et al.,
2023; Miller, 2023). Therefore, we chose to set a low, flat reflec-
tance for the UV range of the spectra. We calculated the average
reflectance for each colour between 401 and 700 nm and set the
300—400 nm reflectance as the value at 401 nm. We then used the
average reflectance spectra to calculate colour space coordinates,
using the hexagonal model of colour vision (Chittka, 1992). This
colour space is perceptually uniform and can be used to measure
the distances between colours. We calculated wasp spectral
sensitivity curves using the function ‘sensmodel’ in the R package
‘pavo’ and the published photoreceptor maximum sensitivities of
Polistes dominulus (van der Kooi et al., 2021). Photoreceptor sensi-
tivities for P. fuscatus are not known but sensitivities for a conge-
neric species are expected to be a good approximation, given that
sensitivities do not vary widely among closely related taxa (van der
Kooi et al., 2021). Each pixel in an image was then changed to the
colour space coordinate values that corresponded to its assigned
colour.

Eigenfaces (principal component) analysis

To assess variation within and across populations, we ran
principal component analysis (PCA) of the warped and recolourized
faces. We converted each image to a string of pixel values and
performed PCA on these strings. This produces a ‘wasp face space’
where the distance between the coordinates for any pair of faces
represents how similar the faces are. To quantify facial variation, we
calculated the average pairwise distance between faces within each
population for the first 10 PCAs. Populations with tight clusters of
faces should have a lower variation metric than populations with a
range of facial patterns with faces spread widely across wasp face
space. We analysed the following number of P. fuscatus face pictures
in each population: Ann Arbor, Michigan: N = 70; Minneapolis,
Minnesota: N =26; Rockford, Illinois: N = 17; Columbus, Ohio:
N = 11; Front Royal, Virgina: N = 8; Hesston, Pennsylvania: N = 20;

New Florence, Pennsylvania: N =7; Entriken, Pennsylvania:
N = 12; Alpine, Pennsylvania: N = 8; French Creek, Pennsylvania:
N = 11; Nockamixon, Pennsylvania: N =9; Charlotte, North Car-
olina: N = 14; Raleigh, North Carolina: N = 17; Willington, North
Carolina: N = 30.

Individual Face Learning

We tested how accurately wasps learned to discriminate be-
tween a neutral face stimulus and a negative face stimulus (Tibbetts
et al., 2021). This test provides a more fine-grained measure of
individual face learning than experiments involving social in-
teractions. Experiments involving social interactions (e.g. Tibbetts,
2002; Tibbetts et al., 2020) provide good information about
whether individual recognition occurs, but not the accuracy of
recognition. Previous work has shown that the ability to learn and
remember individual faces during training is linked to individual
recognition capacity. Within and between species, wasps that are
capable of individual recognition learn and remember faces during
training, while wasps that are not capable of individual recognition
are unable to learn and remember faces (Sheehan & Tibbetts, 2011;
Tibbetts, Den Uyl, et al., 2019; Tibbetts, Pandit, et al., 2018). For
example, Polistes metricus wasps, P. fuscatus from Michigan that
were socially isolated since emergence from pupation and
P. fuscatus from central Pennsylvania are not capable of individual
recognition in social situations and are unable to learn to
discriminate faces during training (Sheehan & Tibbetts, 2011;
Tibbetts, Den Uyl, et al., 2019; Tibbetts et al., 2021). In contrast,
P. fuscatus from Michigan and New York are capable of individual
recognition and readily learn to discriminate faces (Sheehan &
Tibbetts, 2011; Tibbetts, Pandit, et al., 2018).

We trained wasps via classical conditioning by placing them in a
2.5 x 4 cm wooden box, with a Plexiglas top. Along each wall of the
box, we placed identical images of a conspecific face. The chamber
and wasp were placed on an electrified pad that delivered either
0.4V of electric shock or no shock to the wasp as she viewed the
conspecific face. The chambers were less than 1 cm high so that
wasps could not escape the electrical current. In half the trials,
wasps were exposed to an incorrect face (CS+) while receiving a
mild electric shock for 2 min. In half the trials, wasps were exposed
to a correct face (CS—) while receiving no electric shock. The wasp
received a 1 min break in a separate container between each trial.
The sequence of one CS+ and one CS— trial was repeated three
times per wasp, so wasps experienced three CS+ and three CS—
trials in total. After training, the wasp was given a 45 min break in a
separate container with water.

After training, we measured each wasp's learning accuracy with
a 10-trial test. In each trial, the wasp was able to walk towards the
correct (CS—) or incorrect (CS+) image. Between each trial, wasps
rested for 1min in a separate container. Performance was
measured as the number of correct choices over 10 trials.

Testing occurred in a wooden chamber that was 9.5 x 3 cm long,
with Plexiglas on top. One end of the rectangle displayed the cor-
rect stimulus (CS—) while the other end of the rectangle displayed
the incorrect stimulus (CS+). At the beginning of each trial, the
wasp was placed in the middle of the rectangle between two clear
partitions for 3 s, then both partitions were removed simulta-
neously and the wasp was free to walk through the maze. A wasp
was scored as making a choice when its head and thorax moved
beyond a small partition placed 2.5 cm from each end of the maze.
After a wasp made a choice, it was removed from the maze and
given a 1 min break in a dark holding container. The placement of
the stimuli (right or left side) was determined randomly and
changed between trials. This ensured that wasps did not associate a
particular direction with correct choices.


https://CRAN.R-project.org/package=recolorize
https://CRAN.R-project.org/package=recolorize

C. Weise et al. / Animal Behaviour 218 (2024) 13—21 17

Stimuli

Wasps from all populations were trained and tested using a
standard set of Michigan P. fuscatus face images. Polistes fuscatus
faces from Michigan were photographed and printed at life size
(~3.5 mm wide) to be used as stimuli. The same set of face stimuli
were used across all populations to ensure that face learning per-
formance was directly comparable.

We ran a second experiment to test whether wasps' ability to
discriminate faces differs when wasps are trained to discriminate
faces from their own population or faces from a different popula-
tion. For the non-Michigan stimuli, we created a standard set of face
pictures from three additional populations (Front Royal, VA, Char-
lotte, NC, and Rockford, IL; see Fig. 2 for population details) and
printed the photographs at life size.

DNA Barcoding

In addition to the morphological identification of P. fuscatus, we
used ‘DNA barcoding’ to confirm the species identities of wasps
included in this project. DNA barcoding is a commonly used tech-
nique to verify the molecular taxonomic identity of insect species
(Hebert et al., 2003). Specifically, we used the mitochondrial cyto-
chrome c oxidase subunit I (COI) gene to confirm species identities.

We randomly selected a few wasps from each population for
barcoding (Ann Arbor, MI: N = 6; Wilmington, NC: N = 4; Raleigh,
NC: N = 3; Charlotte, NC: N = 6; Hesston, PA: N = 4; Ohio: N =5;
Minnesota: N=75; Illinois: N=>5; Virginia: N=5). DNA was
extracted from the abdominal tissues from each wasp. We followed
the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, U.S.A.)
manufacturer's protocols for DNA extraction. DNA was eluted with
100 ul DNAse/RNAse free H,0, and DNA concentration was quan-
tified using Nanodrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, U.S.A.). After confirming successful extraction, we
amplified the 658 bp region of the COI region using the primer pair
LCO1490 (5'-GGTCAACAAATCATAAAGATATTGG-3') and HCO2198
(5'-TAAACTTCAGGGTGACCAAAAAATCA-3) (Folmer et al, 1994;
Hebert et al., 2003). All reactions had a total reaction volume of
20 pl, using 0.025 U of Platinum Taq DNA polymerase (Invitrogen),
with 4 pul of DNA template, 1x reaction buffer, 2.5 mM MgCly,
0.2 uM dNTPs and 0.5 uM primers (each). Samples were amplified
at 95 °C for 1 min, followed by 35 cycles of 95 °C for 45 s, 50 °C for
1 min, 72 °C for 1 min and a final extension step of 72 °C for 7 min.
PCR products were verified using gel electrophoresis. After ampli-
fication we sequenced our samples using Sanger sequencing
techniques.

Resulting sequences were edited and aligned in Geneious Prime
2020.0.4. Species identity of samples was confirmed by comparing
each sequence for the percentage of identity with previously
sequenced Polistes wasps on the Barcode of Life Database (BOLD
version 4, http://www.boldsystems.org/) using the Animal Identi-
fication tool (Ratnasingham & Hebert, 2007). All sequences had
>98% sequence similarity with P. fuscatus in BOLD, confirming the
morphological species identifications.

Ethical Note

Training involves low-level electrical shock that is aversive to
wasps. However, the level of current was kept low to ensure that
wasps were able to learn and were not harmed. Wasps behaved
normally when they were returned to their containers after
training. Wasps were euthanized on dry ice prior to facial pattern
analysis and DNA barcoding.

Statistics

Statistical analyses were performed in R version 4.1.2 (‘Bird
Hippie’) and SPSS statistical software (version 26). Residual di-
agnostics were performed to assess model fit.

We tested how geographical variation in facial diversity differs
across the U.S. with a general linear model. The dependent variable
was the facial variation metric within a population (N = 14 pop-
ulations). The independent variables were population latitude
(continuous) and longitude (continuous). In a separate analysis, we
tested how individual face learning differs across the U.S. with a
linear mixed model. The dependent variable was the number of
correct choices (out of 10) for 245 wasps from nine populations. The
independent variables were population latitude (continuous),
longitude (continuous) and caste (categorical). Population was
included as a subject variable to control for any similarity within
populations.

We also tested whether individual face learning and facial
pattern variation was linked using a mixed linear model. The
dependent variable was the number of correct choices (out of 10)
for 245 wasps from nine populations. The independent variables
were population variation (continuous) and caste (categorical).
Population was included as a subject variable to control for any
similarity within populations, allowing intercepts to vary across
populations.

In a second set of experiments, we tested whether the specific
face stimuli used during training influenced individual face
learning performance (N = 86 wasps). We analysed these data by
using a general linear model to test whether individual face
learning performance (out of 10) was explained by population of
origin of the face stimuli pictures (categorical), the population of
origin of the wasp being trained (categorical), the interaction be-
tween the population of the face stimuli and the population of the
wasps being trained and caste (categorical). The interaction was not
significant, so it was removed from the final model, although the
interaction results are reported below.

RESULTS

Facial patterns differed across the geographical range of
P. fuscatus (Fig. 1). Populations primarily differed in the amount of
colour pattern variation. Facial pattern variation was linked with
longitude (Fy11=38.7, P<0.001, SE=0.031, partial eta
squared = 0.173; Fig. 3a), but not latitude (Fy11 =2.3, P=0.16,
SE = 0.054, partial eta squared = 0.78; Fig. 3b). Wasps from west-
ern populations had more variable facial patterns than wasps from
eastern populations (Fig. 3a). The type of facial patterns found in a
population also differed somewhat. For example, high levels of
bright yellow colour were fairly common in Minnesota, but not in
more eastern populations. Many facial pattern types were common
across the entire range of P. fuscatus. For example, most populations
contained some wasps with an entirely black face and some wasps
with a face that is mostly black with yellow inner eye stripes (Fig. 1).

Individual face learning differed across populations (Fg 235 = 26.6,
SE = 0.46—0.60, P <0.001), but not castes (Fy235= 6.8, SE=0.32,
P=0.088). We followed up the overall model with a more specific
analysis exploring how geographical location and individual face
learning are linked, including population as a subject variable to
control for any similarity within populations. Wasps from more
western populations learned to discriminate facial patterns more
accurately than wasps from more eastern populations (Fj 241 = 24.3,
SE = 0.033, P < 0.001). Latitude was not associated with individual
face learning (Fj 241 = 1.0, SE = 0.058, P = 0.31), indicating that there
was no difference in face learning between northern and southern
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Figure 3. Relation between P. fuscatus facial pattern variation and (a) longitude and (b)
latitude. Facial variation was measured as the average pairwise distance between faces
within each population.

populations. In this model, caste was not linked with individual face
learning (Fy242 = 2.7, SE = 0.30, P = 0.098).

Individual recognition requires both highly variable individual
identity signals and receivers that can learn to differentiate in-
dividuals. As a result, we tested whether sender phenotypes and
receiver responses are linked across the range of P. fuscatus. Indi-
vidual face learning was positively linked to colour pattern varia-
tion (Fig. 4). Populations with more variable facial patterns were
also more adept at learning to discriminate a standard set P. fuscatus
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Figure 4. Relation between individual face learning and facial variation in the wasp's
population of origin. Facial variation was measured as the average pairwise distance
between faces within each population. Dot colour reflects the number of overlapping
points, with darker dots reflecting a larger number of overlapping data points than
lighter dots.

face images than populations with less variable facial patterns
(F165=6.5, SE=0.28, P=0.04; Fig. 4). Individual facial learning
was also linked to caste, as nest-founding queens learned to
discriminate conspecific faces more accurately than workers
(F1219 = 3.8, SE = 0.30, P = 0.05).

In a second set of experiments, we confirmed that training
wasps from different populations using a standard set of wasp faces
did not influence learning performance. We tested whether the
specific face stimuli used during training influenced individual face
learning by training wasps from multiple populations to discrimi-
nate wasp face images from multiple populations. Individual face
learning was not influenced by the population of origin of the face
stimuli pictures (F3go= 0.87, SE = 0.55—-0.59, P =0.46). Further-
more, performance was not influenced by the interaction between
the population of the face stimuli and the population of the wasps
being trained (F179=0.10, P=0.75). The lack of a significant
interaction is important because it suggests that wasps from
different populations had equal capacity to learn faces from their
own population and other populations. Performance was influ-
enced by population of origin of the wasps (F;go = 4.1, SE = 0.38,
P =0.046) and caste of the wasps (Fy30 = 6.7, SE = 0.40, P = 0.01).
Consistent with other work, wasps from some populations were
more adept at individual face learning than wasps from other
populations. In addition, nest-founding queens learned more
accurately than workers (Tibbetts, Injaian, et al., 2018).

DISCUSSION

Polistes fuscatus wasps showed strong geographical variation in
both individual identity signals and individual recognition. We
found that the facial patterns that signal individual identity were
more variable in western P. fuscatus populations than in eastern
populations (Fig. 3). High levels of variation facilitated individual
discrimination and provided more effective individual identity
signals than low levels of variation. The capacity for individual face
discrimination also varied across the geographical range of
P. fuscatus. Wasps from western populations learned to discrimi-
nate a standard set of P. fuscatus face images with greater accuracy
than wasps from eastern populations. In fact, wasps from some
eastern populations did not learn to discriminate conspecific faces,
as they performed at chance levels during training. Notably, indi-
vidual identity signals and individual face learning were
geographically linked (Fig. 4). Wasps from populations with higher
levels of facial pattern variation were more adept at learning to
discriminate between a standard set of individual conspecific faces
than wasps from populations with lower levels of facial pattern
variation. DNA barcoding showed that wasps from all populations
were P. fuscatus, so differences in signals and receiver responses
reflect intraspecific geographical variation.

One interesting aspect of this study was finding that signals and
receiver responses were linked across populations. Wasps from
populations with more variable facial patterns were more adept at
learning to discriminate between individuals than wasps from
populations with less variable facial patterns (Fig. 4). The close
match between signals and responses is notable given that the
developmental basis of these traits is quite different. While
geographical variation in signals and receiver responses is wide-
spread, assessing both signals and responses is time-consuming
and challenging. As a result, few studies have provided a fine-
grained assessment of signals and receiver responses across mul-
tiple populations. The studies that have been done focus on sexual
signals, where signals and responses are often genetically corre-
lated due to assortative mating (Fowler-Finn & Rodriguez, 2016;
Scordato & Safran, 2014). Social signalling systems used in non-
mating contexts lack assortative mating, so mechanisms other than
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genetic correlation must produce the link between signal and
receiver response. Additional work in diverse taxa and signalling
systems will be important to assess whether there are consistent
links between signal phenotypes and receiver responses across
taxa and signalling systems or whether mismatches between sig-
nals and responses are common.

Plasticity and local genetic adaptation are two mechanisms that
could maintain links between signals and responses in nonsexual
signalling systems. Plasticity may link signals and responses
because plasticity allows individuals to rapidly adjust their
phenotype to their partner's phenotype via ‘reciprocal plasticity’
(Tibbetts & Snell-Rood, 2021). For example, animals improve their
ability to perceive and learn stimuli when they encounter stimuli
more frequently (‘perceptual learning’) (Watanabe et al., 2001). As a
result, exposure to stimuli, like highly variable facial patterns, may
increase an animal's ability to learn and remember that stimuli
(Seitz & Watanabe, 2005; Tibbetts, Den Uy], et al., 2019; Tibbetts,
Pandit, et al., 2018). Receivers can also learn which traits provide
reliable information through experience (McLinn & Stephens,
2006), so they can attend to the most relevant sender traits in
their population. Local adaptation may also produce links between
signals and receiver responses. Populations may experience diver-
gent natural selection on communication systems or cognitive
ability because of population differences in traits like predation
risk, cooperation rate or habitat characteristics. Divergent selection
can lead to local adaptation of signals and responses, although
factors like gene flow, drift and the genetic architecture of the traits
influence the extent and stability of local adaptation (Kawecki &
Ebert, 2004; Tigano & Friesen, 2016).

Geographical variation in coloration is often due to plastic re-
sponses to the rearing environment, but our data suggest that
plasticity does not play an important role in P. fuscatus individual
identity signal variation. Environmental conditions often influence
coloration, with some taxa showing developmental plasticity in
melanization in response to temperature variation (Clusella Trullas
et al,, 2007). For example, cool temperatures induce cuticle mela-
nization in many insects (de Souza et al., 2016; Kingsolver & Huey,
1998). The variation we observed in P. fuscatus is not consistent
with prior research on thermal melanization, as the most northern
population (Minnesota) have the most yellow and the least black
coloration. Furthermore, current research suggests that relatively
little of the within-population variation in P. fuscatus facial patterns
is due to plasticity (Sheehan et al., 2017).

Although there is currently little evidence of plasticity in sender
individual identity signals, geographical variation in receiver indi-
vidual recognition behaviour is likely to be more strongly influ-
enced by plasticity. Previous work has shown that individual
recognition in P. fuscatus is highly responsive to the environment
(Pardo-Sanchez et al., 2022; Tibbetts, Den Uyl], et al., 2019). Newly
eclosed wasps develop the capacity for individual face recognition
over days of interacting with conspecifics that have variable facial
patterns. Wasps that are socially isolated (Tibbetts, Desjardins,
et al, 2019) or reared with heterospecifics (Tibbetts, Den Uyl,
et al., 2019) are not capable of individual face recognition.
Furthermore, P. fuscatus from a Pennsylvania population that lacks
individual recognition became more adept at individual face
learning when reared with P. fuscatus from a Michigan population
that has individual recognition (Simons et al., 2024). Therefore, the
geographical differences in individual recognition are likely due, in
part, to plastic responses to differences in rearing environment
between populations, including exposure to wasps with variable
facial patterns and/or differences in social interaction.

Differences in cooperation across populations may be a key
factor the drives the geographical variation in individual recogni-
tion and individual identity signals. Individual recognition

facilitates social interactions among cooperative nest-founding
queens (Tibbetts, 2002; Tibbetts et al., 2020). As a result, pop-
ulations with higher levels of cooperation among queens may
experience greater benefits associated with both individual identity
signalling and individual recognition, leading to local adaptation.
Cooperative behaviour among nest-founding queens varies across
P. fuscatus populations (Sheehan et al, 2015). For example,
P. fuscatus from Pennsylvania are less cooperative (mean foun-
dresses per nest=1.2) than P. fuscatus from Michigan (mean
foundresses per nest = 2.0). Tumulty et al. (2023) found evidence
that cooperation and individual recognition may be linked in
P. fuscatus, as they found a geographical cline in cooperation rate,
facial pattern variation and selection in genes that may be associ-
ated with recognition.

The results of this study differ somewhat from recent work that
explored geographical variation in P. fuscatus facial patterns and
cooperative behaviour (Tumulty et al., 2023). Both Tumulty et al.'s
study and the present study examined geographical variation in
P. fuscatus facial pattern, although other aspects of the two studies
differ. The present study assessed geographical variation in receiver
behaviour, while Tumulty et al.'s study focused on cooperation
rates. Both studies found large differences in facial pattern variation
between populations. Some populations had low levels of facial
pattern variation, with most wasps having entirely brown or black
facial patterns (Fig. 1). Other populations had more facial pattern
variation, with large differences in the colour, size and shape of
patterns in the inner eye, ‘eyebrow’ and clypeus in different wasps.

Our present study and Tumulty et al.'s study differed in the
precise facial variation values, which is unsurprising because our
methods differed. We measured colour using a spectrophotometer,
while Tumulty et al. assessed colour using camera values. We
converted colour values to wasp hexagonal colour space to account
for wasp colour vision and applied a Gaussian blur to account for
the low visual acuity of a wasp, while Tumulty et al. did not. There
were also some differences in the pattern of variation across
studies: Tumulty et al. found a north—south gradient in facial
pattern variation whereas in the present study, we found an
east—west gradient. Furthermore, we found that some Pennsylva-
nia populations had relatively low levels of facial pattern variation,
while Tumulty et al. did not. There are both methodological and
biological reasons for the different patterns of variation. Method-
ologically, our study and Tumulty et al.'s study measured wasps
from different locations (both different specific populations and
different geographical ranges) and there can be surprisingly large
differences in facial variation between close populations (Fig. 2).
Furthermore, we measured one wasp per nest to ensure that any
facial pattern similarity within nests did not influence measures of
variation within populations, while Tumulty et al. did not. Biolog-
ically, the real pattern of geographical variation in individual
identity signals is likely based on a biologically relevant gradient in
behaviour, like co-founding rate, rather than latitude and longitude.
Latitude and longitude merely provide a straightforward way to
quantify and describe population differences.

A secondary result from the present study was that P. fuscatus
were equally adept at learning to discriminate the faces of con-
specifics from their own population and conspecifics from a
different population. This result is important because the capacity
for individual face learning in each population was assessed using a
standard set of consistent stimuli. The use of consistent stimuli
ensures that results are comparable across populations with
different degrees of facial pattern variation. Some previous work in
other taxa has shown that recognition within a population is more
effective than recognition between populations. For example, hu-
man face recognition improves with experience, so individuals are
typically better at differentiating faces from their own population



20 C. Weise et al. / Animal Behaviour 218 (2024) 13—21

than they are at differentiating faces from a different population
(Tanaka et al., 2004). Similarly, many birds respond more strongly
to songs with the local dialect than to songs from a distant dialect
(Baker et al., 1981; Slabbekoorn & Smith, 2002b). However, we
found no differences in individual face learning between faces from
different populations. One reason may be that similar types of facial
patterns are found throughout the geographical range of P. fuscatus.
Wasps may also have flexible face learning abilities that allow them
to accurately learn any face-like stimuli.

The present study focused on visual signals and responses
because previous work has shown P. fuscatus only use visual signals
for individual recognition. For example experimentally altering
visual signals prevents individual recognition (Sheehan & Tibbetts,
2009; Tibbetts, 2002). Wasps can learn about individuals by
watching conspecifics, even without the tactile interaction needed
to assess chemical profiles (Tibbetts et al., 2020). Previous work on
geographical variation in individual identity signals tested capacity
for individual recognition across modalities, finding that P. fuscatus
from Pennsylvania are not capable of individual recognition in any
sensory modality. Also consistent with visual recognition, wasps
capable of individual recognition are adept at learning conspecific
faces, while wasps that lack individual recognition cannot learn
conspecific faces (Sheehan & Tibbetts, 2011; Tibbetts, Desjardins,
et al., 2019). Wasps do communicate in other sensory modalities
(chemical, acoustic) (Singer & Espelie, 1992; Izzo et al., 2010; van
Zweden & d'Ettorre, 2010). However, there is no evidence of
nonvisual individual recognition in Polistes.

Communication research often focuses on one or a few pop-
ulations and considers the behaviour of the population to represent
the entire species. However, the present study adds to a growing
body of evidence that geographical variation in communication
systems is surprisingly widespread. Therefore, communication is
not a stable evolutionary end point. Instead, communication sys-
tems may rapidly evolve, leading to extensive variation within and
between species. Such geographical variation provides an exciting
model for studying the factors that mediate the diversification of
complex, interdependent phenotypes.
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