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Abstract

Visual individual recognition requires animals to distinguish among conspecifics based on appearance. Though visual
individual recognition has been reported in a range of taxa including primates, birds, and insects, the features that animals
require to discriminate between individuals are not well understood. Northern paper wasp females, Polistes fuscatus, pos-
sess individually distinctive color patterns on their faces, which mediate individual recognition. However, it is currently
unclear what role color plays in the facial recognition system of this species. Thus, we sought to test two possible roles
of color in wasp facial recognition. On one hand, color may be important simply because it creates a pattern. If this is the
case, then wasps should perform similarly when discriminating color or grayscale images of the same faces. Alternatively,
color itself may be important for recognition of an image as a “face”, which would predict poorer performance on grayscale
discrimination relative to color images. We found wasps performed significantly better when discriminating between color
faces compared to grayscale versions of the same faces. In fact, wasps trained on grayscale faces did not perform better than

chance, indicating that color is necessary for the recognition of an image as a face by the wasp visual system.
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Introduction

Individual recognition requires that animals discriminate
among individuals within a population that share many fea-
tures (Tibbetts and Dale 2007; Tumulty and Sheehan 2020).
Reliably recognizing individuals of the same age-class and
species, who tend to share many similar traits, poses a chal-
lenge for animals. One solution to this problem is for animals
to evolve more individually distinctive traits that facilitate
individual identification. Evidence for identity signal elabo-
ration has been found in visual (Sheehan and Tibbetts 2009;
Sheehan and Nachman 2014; Caves et al. 2015), acoustic
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(Beecher 1989; Pollard and Blumstein 2011), and chemical
modalities (Steiger et al. 2008; Sheehan et al. 2016; Cappa
et al. 2020; Beani et al. 2019; Cini et al. 2019) across a range
of taxa. Additionally, perceptual adaptations among receiv-
ers can provide improved discrimination of identity cues
and signals (Loesche et al. 1991; Avilés et al. 2010; Sheehan
and Tibbetts 2011; Hiramatsu et al. 2017). Despite evidence
for perceptual adaptations for individual recognition, we
have little understanding of which aspects of identity cues
or signals animals use to discriminate among individuals.
There are often many features that vary and could be used
as aspects of identity signals, but it is unclear which are rel-
evant for discrimination. Understanding which features are
used for individual recognition will result in two advances.
First, uncovering which aspects of variable features contrib-
ute to identity will more clearly define the perceptual and
cognitive processes by which animals recognize individuals.
Second, understanding which features are most important
for recognition will provide insights into the evolutionary
pressures shaping identity signal diversity.

Females of the Northern paper wasp, Polistes fuscatus,
possess highly diverse and individually distinctive colored
face patterning (Sheehan et al. 2017). These facial patterns
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«Fig. 1 Stimuli and training paradigm used for this study. a Image
set used in this study. A total of 6 unique wasp stimuli with identi-
cal antenna, mandible positions, and body backgrounds were used to
test face discrimination in Polistes fuscatus. Each wasp stimulus also
had a corresponding grayscale image used to train half of the animals.
For details of stimuli spectral properties and modeled photorecep-
tor excitation in honey bee visual system, see Fig. 2. b Schematic of
pseudorandomized side pairing of shock-associated stimulus over tri-
als, including side switching of shock-associated stimulus and trial
type. Animals experienced two trial types: training (t) and Testing
(T). On training trials, wasps were allowed to freely move about the
arena for 120 s and were shocked in the central zone every 10 s and
when entering the shock-associated stimulus zone every 3 s. Every
third trial was a Testing trial, in which wasps were allowed to freely
move about the arena for 60 s and no shocks were delivered. To-scale
schematic of rectangular training arena schematic with electrical
grid flooring, acrylic sheet cover, and removable central zone barri-
ers. Red highlighted sections are electrified. Two stimuli images were
affixed to each wall of the choice zones denoted by dark rectangles
and faces were denoted by F1 and F2 respectively, (—) denotes elec-
trical shock pairing. d Diagram of animal tracking methods and data
acquisition. Red dot denotes tracked position on the wasp. Distance
of track, left- and right-side zone entries, and time spent in each zone
were collected during each trial

alone can be used by female wasps to discriminate among
nest mates or images of wasps (Tibbetts 2002; Sheehan and
Tibbetts 2011). In fact, P. fuscatus female wasps are special-
ized for learning face stimuli, and their ability to discrimi-
nate among images is dramatically reduced when images
are digitally altered, either by removal of the antenna or
re-arrangement of the internal features of the face (Sheehan
and Tibbetts 2011). This finding and others suggests that like
primates, faces in P. fuscatus are holistically processed (Tib-
betts et al. 2021) and seem to be special perceptual objects
(Sheehan and Tibbetts 2011).

P. fuscatus facial patterns typically consist of only 3 pig-
ments: a reddish-brown pigmentation, a yellow pigmenta-
tion, and a melanized black pigmentation (Enteman 1904;
Tumulty et al. 2021). Additionally, there are no hidden
UV signals present on the cuticle of P. fuscatus (Tumulty
et al. 2021). Most if not all wasp faces could be discrimi-
nated against using achromatic patterning information
alone, simply using edge detection and luminance in the
medium-wavelength visual channel to identify the spatial
relations of the various pattern features. Thus, the colorful
identity signals in wasps could have evolved for the purpose
of providing contrast to make patterns that are processed
achromatically.

Here, we tested animals in an operant conditioning assay
using either color images of wasps or grayscale versions of
those same images to test the role of color in facial recogni-
tion in P. fuscatus. On one hand, color may be important
simply because it creates a pattern. If this is the case, then
wasps should perform similarly when discriminating color
or grayscale images of the same faces. Alternatively, color
itself may be important for recognition that an image is a

face, which would predict poorer performance on grayscale
discrimination relative to color images.

Methods

P. fuscatus gynes were collected in Ithaca and Erin, NY in
Aug. and Sept. 2020. After collection, wasps were housed
individually in small cups in the laboratory and provided
with a natural light cycle. Each wasp was provided with
construction paper and ad libitum sugar and water.

Training stimuli

We first selected images of 6 paper wasps with distinct facial
patterns and high contrasts in Adobe Photoshop (CC2020).
We then selected the internal (between the eyes) facial pat-
terns from each image and placed them onto the same wasp
image with a standard gray background, creating 6 unique
wasp images with the only features that vary being the facial
patterns (body, antennae, mandibles, and eyes are identical
across face images). Previous studies of facial discrimina-
tion abilities in paper wasps have tended not to control body
features in this way (DesJardins and Tibbetts 2018; Sheehan
and Tibbetts 2011), making this a more rigorous test of face
color/pattern discrimination specifically. Grayscale versions
of all standardized images were then created using the gray-
scale function in Photoshop (Fig. 1a), generating a total of
12 standardized images (6 color and 6 grayscale). Images
were sized to 1.3 cm X 0.6 cm and printed on Canon Photo
Paper Plus Glossy II using a Canon Pixma iP110 inkjet
photo printer (1200 DPI). Full-resolution training-image
files are available upon request.

We measured reflectance spectra of printed stimuli, focus-
ing on the 2-3 primary colors present on the internal facial
patterns of each face in both color and grayscale using an
OceanOptics SD 2000 spectrometer and a PX-2 xenon light
source (OceanOptics, Dunedin, FL, USA). We selected one
area per color per stimulus face selecting the largest color
patch for each color on the face and digitally enlarging that
area for spectral measurement, and we then analyzed printed
stimuli using the pavo package in R to confirm that the pre-
sented printed color stimuli matched desired colors from the
wasp cuticle (Fig. 2) (R Core Team 2020; Maia et al. 2019).
We also estimated short-, medium-, and long-wavelength
excitation of stimuli in honey bee visual space (Fig. 2). The
spectral sensitivity of photoreceptors in P. fuscatus is cur-
rently unknown, P. fuscatus are tri-chromatic based on their
genome, and based on comparative electroretinogram data
from other hymenopterans, they should have similar spectral
sensitivities to the honey bee (Peitsch et al. 1992). Finally,
we analyzed all printed grayscale stimuli to confirm that
stimuli were indeed spectrally gray, i.e., equally excited

@ Springer



592

Animal Cognition (2023) 26:589-598

(a) Color: Red b) Grey: Red

o f=3
S | = facel s S
o face2 o

X © face3 X ®

2 o face4 Qo

é © 7| —— face5 ‘% ©

o —— face6 ket

o o | S o 4

2% Q5

153 [

X o _| X o |
N N
o 4 M L o 4

300 400 500 600 700 800

Color: Yellow

—
O
~

0
1

1 T I
300 400 500 600 700 800

Color: Black

~~
@

20 40 60 80 100 =
|
w

>

Reflectance (%)

T 1 1 T ] T
300 400 500 600 700 800
Wavelength (nm)

: (h)

~~
(@)
N

Bl

M L M

Reflectance (%)
20 40 60 80 100
] ] | |

=

r

’ ™

Grey: Yellow

Reflectance (%)
20 40 60 80 100
] | | |
/
=
-

0
1

300 400 500 600 700 800

Grey: Black

Reflectance (%)
20 40 60 80 100
1

0
1

300 400 500 600 700 800
Wavelength (nm)

(1)

(72}

A

A

L M L

Fig.2 Spectral properties of presented stimuli and modeling of
photoreceptor excitation in honey bee visual system. a—f Measured
reflectance of the three primary wasp pigments: red—brown (a, b),
yellow (¢, d), and black (e, f) for each presented stimulus face in
color (a, ¢, e) and grayscale (b, d, f) on the left. Modeled relative
excitation of each photoreceptor opsin type (S =short, M=medium,
and L=Ilong) in the honey bee visual system using bright light con-
ditions as done in training. g-i Combined modeled relative exci-
tations for all stimuli in color (g), grayscale (h), or combined (i).
Modeling was done using the pavo package in R under modeled
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ideal bright light conditions (Maia et al. 2019). Colored lines repre-
sent each face from which the color was sampled. Face Key provided
in (a) (blue=facel, gray=face2, orange=face3, magenta=/face4,
green =face5, black=face6). Color and shape of points in the trian-
gle color space plots denote the color and colorscale of sampled face
patches (red=red diamond, yellow=yellow triangle, black=black
circle, grayscale red=gray inverted triangle, grayscale yellow =gray
triangle, and grayscale black =dark gray square). Each face was only
sampled once per color
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visual spectrum photoreceptors, in honey bee visual space
(Fig. 2). Additionally, no printed stimuli showed reflectance
in the UV, which is also true with wasp cuticle, such that
there were no additional signal channels present in presented
face stimuli that are not present on actual wasp faces (Fig. 2)
(Tumulty et al. 2021).

Training apparatus

We 3D-printed identical rectangular arenas with inner
dimensions of 3.4 cm X 10.1 cm X 7 mm; the two side zones
were 3 cm long and the center was 4.1 cm in length. Each
arena had two sets of stimulus images affixed to all 3 walls,
making up each end zone of the arena: 6 images of one face
at one end and 6 images of a second face at the opposite end
as is standard for this assay (Fig. 1b) (Sheehan and Tibbetts
2011; Tibbetts et al. 2019). Arenas were placed on a printed
copper electrical grid, which covered the entire floor of the
arena (both the safe and shocked zones) and each zone could
be independently electrified (Fig. 1b). A 4.0 V mild electric
shock was manually delivered using a variac transformer
through the grid on the floor of the arena. This level of shock
was mild enough to not harm or kill the wasp, but strong
enough to visibly see the wasp react when a shock was deliv-
ered (Sheehan and Tibbetts 2011). A clear acrylic sheet was
placed over the arena to contain the wasp and ensure the
wasp always contacted the electrical grid during training.
The arena was equally illuminated with bright white light
(6000-6500 K at 2500 Lux) using three LED array lamps
(EVISWIY brand), each composed of 30 white LEDs. Trials
were recorded from above using an iPhone (Apple, iPhoneX)
or Go-pro camera (Hero4 Black).

Training paradigm

Each wasp was trained to discriminate between one pair of
face images, either in color or grayscale, and received 16
training trials and 8 testing trials (Fig. 1b). Each training
trial lasted 120 s and each testing trial lasted 60 s (Fig. 1b).
For each wasp, one of the two different wasp images were
designated as the ‘correct’ image and the zone in front of
this image was not electrified throughout the trial for that
wasp. During training trials, a mild electric shock was
associated with stimulus images that were not the ‘correct’
image for that wasp. The different images within a pair were
assigned as ‘correct’ to half the wasps trained on that pair,
such that across individuals, a given image may have been
associated with a safe zone or shock. On testing trials, no
electric shock was delivered to the animal in any part of the
arena. The side of the arena that had the shock-paired face
was switched in a pre-determined pseudorandomized pattern
across trials and each wasp experienced the shock-associated
face an equal number of times on the left and right sides of

the arena (Fig. 1b). Prior to each trial, wasps were confined
in the middle of the arena by two clear removable barriers.
Once the wasp was acclimated to the arena, a trial would
begin and the barriers were removed, at which point wasps
were allowed to freely move around the arena (Supplemental
video).

During training trials, if the wasp did not move for 10 s
after being placed in the center area of the arena, a single
shock was delivered. Each time, the wasp thorax (or>50%
of the body) crossed the boundary into the zone of the arena
containing the shock-associated face, a mild shock was
manually delivered every 3 s until the wasp exited the zone.
After 120 s in the arena, the wasp was removed using forceps
and placed in a holding container with sugar and water for
1 min. On testing trials, the wasp was placed in the center
zone of the arena until acclimated and barriers were then
removed. The wasp was then allowed to explore the arena for
60 s without being shocked. Again after 60 s, the wasp was
removed from the arena and placed in a holding container
with sugar and water for 1 min.

Each set of trials consisted of two training trials followed
by a single testing trial (Fig. 1b). Between each trial, the
apparatus was wiped with water to remove or homogenize
possible chemical cues released by wasps. Between each
individual wasp, the training apparatus was wiped with etha-
nol. Training was conducted in a windowless room, where
the only source of light was the LED lights evenly illuminat-
ing the arena.

Data metrics and analyses

Deep Lab Cut (Mathis et al. 2018; Nath et al. 2019) was used
to track each wasp’s thorax (as the thorax was used as the
point of reference to induce shock) throughout the trial. We
labeled 589 frames taken from 89 videos (then 95% of the
labeled frames were used for training). We used a ResNet-
50-based neural network with default parameters for 500,000
training iterations. We found that the test error was: 2.21
pixels, train: 1.64 pixels. We then used a p-cutoff of 0.9 to
condition the X,Y coordinates for further analysis. We then
used SimBA (Nilsson et al. 2020) to extract the movement
distance, average velocity, and proportion of time spent in
each of the stimulus zones of the arena (shocked and safe
zones, Fig. 1c, Supplemental video). Additionally, first entry
side and the latency to first entry in the non-shock-associated
face side (safe zone) were manually scored from each video.
To assess learning performance between wasps trained to
color or grayscale faces, we used a Chi-squared test using
the total number of correct and incorrect choices over the
testing trials compared to random chance (Sheehan and Tib-
betts 2011; DesJardins and Tibbetts 2018). Here, chance is
assumed to be 50% as trials are classified as either correct
or incorrect choices based on which side animals chose
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first. Only trials in which choices are made are included
in this analyses. We analyzed the proportion of trials with
any choice separately. We also used mixed effect models to
test differences between treatments using continuous data
with treatment (color vs. grayscale stimuli), the trial number,
the previously shocked side, and their interactions as fixed
effects and wasp ID and trainer as a random effects using the
Ime4 function in R (R Core Team 2020; Bates et al. 2015).

Results

Wasps trained on color facial images perform better
on unreinforced testing trials

We trained a total of 17 wasps using color images and 16
wasps using grayscale images. All other training proto-
cols were identical (Fig. 1b). On testing trials, we found
that wasps trained using color faces chose to first enter the
safe associated face zone (hereafter referred to as ‘safe’
zone) significantly more than predicted by chance (X*=7.1,
df=1, p=0.008, Fig. 3a). However, wasps that were trained
using grayscale versions of the same face stimuli did not
show a stimulus first-choice preference (X*=0.019, df=1,
p=0.891). Additionally, on testing trials, the latency to enter
the safe zone was significantly faster in wasps trained to
color faces and treatment (color vs grayscale) was the only
significant factor for this measure (t value=2.476, p=0.013,
Fig. 3b). While no-choice trials were exclude from above
analyses, we additionally found that on testing trials, there
were significantly more trials in which animals did not make
a stimulus zone choice and instead stayed in the center zone
for the full 60 unreinforced seconds when wasps were trained
using grayscale faces than those trained using color faces
(gray: 21 of 128 trials, color: 8 of 136 trials, X*>=6.431,

Fig.3 Testing trial performance
of wasps trained across stimulus
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df=1, p=0.011). Thus, by multiple metrics, wasps trained
with color facial images outperformed those trained with the
grayscale versions of the same image, indicating a role of
color in facial discrimination in these wasps.

Computer vision analysis of movement
during the trials

Using DeepLabCut and SimBa (Mathis et al. 2018; Nath
et al. 2019; Nilsson et al. 2020), we tracked wasps and cal-
culated distance traveled, average velocity, and proportion
of time spent in each zone of the arena. On testing trials,
wasps trained using color faces moved longer distances at
a faster mean velocity than wasps trained using grayscale
faces (distance: ¢ value =—3.068, p=0.002; mean veloc-
ity: ¢t value=—-3.072, p=0.002, Fig. 3c). This could explain
the latency differences between treatments, but this cannot
explain the first-choice differences. On testing trials, we also
found that the proportion of time spent in the correct zone
was unaffected by treatment (¢t value=-1.313, p=0.189),
and the proportion of time spent in a zone was only predicted
by the side shocked in the previous trial (¢ value =2.286,
p=0.022).

Reinforced training performance not affected
by images used

On training trials, neither treatment performed better than
chance based on first-choice decisions (color: X%=0.068,
df=1, p=0.795; grayscale: X?=0.008, df=1, p=0.929,
Fig. Sla) and no factor—treatment, trial number, previ-
ously shocked side, or their interactions—significantly
affected latency to enter the non-shock-associated face zone
on training trials (p > 0.05, Fig. S1b). Again while no-choice
trials were excluded from the above analyses, we observed
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no difference in the number of trials in which animals did
not leave the center-shocked zone between treatments on
training trials (gray: 1 of 266 trials, color: 6 of 272 trials).
Not surprisingly reinforcement significantly affected no-
choice trials, and no-choice was significantly less common
when reinforcement was present (7 of 538 for training tri-
als versus 29 of 236 for testing trials, X?=35.909, df =1,
p=2.67x107).

On training trials, we found that distance and mean veloc-
ity were unaffected by treatment (7 value=—1.653, p =0.098,
Fig. S1c), and instead, trial number was the only factor that
significantly affected the proportion of time spent in the cor-
rect zone during reinforced training trials (¢ value=0.271,
p=0.005, Fig. S1d). Also in training trials, trial number was
the only factor to significantly impact the distance and veloc-
ity at which wasps moved (# value = —2.950, p=0.003, Fig.
Sle) with wasps moving slower as wasps learned the assay
and trials increased. We attribute this pattern to wasps that
learned the assay, moving less and generally remaining in
the safe zone after entering. Together, these data suggest
that regardless of treatment, wasps changed their behavior
consistently over trials, but only wasps trained using color
stimuli performed better than chance on the assay during
unreinforced trials.

Discussion

Facial recognition in the paper wasp is chromatic-depend-
ent—P. fuscatus readily discriminated between different
wasp face images when color is present, but did not discrim-
inate between face images rendered in grayscale (Fig. 3).
Wasps trained with colored faces made more correct deci-
sions during testing trials and made these decisions more
quickly. Wasps trained with color faces were also gener-
ally more active during testing trials, both in terms of body
movement velocity and total distance traveled. Together, our
results support the hypothesis that color may be necessary
for facial recognition in P. fuscatus and that images of wasp
faces in grayscale are treated differently from that of colored
face images. Previous studies have already established that
P. fuscatus wasps process faces in a holistic manner (Tib-
betts et al. 2021). The presence and arrangement of facial
features are important for the facial discrimination in this
species. These data indicate that color is an important com-
ponent to the “holistic faceness” underlying facial recogni-
tion in paper wasps. However, we would also like to point
out that color per se is not necessary for general pattern
discrimination using similar assays. Sheehan and Tibbetts
(2011), showed P. fuscatus can discriminate achromatic
geometric shapes but do so a lower level, taking longer and
more trials, than that of face images. Thus, we are arguing
that color is important when the images are of conspecific

wasps. Perhaps given more trials wasps could learn to dis-
criminate grayscale face images similar to that of achromatic
geometric shapes, however, the specialized-face-recognition
abilities of these wasps appear to only be present when color
is a component of these images.

Chromatic-dependent facial recognition

In humans and non-human primates, facial processing and
recognition is not dependent on color (Rosenfeld and Van
Hoesen 1979; Moscovitch et al. 1997; Chang and Tsao
2017). Primates can discriminate between faces when pre-
sented grayscale faces of conspecifics, much like how we
presented grayscale images in our behavioral assay (Rosen-
feld and Van Hoesen 1979; Moscovitch et al. 1997). Primate
abilities of facial recognition do not depend on color, but
rather depend on detecting differences in spatial relation-
ship of critical facial features across conspecifics (Chang
and Tsao 2017). Wasps utilize unique color patterns as
signals of identity (Sheehan and Tibbetts 2009). Prior to
this study, whether color itself was important in wasp facial
recognition was unknown. Wasps could utilize the patterns
created by the color, but not require the color per se (i.e.,
shapes created by the color could be the necessary part of
the signal, independent of which colors are used). However,
our recent neuroanatomical study predicted that color may
play a key role in social processing in P. fuscatus (Jernigan
et al. 2021), and indeed, this appears to be true at least for
face acquisition. Additional tests will be required to assess
if wasps use all patterning/color features equally when mak-
ing discriminations. Additionally, it remains possible that
after a face is learned, achromatic patterning alone could
then be sufficient for wasps to make discriminations as nests
are sometimes found in dark crevices for which chromatic
information would be reduced.

This study adds to a growing body of literature examin-
ing what constitutes a ‘face’ for P. fuscatus wasps. Thus
far, we know that the correct positions of internal features
are required (Sheehan and Tibbetts 2011) and antennae or
antennae and body are needed to be present (Sheehan and
Tibbetts 2011; Tibbetts et al. 2021). This study adds that
facial color patterning alone can confer identity as we con-
trolled all other aspects of body position within the images.
Most importantly, this study demonstrates that chromatic
information is required for facial learning in P. fuscatus. As
in primates, faces in the P. fuscatus system appear to be
special, holistically processed perceptual objects (Tanaka
and Farah 1993; Tsao and Livingstone 2008; Tibbetts et al.
2021). While the neural mechanisms of face recognition
remain elusive in P. fuscatus, the anterior optic tubercle
and its downstream targets remain prime candidates due
to the fact that it is socially plastic (Jernigan et al. 2021)
and knowledge from other insects of its role in chromatic
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information processing (Mota et al. 2013), figure—ground
detection (Aptekar et al. 2015), and female—female aggres-
sion (Schretter et al. 2020).

This study provides additional information for which
color receptors may be most important in facial recogni-
tion in paper wasps based on current knowledge of acu-
leate hymenoptera visual processing. Wasp cuticle does not
reflect UV—violet (Tumulty et al. 2021), and neither do our
printed wasp image stimuli. The primary color components
present on the wasp image stimuli—yellow, red-brown, and
black—are predicted to excite the medium- and long-wave-
length photoreceptors, as modeled in honey bee visual space
(Fig. 2) (Vorobyev et al. 2001; Peitsch et al. 1992). Thus, at
the sensory level, facial recognition in this species likely
utilizes only medium and long-wavelength photoreceptors
to discriminate among conspecific faces; possibly relying on
medium-long-wavelength color opponency (Fig. 2). Data
presented in this study suggest that facial recognition circuits
may receive inputs from color opponent cells, which origi-
nate in the medulla and show complex integration across
multiple color photoreceptor types generally in an antago-
nistic manner (Paulk et al. 2009). For example, red—brown
and yellow patterning, which makes up a large component
of wasp face patterning, may require long-wavelength pho-
toreceptor activation and no activity in medium-wavelength
photoreceptors or vice versa. The grayscale images’ pattern
components are predicted to equally excite the medium-
and long-wavelength photoreceptors again suggesting
opponency as a potential pathway. Patterning via achromatic
channels—which include only brightness and contrast edge
detection, via lateral inhibition or similar pathways—seems
to be less likely to be the sole visual mechanism used by P.
fuscatus to achieve wasp visual discrimination given wasps
were unable to discriminate these images. However, we do
not currently know the precise spectral sensitivities of P.
fuscatus, and it remains possible that there are red-shifted
adaptations in the P. fuscatus visual system to allow higher
sensitivity in narrow wavelengths specifically in the yellow
and red wavelengths to allow better discrimination of wasp
colors via narrow color channels without evoking the color
opponent system. Physiological work will be needed in P.
fuscatus across the visual hierarchy to disentangle these pos-
sible mechanisms.

Training paradigm and animal tracking

A major strength of the presented behavioral assay is the
confirmation that unreinforced trials show robust learning
performance. Unlike in prior studies of learning in P. fus-
catus (Sheehan and Tibbetts 2011; DesJardins and Tibbetts
2018; Tibbetts et al. 2021), in this study, we added unrein-
forced testing trials every 3 trials during training, in which
animals received no shock. These unreinforced trials allow
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animals to display choices that are potentially unbiased by
shock-escape responses. Notably, we did not observe sig-
nificantly increased performance over trials in first-choice
data in either the training or testing trials. In the case of
the testing trials, this may be an issue of statistical power
combined with already high performance on the first test-
ing trial (first test trial: 59% correct choice in color group;
seventh test trial: 76% correct in color group). The lack of
improvement during training trials is more puzzling. Prior
studies with only reinforced trials show clear increased first-
choice performance over successive trials across a range
of stimuli (Sheehan and Tibbetts 2011). Given the pattern
of two training and then one testing trial, and the fact that
wasps trained to color images tended to show decreased
performance—perhaps via rapid extinction—after testing
trials that is recovered during training. It is possible that
this mixed training and testing paradigm lead to observed
patterns in training trials (Fig. S2). At present disentangle
these possibilities will require future study given that this is
the first study in this system to use this training approach.
Regardless, on unreinforced trials animals show clear pat-
terns of stimulus preference. By including unreinforced
trials, possibly as a final set of testing trials, future work
in this system will be able to assess perceptual similarity
among presented stimuli, via generalization tests (Guerrieri
et al. 2005) or identify the salient components of stimuli by
testing performance across components of stimulus features
independently during testing trials (Riveros et al. 2020) as is
common in Probiscis Extension Responses assays in other
insects. The inclusion of unreinforced trials will also allow
testing of additional phenomenon commonly measured in
conditioning assays such as short- and long-term memory
(Xia et al. 1998), extinction (Eisenhardt 2012), and the
ability to conduct neural manipulations that assess memory
locations (Erber et al. 1980; Packard and White 1991).
Using computer vision software, we tracked animal body
segment positions during testing and training from video
recordings. This ability opens a host of new metrics we can
use to assess performance in operant conditioning assays in
this system. One interesting finding is that animals trained
with color stimuli moved significantly more than animals
trained with grayscale stimuli. Wasps were randomly
assigned to be trained with one image type or the other,
so this observation cannot be explained by inherent differ-
ences between individuals but rather how wasps responded
to the different stimuli. Movement differences alone cannot
explain the increased performance of color-trained wasps.
While tracking animals, we only measured time spent in
each area of the arena and we did not measure the precise
sequence of moments at stimuli or at borders of shocked
and non-shocked zones in the arena, which could shed light
on other behavioral or postural differences exhibited by
animals as they approached stimuli. Additional assays and
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more fine-grained analyses of movement sequences will be
required to identify potential causes of the movement pat-
tern differences between groups. However, if color images
are recognized as “wasps” and grayscale images are not,
response to the perceived presence of other individuals
might explain this movement difference. Generally, wasps
move more in behavioral assays when interacting with a
social partner than when in isolation (personal observa-
tion). It is also possible that lower rates of movement in the
grayscale-trained group could be a form of ‘learned helpless-
ness’ in the animals which cannot discriminate images in the
assay (Eisenstein and Carlson 1997).

Conclusion

Color supports face discrimination abilities in P. fuscatus.
This work builds upon other recent findings that are begin-
ning to define what is required for individual recognition
in this species and suggests that color processing centers
of the brain are likely to be important in specialized face
processing.
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