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“Amar a las personas

como se quiere a un gato:

sin intentar domarlo,
sin intentar cambiarlo,
sin pedir nada,

siendo feliz

con su felicidad.”

Como se quiere a un gato — Javier Salvago Calderén
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RESUMEN

Introduccién

En las ultimas décadas, el estudio comparativo de la percepcion de ilusiones visuales ha sido
altamente reconocido como una herramienta no invasiva para comprender mejor la percepcion
visual, los mecanismos neuronales subyacentes y su evolucién comparada entre distintas especies
de vertebrados (Kelley & Kelley, 2014). La percepcion visual de un objeto (por ejemplo: color,
forma o tamafio) puede ser distorsionada por el ambiente circundante, provocando una ilusion
visual (Gregory, 1997). Existen diferencias notables respecto a como se captura y procesa esta
informacion visual en distintas especies. Entre vertebrados, incluso entre mamiferos, hay
diferencias anatdmicas en la estructura y posicion de los ojos (Heesy, 2008; Veilleux & Kirk, 2014)
y en sus circuitos neuronales subyacentes (Eagleman, 2001; Mascalzoni & Regolin, 2011), ambos
moldeados por procesos evolutivos.

Estudios comparativos han revelado tanto similitudes como diferencias entre especies en
la susceptibilidad a las ilusiones visuales geométricas, en cuanto al tamafio y figura de los objetos.
Por ejemplo, lailusion de Delboeuf es un tipo de ilusion visual que provoca una percepcién errénea
del tamafio de un objeto en funcion de su contexto circundante; fue descrita por primera vez en
1865 por el psicofisiélogo belga Joseph Delboeuf (Delboeuf, 1865). Estudios que se realizaron
presentando esta ilusidn a primates no-humanos encontraron que chimpancés, macacos, y monos
capuchinos son susceptibles a la ilusion (Parrish & Beran, 2014, Parrish et al., 2015), mientras que
en estudios realizados con perros se encontrd que éstos no son capaces de percibirla (Petrazzini
et al., 2016; Byosiere et al., 2017b).

Consideramos al gato doméstico (Felis silvestris catus) como una buena especie modelo
para el estudio comparativo de susceptibilidad a una ilusién visual debido a que posee un sistema
visual similar al de los primates, incluyendo humanos. Adicionalmente, una gran parte de la
informacion neurofisiolégica asociada al sistema visual que se tiene registrada proviene
principalmente de estudiar al gato. Algunas de las razones por las cuales este mamifero ha sido el
mayor sujeto en estudios electrofisioldgicos son, por ejemplo, 1) tienen un gran sentido de la

vision y 2) son faciles y baratos de mantener, a comparacion de otros animales de estudio como



los primates no humanos. Ademas, es dificil extrapolar informacion de un animal a otro, por lo
gue es importante investigar cémo los gatos realmente “ven el mundo” y cdmo esto se manifiesta
en su comportamiento antes de hacer una presuncion seria de su informacion neurofisiologica
(Mitchel, 1971).

Investigadores argumentan que hubo al menos dos episodios importantes de seleccién en
el linaje que dieron lugar al gato doméstico: el primero ha sido asociado a la rapida declinacién del
tamafio corporal, el cual ocurrié al final del Pleistoceno y mucho antes de que la domesticacion
sucediera. El segundo episodio ha sido asociado con la domesticacién misma, proceso que condujo
a cambios en el cerebro, comportamiento y reproduccién de la especie, aunque los efectos de la
domesticacion en la estructura del cerebro no han sido del todo profundamente estudiados
(Williams et al., 1993). Ademas, Williams y colaboradores (1993) reportaron que existe una
diferencia en el tamafio promedio del cuerpo entre la subespecie de gato salvaje espafiol (el cual
es morfolégicamente mas cercano al de la poblacién del Pleistoceno), y el gato doméstico; lo
anterior se puede observar claramente en la reduccién de masa cerebral del linaje doméstico. En
especifico, las poblaciones de células ganglionares de la retina y las neuronas del ndcleo genicular
lateral (NGL) estan reducidas un 30-35%, reduccion que también encaja con la reduccién total del
peso cerebral, implicando que una rapida modulacién evolutiva en el tamafio del cerebro fue
generada principalmente por cambios en el nimero de células. Los investigadores también
mencionan que este decrecimiento en el tamafio del cerebro en el linaje doméstico esta
probablemente asociado con un incremento en la incidencia de muerte celular, donde el mismo
ndmero de neuronas es generado tanto en el gato doméstico como en el gato salvaje, pero
muchas de estas células son eliminadas subsecuentemente. Por lo tanto, las tasas de modulacién
de muerte celular -mas que las tasas de produccion celular- podrian ser una ventaja adaptativa en
hacer posible rapidos cambios evolutivos en el tamafio de poblaciones neuronales
interconectadas y por consiguiente, afectar el sistema visual del gato doméstico como especie.

Aunque el ojo del gato (y en general de los felinos) sigue el patrén de un mamifero regular,
existen especializaciones que le permite ver el mundo de manera diferente a nosotros.
Generalmente, comparado con el ojo humano, el ojo del gato esta mejor adaptado a ver a muy

bajas intensidades de luz; esto es debido a que tiene casi tres veces mas bastones que nosotros,



combinados con la capa reflectora (tapetum lucidum) detrds de la retina (Bradshaw et al., 2012 en
Turner & Bateson, 2014). No obstante, esta adaptacidon a la caza crepuscular también tiene sus
costos, dejando menos espacio en la retina para los conos, los cuales detectan colores. Por lo
tanto, los colores parecen tener un papel poco importante en como los gatos perciben e
interpretan suambiente (Turner & Bateson, 2014). Aunque el gato es considerado como un animal
crepuscular, tiene una alta afinidad para sincronizarse con los humanos y volverse de habitos mas
diurnos (Randall et al., 1985; Piccione et al., 2013). Algunos estudios han demostrado ritmos
circadianos en su alimentacion y patrones de actividad locomotora, y que son sensibles a los
cambios de periodos de luz (Delmar Cerutti et al., 2018; Parker et al., 2019).

La investigacion conductual empirica ha mostrado que los gatos pueden distinguir entre
diferentes tamafos, formas y texturas de los objetos. Se ha comprobado que el gato doméstico
percibe las ilusiones visuales de contornos subjetivos (Bravo et al., 1988; De Weerd et al., 1990),
y la ilusion de la “serpiente rotatoria” (Baath et al., 2014); y hay resultados preliminares de que
pueden percibir la ilusién de Zo6llner y la de Miiller-Lyer. Los gatos también son capaces de
discriminar cantidades (Pisa & Agrillo, 2009), incluso sin entrenamiento previo ya que pueden
diferenciar entre cantidades diferentes de comida si la proporcion es menor a 0.5 (Banszegi et al.,
2016). Adicionalmente, comparten un estilo de vida semiarbodreo (es decir, que regularmente se
mueve y caza en tres dimensiones) similar al de la mayoria de los primates donde las medidas
precisas de profundidad y distancia son vitales.

Por otra parte, en un nimero cada vez mayor de paises, el gato es hoy uno de los animales
de compafiia mas populares, por lo que hay gran interés en sus habilidades cognitivas. También
por ello el gato se encuentra ampliamente disponible para experimentos simples (como el
presente) a través de redes de duefios voluntarios. Es necesario enfatizar la importancia del
estudio comparativo entre distintas especies usando métodos que permitan evaluar las presiones
evolutivas y/o factores ambientales que hayan afectado a la susceptibilidad por parte de cada
especie a las ilusiones visuales y que al mismo tiempo mantengan suficiente similitud como para
poder asumir que involucran estructuras y procesos similares. También resulta importante que
dichos métodos sean bioldgicamente relevantes para entender mejor la relevancia de las ilusiones

visuales en un contexto lo mas cercano a el contexto natural.



Objetivo general

Investigar si el gato doméstico adulto es susceptible a la ilusion de Delboeuf de manera similar a
otras especies de mamiferos estudiadas hasta la fecha; ya sea si perciben la ilusién como los
primates, con quienes comparten un estilo de vida semiarbdéreo, o si no son susceptibles a ella

como el perro doméstico, con quien estd mas cercanamente relacionado taxonémicamente.

Hipdtesis de investigacion
Esperamos que en las condiciones control (donde dos diferentes cantidades de comida son
presentadas en platos del mismo tamafio), los gatos elijan espontaneamente la cantidad grande

de comida, como lo han realizado en previos experimentos similares (Banszegi et al 2016).

Para la condicién de la ilusién (donde la misma cantidad de alimento es presentada en platos de
distintos tamafos), esperamos que los gatos elijan predominantemente el plato pequefio que

simulara tener la mayor cantidad de alimento.

Método

Para lograr que el desempefio de los gatos fuera comparable con las especies previamente
estudiadas, seguimos la metodologia utilizada para probar perros (Petrazzini et al.,, 2016) y
primates (Parrish & Beran, 2014; Santaca et al., 2017), pero ligeramente modificada para hacer

gue la situacion de estudio fuera mas apropiada para nuestra especie: el gato doméstico.

Animales y tamafio de muestra

En un principio se colectaron los datos de 25 gatos adultos (de 1 a 7 afios de edad; de raza mixta)
dentro del Area Metropolitana, pero se tuvieron que excluir cuatro gatos debido a que mostraban
una fuerte tendencia a desviarse a un solo lado (p.ej. siempre elegian el plato que se encontraba
en el lado derecho) durante las pruebas por tres sesiones consecutivas y otros tres individuos mas

debido a que no se encontraban motivados a realizar las pruebas por tres sesiones consecutivas.



Se reclutaron duefios voluntarios mediante un anuncio por internet para los estudiantes de la
Facultad de Ciencias de la Universidad Nacional Autonoma de México. Los criterios de seleccion
de los gatos fueron: (1) el gato debia tener al menos un afio de edad; (2) debia ser amigable con
desconocidos y no escapar o comportarse agresivo con los experimentadores; (3) el duefio debid
aceptar que el gato ayunara de 4 a 6 horas antes de cada sesidon (esto para motivarlos a hacer las
pruebas) y (4) estar de acuerdo con que los experimentadores realizaran al menos ocho visitas a
sus casas para hacer las pruebas (Byosiere et al., 2017b; Parrish & Beran, 2014, Parrish et al.,

2015; Patrazzini et al., 2016; Santaca et al., 2017).

Lineamientos bioéticos

Todos los gatos del presente estudio son mascotas de compafiia; las pruebas experimentales se
llevaron a cabo dentro de sus hogares, en la presencia de sus duefios y bajo su previo
consentimiento. El protocolo experimental siguid los lineamientos para el cuidado y uso de
animales para investigacion de la Asociacion Psicoldgica Americana y la Norma Oficial Mexicana
NOM-062-Z00-1999, la cual especifica técnicas para la produccién, cuidado y uso de los animales
de laboratorio. Ademas, la metodologia fue aprobada por el Comité de Etica y Responsabilidad
Cientifica de la Facultad de Ciencias, Universidad Nacional Auténoma de México bajo el nimero

de folio T_2019_02_003.

Alimento estimulo

Debido a que los gatos muestran diferencias individuales marcadas en preferencias de alimento
(Bradshaw et al.,, 1996; Bradshaw et al., 2000; observaciones propias), el experimentador
identificd la comida preferida de cada individuo para asi motivarlo efectivamente a esperar el
estimulo y desempefar cada una de las pruebas. Para ello, antes de comenzar el estudio, el
experimentador brevemente ofrecid a cada sujeto una prueba de tres diferentes alimentos:
comida enlatada para gato, atun enlatado y croquetas para gato. El primer alimento que comiera
el gato era el que se utilizaba para todos los ensayos de ese mismo individuo. Dos gatos fueron
estudiados con croquetas para gato, 14 fueron probados con atun y otros dos fueron probados

con comida enlatada para gato. Una investigacion previa que se realizd en chimpancés (Pan
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troglodytes) para estudiar la ilusion de Delboeuf, encontrd que el comportamiento de eleccion por
el animal fue altamente consistente a través de diferentes tipos de alimento y que no causaba
efecto en el desempefio si el alimento era “discreto” (p.ej. piezas de cereal) o “continuo” (p.ej.

carne) (Parrish & Beran, 2014).

Condiciones y procedimiento experimental

Cada gato participd en tres diferentes condiciones de eleccién espontanea de alimento: dos
controles (disefiados para ver si el gato lograba diferenciar entre dos porciones distintas de
alimento presentadas simultdaneamente en platos de igual tamafio) y una tercera condicion
experimental donde se le presentd la ilusién de Delboeuf (la misma cantidad de alimento
presentada simultdneamente en dos platos de distinto tamafio). En cada condicién el alimento fue
presentado en dos platos de plastico, los tamafios utilizados fueron: platos grandes de 12.5 cm de
didmetro y platos pequefios de 9.5 cm de didmetro. Los platos se colocaban sobre un pliego de
plastico de color gris (47 cm x 68 cm). Todas las pruebas se grabaron con una cdmara de video
(GoPro 4 Session, GoPro Inc., CA. USA) para su posterior analisis. Los animales no fueron
trasladados a un laboratorio, sino que registramos las pruebas en sus respectivos hogares en un
cuarto que fuera familiar para ellos, preferiblemente sin la presencia de sus duefios. Es importante
mencionar que ninguno de los gatos recibid entrenamiento previo para llevar a cabo las pruebas
experimentales.

Para realizar las pruebas se requerian dos experimentadores: Uno de los experimentadores
colocaba los platos en cada una de las condiciones; luego, se alejaba y se ponia de espaladas a la
prueba. Después, el segundo experimentador colocaba al sujeto de estudio sobre una silla para
gue tuviera una mejor vista de las dos cantidades de alimento y mientras miraba hacia al frente lo
sujetaba gentilmente por 5 segundos para después soltarlo. El gato elegia espontdneamente una
de las cantidades de alimento e inmediatamente podia consumirla.

Cada gato realizo en total 16 pruebas por cada condicién (los dos controles y la condicién
experimental), pero participaban en 6 pruebas (dos por cada condicién) en un solo dia, por lo que
nos llevo 8 dias (o sesiones) realizar todas las pruebas, sumando al final un total de cuarenta vy

ocho pruebas por gato. La posicidn y orientacién de los platos fue balanceada entre ensayos vy el
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orden de las condiciones fue aleatorio. Asimismo, se les did a elegir a los gatos entre tres distintos
tipos de alimento que se utilizaron en las pruebas: atin enlatado, croquetas para gato y comida
enlatada para gato, esto lo decidimos para asegurar que se encontraran motivados a participar.
Tomamos en cuenta las variables individuales de cada gato como lo son: edad, sexo, estado
reproductivo (esterilizado o no), alimento elegido (croquetas, atin o comida enlatada) y estilo de
vida (exclusivamente interior, o interior y exterior a la vez) para posteriormente comparar su

desempefio individual con respecto a los demas gatos e incluirlo en nuestro andlisis estadistico.

Andlisis estadistico

Se realizd con el programa R (R Core Team, 2017), version 3.4.1. El desempefio individual se analizo
mediante una prueba binomial mientras que los valores a nivel poblacional fueron analizados con
estadistica paramétrica (prueba de Shapiro-Wilk). Para determinar si los gatos discriminaron entre
las cantidades de alimento (pruebas control) y si percibieron la ilusion se usé la prueba t de Student
para una muestra. Ademas, para analizar y comparar el desempefio de cada gato con sus
respectivas variables, se uso la prueba de t de Welch para muestras no iguales. Finalmente, se

calculd la d de Cohen para estimar el tamafio de los efectos.

Resultados

Condiciones control

Los individuos eligieron la cantidad grande de alimento mas veces en ambas condiciones control
(plato grande y plato chico). El desempefio del grupo fue significativo, aunque a nivel individual

|II

solamente dos de los 18 gatos tuvieron un desempefio significativo, (dos en control “plato grande”
y dos en el control “plato chico”). Adicionalmente, se encontré una correlacion positiva
significativa entre el desempefio de los gatos en las dos condiciones de control (p <.05), y no hubo
ninguna diferencia en el desempefio del grupo en las dos condiciones (p = .10).

No se encontrd ninguna correlacion entre el porcentaje total de los gatos que eligieron la

cantidad grande de comida para cualquiera de las condiciones de control y el orden de las pruebas,

sugiriendo que no hubo efectos de aprendizaje significativos en las pruebas control durante el

12



estudio. Tampoco se encontraron diferencias significativas en el desempefio debidas al sexo, edad
o estado reproductivo. Sin embargo, se encontré una diferencia significativa asociada al estilo de
vida. En general, los gatos que habitan en interior y exterior eligieron la porcién de alimento

grande mds frecuentemente que los gatos que son exclusivamente de interior.

Condicion experimental (ilusion de Delboeuf)

En las pruebas de la ilusién de Delboeuf, los 18 gatos eligieron significativamente mas veces la
comida que fue presentada en el plato chico que en el grande, lo que sugiere que fueron
susceptibles a la ilusién de Delboeuf. Sin embargo, a nivel individual ninguno de ellos desempefid
significativamente. Tampoco se encontraron diferencias significativas en el desempefio debidas al
sexo, edad o estado reproductivo. Asimismo, no se encontraron correlaciones entre la edad vy el
desempefio, entre el desempefio general en las pruebas de control y el desempefio en la ilusion,
ni entre el desempefio de los gatos en las pruebas de condicion experimental y el orden de las

pruebas, sugiriendo que no hubo efectos de aprendizaje entre las pruebas de la ilusion.

Discusién
Los resultados de las dos condiciones control confirman que los gatos no necesitaron de
entrenamiento previo para poder distinguir entre las diferentes cantidades de alimento
presentadas puesto que eligieron significativamente mas veces la cantidad grande, al menos a
nivel de grupo. A pesar de este hallazgo, a nivel individual solamente dos individuos eligieron la
cantidad grande de alimento en mas ocasiones de lo esperado por azar en la condicién de control
con el plato grande; lo mismo para cuatro individuos en la condicion control con el plato chico. Sin
embargo, cuando combinamos los datos de las dos condiciones de control (ya que el desempefio
grupal no difirié entre estos dos), el 50% de los gatos mostrd una preferencia significativa por la
cantidad grande de comida a nivel individual.

En el caso de la condicién experimental, la ilusion de Delboeuf, obtuvimos la primera
evidencia que sugiere que los gatos, asi como los humanos (McClain et al., 2014; Van Ittersum &

Wansink, 2012) y algunos primates no humanos (Parrish & Beran, 2014; Parrish et al., 2015), son
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también susceptibles a esta ilusidn. Este resultado puede ser explicado por el hecho de que todos
los gatos eligieron el plato pequefio mas veces. Ademas, esto fue cierto incluso cuando la posicion
de los estimulos (alimento) y la colocacién del disefio experimental dentro del hogar de los duefios
fue aleatorio en todas las pruebas. De manera consistente con previos hallazgos en la
discriminacion de cantidad de alimento por coyotes (Baker et al., 2011), perros (Ward & Smuts,
2007), gatos (Banszegi et al., 2016) y ratas (Wadhera et al., 2017), los individuos del presente
estudio debieron haber elegido cualquiera de los dos estimulos presentados por prueba
solamente a partir de sefiales visuales. Las sefiales olfativas no podrian haber formado parte a la
hora de tomar su decision ya que las porciones de comida en la condicion experimental fueron del
mismo tamafio.

Relativamente hablando, existe poca literatura sobre la percepcién de ilusiones visuales
(incluyendo la ilusién de Delboeuf) para comparar entre especies de mamiferos. Es por ello que
intentamos hacer nuestros métodos comparables con al menos algunos de los estudios previos
hechos con primates(Parrish & Beran, 2014; Santaca et al.,, 2017) y con el perro doméstico
(Petrazzini et al., 2016). Mientras que nuestros resultados indican que los gatos (al igual que varios
primates no humanos) son susceptibles a la ilusidn, éstos contrastan con los reportes donde
mencionan que el perro doméstico no es capaz de percibirla. Algo interesante que se encontré
fue que algunos perros fueron susceptibles a la ilusion pero en direccion contraria a la de los
humanos, otros primates y los gatos de este estudio (Byosiere et al., 2017b; Petrazzini et al., 2016).
Una posible explicacion para estas diferencias entre perros y gatos podria ser las diferencias que
existen en la metodologia experimental. A diferencia de los estudios con canes arriba
mencionados, nosotros decidimos realizar las pruebas con los gatos en sus casas y con su alimento
preferido para asi reducir el nivel de estrés e incrementar la motivacion para desempefiar las
pruebas. Aunado a esto, fueron evaluados inicialmente desde una posicién elevada, y no a nivel
de piso, para asi darles una vision clara y no distorsionada de los dos estimulos. Pero quizds mas
importante, aun no es muy claro si la proporcién efectiva de la diferencia de tamafio entre el
estimulo (ej. alimento) y su contexto circundante (ej. tamafio del plato) sobre la cual depende la
ilusion de Delboeuf difiere entre especies. En el presente estudio, siguiendo a Petrazzini et al.

(2016) para propodsitos comparativos, durante las pruebas de ilusién los gatos discriminaron entre
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proporciones alimento-plato de 0.5 (en el plato chico) y 0.36 (en el plato grande), prefiriendo elegir
el estimulo con la proporcion de 0.5, donde la orilla del plato bordeaba el alimento mas cerca.

AUn no existe una explicacién convincente sobre por qué algunas especies son susceptibles
a lailusion de Delboeuf y otras no aun, pero el andlisis de las diferencias en el disefio experimental
y métodos de cémo se llevaron a cabo estos estudios podrian contribuir potencialmente a
esclarecer dicha situacion. Por ejemplo, estudios difieren entre el uso de pruebas de eleccion
espontadnea o, de un entrenamiento extensivo. Mientras que las pruebas de eleccién espontanea
muestran como los animales se comportan en situaciones mads apegadas a la naturaleza, estudios
usando individuos previamente entrenados son mas Utiles para explorar las habilidades
perceptuales o cognitivas de las especies (Agrillo & Bisazza, 2014). Otra inconsistencia
metodoldgica es si los sujetos son probados con estimulos alimenticios o no ecolégicos (e;.
pantallas tactiles), y si son premiados en caso de haber elegido una opcién en particular, pues
ambos factores pueden influenciar en la motivacion de los animales. En este estudio, pusimos a
prueba la eleccién espontdanea de los gatos con el objetivo de explorar sus tendencias preceptuales
naturales.

Un hallazgo notable del presente estudio fue la falta de correlacion entre el desempefio
individual en las condiciones de control y el desempefio en la condicidén experimental. Es decir, los
individuos que fueron mas precisos en elegir el alimento grande en las pruebas de control no
necesariamente mostraron una susceptibilidad mayor a elegir el estimulo de la ilusién de Delboeuf
durante la condicion experimental, a pesar de que los gatos fueron susceptibles a nivel de grupo.
Una posibilidad es que, mientras un individuo discrimine el tamafio de un objeto sin un contexto
gue lo distorsione, dependa principalmente de mecanismos de la periferia conocidos como
bottom-up, (que quiere decir que la cadena de eventos comienza con el estimulo externo, antes
de progresar hacia arriba a través de las varias etapas de procesamiento mental y culminando
finalmente en la experiencia visual (McLeod, 2018)) y que la percepcion de ilusiones es el producto
de un proceso mas central del cerebro conocido como top-down, donde la informacién sobre lo
gue estamos mirando viaja desde altas regiones corticales cuesta abajo hacia el cértex visual,
generando una experiencia visual que es creada internamente en el cerebro y que no es un reflejo

del mundo real (Gilbert & Li, 2013), y que posiblemente dependa de procesos tempranos de
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maduracion y/o experiencia ganada durante el desarrollo. La utilidad de la cognicion “top-down”
es que permite que el cerebro llene los espacios de nuestro campo visual trayendo previas
experiencias y entendimiento de como nuestro mundo deberia de ser, generando una imagen
visual que esperariamos ver. Generalmente, estos dos procesos se complementan mutuamente a
la perfeccion, aunque las ilusiones épticas demuestran lo facil que es engafiar al cerebro en algo
tan simple porque éste ya habia esperado ver algo en concreto incluso cuando en realidad no esta
alli, creando “bucles de retroalimentacion” que complementan el estimulo externo ya visto por
los ojos (Pafundo et al., 2016).

Respaldando esta posible explicacién, se ha reportado que los nifios menores a los 7 afios
de edad son capaces de discernir entre el tamafio de un objeto-diana con gran precisién, pero no
es sino hasta después en su desarrollo que se vuelven susceptibles a la influencia de contextos
engafiosos, creando asi ilusiones visuales (Doherty et al., 2010; Kaldy & Kovacs, 2003; Parrish et
al., 2016). Ya que los circuitos neuronales que median la capacidad de percibir ilusiones
probablemente involucren areas corticales mas elevadas (Livingstone & Hubel, 1988), la
conectividad que apoya la sensibilidad contextual puede no estar completamente desarrollada a
una edad tan temprana (Kaldy & Kovdcs, 2003). Esto es congruente con la investigacion realizada
por Poirel y colaboradores (2011), donde explican que la pérdida de materia gris en las areas
derecha parietal y visual de los nifios de aproximadamente 6 afios de edad, pueda verse reflejada
en la madurez anatdmica.

Ademas, en estudios transculturales Fujita y colaboradores (2017) encontraron diferencias
en la susceptibilidad a diferentes ilusiones entre la gente de distintas culturas, lo que sugiere una
importante contribuciéon de la experiencia o también conocido como “factor de aprendizaje” a la
percepcion ilusoria. En estudios del desarrollo se ha visto que distintas ilusiones visuales siguen
diferentes cursos en el desarrollo. No obstante, los resultados no son siempre convergentes,
probablemente debido a los diferentes y Unicos caminos de desarrollo que las ilusiones pueden
seguir para ser asimiladas. Es claro que las ilusiones visuales no son exclusivas para la vision
humana, lo que nos sugiere un contexto evolutivo donde este fendmeno perceptivo fue
aparentemente favorecido por la regién del cerebro que se encarga de analizar los estimulos

ambientales. Es asi que Fujita y colaboradores (2017) también sugieren que las ilusiones visuales
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son una consecuencia de estos ajustes o limitaciones adaptativas involucradas en la funcién de
procesamiento del sistema visual en situaciones inapropiadas (o engafiosas) para el cerebro.

Se necesitara de mas investigacion donde los gatos sean probados con diferentes tipos de
ilusiones visuales, lo cual podria ayudar a revelar diferencias en el procesamiento de informacién
visual incluso comparada, por ejemplo, con otros carnivoros. Adicionalmente, tomando en cuenta
al gato doméstico como un modelo experimental accesible, surgen las preguntas de cuando
durante el desarrollo las crias se vuelven capaces de discriminar, por ejemplo, diferentes

cantidades de alimento, y a qué edad se vuelven susceptibles a la ilusién de Delboeuf.
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ABSTRACT

The comparative study of the perception of visual illusions between different species is
increasingly recognized as a useful non-invasive tool to better understand visual perception, its
underlying mechanisms and evolution. The way many animal species obtain a significant amount
of the information about their environment is via their visual systems, which can be captured and
processed differently across species. A visual illusion is when the visual assessment of a target
object can be distorted by the surrounding environment. One of the most common geometrical
illusion examples is the Delboeuf illusion, which is formed by a single ring surrounding the target
stimulus, causing the target stimulus to be perceived as larger or smaller depending on how closely
the inducer ring border it.

The domestic cat (Felis silvestris catus) is considered a good candidate species for such
comparative study due to its high dependence on visual cues, their three-dimensional movements
in order to hunt (similarly to most primates) and being able to perceive subjective contours and a
motion illusion. The aim of this study was to test whether the domestic cat is susceptible to the
Delboeufillusion in a manner similar to other mammalian species studied to date. For comparative
reasons, we followed the methods used to test domestic dogs and different primate species. In
two different types of control trials, 18 cats discriminated between two different amounts of food
presented on same-size plates and they spontaneously chose the larger amount, as has been
previously reported for other species, suggesting that the method used here was adequate to test
cats. In the Delboeuf illusion trials, two equal amounts of food were presented on different-size
plates; all tested cats chose the food presented on the smaller plate more often than on the larger
one, suggesting that they were susceptible to the illusion. Since we found no correlation between
the cat’s overall performance in the control trials and their performance in the illusion trials, we
propose that the mechanisms underlying spontaneous size discrimination and illusion perception

might be different.

18



INTRODUCTION

Visual system related to visual illusions

The visual system is the part of the nervous system which allows organisms to see and to
interpret the information from their environment in order to build a representation of the
world surrounding them. However, visual signals are often ambiguous because a 3D form or
scene must be translated into a 2D retinal representation that is subsequently interpreted
by neurological and cognitive processes occurring in the brain to generate a perceptual
experience (Coren and Girgus, 1978; Feng et al., 2016).

Many animal species obtain a significant amount of the information about their
environment via their visual systems. However, the way this sensory information is captured
and processed can vary notably across species. Within vertebrates and even within mammals
these differences originate from anatomical differences in the structure and position of the
eyes (Heesy, 2008; Lamb, Collin, & Pugh, 2007; Veilleux & Kirk, 2014) as well as their
underlying neural circuits (Eagleman, 2001; Mascalzoni & Regolin, 2011; Masland & Martin,
2007), both shaped by evolutionary processes. However, the visual assessment of a target
object, e.g. its colour, shape or size, can be distorted by the surrounding environment,

leading to so-called visual illusions (Gregory, 1997).

Visual illusions

Humans have long been known to perceive a wide range of optical illusions (Wade, 2017),
and the comparative study of illusions between humans and non-human mammals is
increasingly recognized as a non-invasive tool to better understand visual perception, its
underlying mechanisms and evolution.

Studies investigating non-human animals’ perception of geometrical illusions date
back to the 1920’s. Révész (1924) tested a hen with the Jastrow illusion (figure 1) and he
found that the bird, which was previously trained to choose the smaller size between two-
different-sized figures chose more times the subjectively smaller segment of the figure that

represented the illusion rather than choosing the apparently larger one. Révész was an
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exception with his experiment and findings since during the next decades animals were still
considered as machines perceiving exact replicas of the inputs they receive; therefore,
scientists were not interested in perception and optical illusion in animals. Apart from a few
exceptions it was until the 21st century when this view began to change and researchers
started to realize that animals probably are more similar to humans in this sense, they alter
visual inputs too and moreover, some species even actively manipulate their environment to

create visual illusions (Feng et al., 2016).

Figure 1. Diagram of the Jastrow illusion. It consists in two equal-size segments which are
placed one above the other; the upper segment (A) will be perceived smaller in comparison

to the lower one (B) although their size is the same (Révész, 1924).

Comparative studies have revealed both similarities and differences in susceptibility
to geometrical visual illusions (pertaining to an object's size and shape) across species. It
seems that in general most mammals are susceptible to at least some geometrical optical
illusions (e.g. 11 of 12 tested vertebrate species have been found to be susceptible to the
Ponzo (figure 2A) and Muller-Lyer (figure 2B) illusions in the same manner as humans), albeit
with some notable differences. The Ebbinghaus illusion (figure 2C) which has been amply
studied in a variety of species with different ecological and taxonomical backgrounds, not yet
no discernible pattern is apparent in their susceptibility to the illusion nor the direction in
which it is perceived. Whereas some species reportedly lack susceptibility to certain illusions
others have been found to be susceptible in the opposite direction to humans (see reviews

in Feng et al.,, 2017; Kelley & Kelley, 2014).
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Figure 2. Diagrams of some of the most common geometrical illusions. A. Ponzo illusion:
two lines of equal length that are framed by a set of converging lines, making the upper line
seem longer than the one in the bottom. B. Miiller-Lyer illusion: two lines of same length
are presented; one has outward-pointing arrows on the ends while the other line has
inward-pointing arrows on the ends. Some animals (including humans) perceive the
inward-pointing arrows’ line longer than the line with the outward-pointing arrows. C.
Ebbinghaus illusion: two equally sized circles are presented; one is surrounded by small
circles while the other is surrounded by large circles. For some mammals (including
humans), the target circle surrounded by the small circles seems larger than the other one

(Kelley & Kelley, 2014; Feng 2017).
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Delboeuf illusion

One of the most common geometrical illusions is when the size of a target object is
misperceived because of its immediate surround. If the size of the target stimulus is
processed globally (taking into account its surround) rather than locally (taking into account
only its own physical dimensions), then the actual size of the target may be misperceived
(Navon, 1977). A classic example is the Delboeuf illusion (Delboeuf, 1865), which is formed
by a single ring surrounding the target stimulus, causing the target stimulus to be perceived
larger or smaller depending on how closely the inducer ring borders it (Figure 3). In humans,
typically out of two target objects of the same size the one bordered more closely by an
inducer ring is perceived as larger (Mruczek, Blair, Strother, & Caplovitz, 2017). One
theoretical explanation for the perception of the Delboeuf illusion is the assimilation-
contrast theory: if the target stimulus and its inducer ring are close together, they will merge
and be perceived as one, whereas if the inducer circle is farther away from the target object
(it does not circle it closely), this creates a distinction between the two, hence the target
object appears to be smaller (Girgus, Coren, & Agdern, 1972; Goto et al.,, 2007; Oyama,
1960). The contour interaction theory is another, not necessarily competing theory, which
proposes that the contours that are proximal to an object perceptually attract while contours
that are further away and exceed a certain distance perceptually repel, which in turn causes
a change in apparent size (Jaeger, 1978). The Delboeuf illusion is even used commercially;
for example, a food portion on a small plate appears larger than the same amount of food
on a larger plate, thus influencing and exploiting human’s misperception of a target object’s
size (Davis, Payne, & Bui, 2016; Murphy, Lusby, Bartges, & Kirk, 2012; Van Ittersum &
Wansink, 2012; Wansink & Van Ittersum, 2013).
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Figure 3. Diagram of the Delboeuf illusion. It’s consists in two equally sized target circles
where one is surrounded by a small ring and the other by a larger ring. Besides humans,
some non-perceive the target circle surrounded by the smaller ring larger than the other

one (Kelley & Kelley, 2014).

Perception of the Delboeuf illusion by non-human mammals

Susceptibility to the Delboeuf illusion has been reported in several non-human mammals,
but because these studies have been conducted only in few species and the methodological
differences between them are considerable (e.g. trained or spontaneous testing, whether
the target object was food or stimuli presented on a touch screen; further details in the
Discussion), not many comparative conclusions can yet be drawn. Generally it seems that
non-human primates perceive the Delboeuf illusion in a manner akin to humans
(chimpanzees Pan troglodytes, [Parrish & Beran, 2014]; rhesus monkeys Macaca mulatta
and capuchin monkeys Cebus apella, [Parrish, Brosnan, & Beran, 2015]; but also see
preliminary results on ring-tail lemurs, Lemur catta [Santaca, Regaiolli, Petrazzini, Spiezio, &
Agrillo, 2017]. On the other hand, dogs (Canis lupus familiaris) do not appear to perceive the
Delboeuf illusion, at least at the population level (Byosiere et al., 2017b; Petrazzini et al.,,

2016, but note that in the first study two dogs did appear to demonstrate susceptibility,
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although in the opposite direction to humans). Consequently, there is a need for more cross-
species comparisons using similar methods to be able to assess which evolutionary pressures
and/or environmental factors affect a species' susceptibility to such illusions (Feng et al.,,
2017), and also to better understand their possible relevance in natural contexts (review in

Kelley & Kelley, 2014 and see also Doerr & Endler, 2015; Griggio et al., 2016; Mgller, 2017).

The domestic cat (Felis silvestris catus)

Psychologists have studied illusions in the hope that an understanding of the “errors” of
perception might lead to understanding the mechanisms of perception (Mitchel, 1971), with
the aim of this is to correlate specific brain activity with visual perception. However, nearly
all the neurophysiological data associated with visual systems from animals other than man,
is primarily from cats. Already a considerable amount of neurophysiological data gathered
from the cat and there are several reasons why this mammal has been the major subjects in
electrophysiological studies, e.g. they have good sense of vision, (2) easy and cheap to keep
compared to primates. Since it is hard extrapolating data from one animal to another,
therefore it is important to investigate how cats really “see the world” and how it’s manifest
in their behaviour, before making any serious assumption from its neurophysiological data
(Mitchel, 1971).

Another reasons why the domestic cat is a good model species are that it depends in
large part on visual cues (like the previous species mentioned above) which are likely similar
to those used by other mammalian species, including humans, to navigate in their
environment (see for some comparision Blake, 1979; Byosiere et al., 2017a; Miller & Murphy,
1995). Like dogs, it belongs to the order Carnivora but in contrast, it has a semi-arboreal
lifestyle more similar to primates. It regularly moves and hunts in three dimensions, similarly
to most primates, where the precise assessment of depth and distance is vital. Finally, there
is an increasing interest in cat’s cognitive abilities due to its popularity as one of the most
common companion animals (American Pet Products Association, 2015; Gunn-Moore et al.,

2007; Vitale Shreve & Udell, 2015, Bernstein, 2007; Driscoll et al., 2009).
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Figure 4. The domestic cat (Felis silvestris catus)

Domestic cat’s visual system

Researchers discuss that there have been at least two remarkable episodes of selection in
the lineage that leaded to the domestic cat: the first one has been associated with a rapid
decline in body size occurred at the end of the Pleistocene (and long before domestication
happened). The second one has been associated with domestication, a process that led to
changes in brain, behaviour and reproduction, although the effects of domestication on brain
structure have not yet been deeply studied (Williams et al., 1993). They have also shown that
the difference in average body size of the Spanish wildcat subspecies (which is
morphologically closest to the Pleistocene stem population) and the domestic cat is enough
to account for the observed reduction in brain mass in the domestic lineage. It has been
shown that the populations of retinal ganglion cells and neurons in the lateral geniculate
nucleus (LGN) of the domestic cat are reduced by 30-35%, which matches the reduction in

total brain weight. Researchers also mention that this decrease in brain size in the domestic
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lineage is probably associated with an increase in the incidence of cell death. The same
numbers of neurons are generated in the domestic cat as in the wildcat, but that many more
of these cells are subsequently eliminated. Thus, the modulation of rates of cell death rather
than of rates of cell production could be of selective advantage in making possible rapid and
well-matched evolutionary changes in the size of interconnected neuron populations and
therefore, affecting the visual system of the domestic cat as species (Williams et al., 1993).

Neurophysiology of the vision of the cat is probably one of the best understood
among non-primate mammals. Although the cat’s eye follows to the regular mammalian
pattern, there are specializations that allow it to see the world differently from us. Generally,
compared to the human eye, the eye of the cat is better adapted to see at very low light
intensities; this is because it has almost three times more rods than us, combined with the
reflective layer (tapetum lucidum) behind the retina (Bradshaw et al., 2012 in Turner &
Bateson, 2014). This adaptation to crepuscular hunting, however, has its costs too, allowing
less space on the retina for the colour-detecting cones; their density of cones is six times
lower compared to humans. Thus, it seems rather certain that cats can only see blue and
green colours and their corresponding combinations, and not being able to see the colour
red. Therefore, colours seem to play little importance in the way cats perceive and interpret
their environment (Turner & Bateson, 2014).

The innervation of the eye is also organized in a different way; the regular human’s
optic nerve contains ten times more fibres than that of the cat, and there is an even greater
variance in the density of ganglia in the retina. Overall, this leads to more rods and cones
being connected to each nerve, causing greater sensitivity and therefore better night vision
(Bradshaw et al., 2012). When the pupil is completely open, retinal illumination is of the same
size as that of nocturnal creatures such as the badger and bat whereas diurnal primates, such
as man and the chimpanzee, have about five times less retinal illumination (Bradshaw et al.,
2012). Even though the cat is considered crepuscular it has a high affinity to synchronize with
humans and become more diurnal (Randall et al., 1985; Piccione et al., 2013). Some studies
have shown circadian rhythms in their feeding and locomotor activity patterns and that they

are sensitive to changes in light periods (Delmar Cerutti et al., 2018; Parker et al., 2019).
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Detection of movement is necessary for hunting, but it seems that cats are not good
at detecting slow movements (Bradshaw et al., 2012). However, they are able to track and
follow fast movements (e.g. a bird or other prey target) by performing very fast saccades
while the object is being monitored the whole time and the sensory information is processed
by the nervous system (Turner & Bateson, 2014). The ability of a cats to shift focus may also
depend on their early visual experience: whereas outdoor cats tend to be rather long-
sighted, indoor cats tend to become short-sighted; this is explained because the furthest
objects on which they can focus are only a few meters away (Bradshaw et al., 2012). Cats
seem slower to focus from close to distant objects and vice versa than humans and appear
not to be able to focus objects closer than approximately 25 cm away or closer (Turner &
Bateson, 2014). Their total visual field goes to approximately 200° and with binocular vision
in the central 90-100°, while visual field of the human vision is approximately 180° (Traquair,

1938).

Studies done with the domestic cat referring to visual illusions

Despite the cats reduced colour perception, empirical behavioural research has shown that
cats can distinguish differences in size, shape and texture of objects. In previous studies it
has been shown that cats discriminate between quantities (Pisa & Agrillo, 2009), and do so
even without training. Out of two different quantities of food, they spontaneously and
reliably choose the larger one if the size ratio between them is below 0.5 (Banszegi et al.,
2016). They also perceive subjective contours (Bravo et al., 1988; De Weerd et al., 1990,
Figure 5A and 5B) and a motion illusion (Baath et al., 2014, Figure 5C). Mitchel (1971) also
showed some preliminary results in her thesis that cats probably perceive the ZoélIner illusion

(Figure 5D) and the Muller-Lyer illusion (Figure 2B).
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Figure 5. Diagrams of some visual illusions studied with the domestic cat. A. Square
subjective contour illusion: Four white sectored circles generate a black illusory figure in
the middle; in this case it forms an illusory square (Bravo et al., 1988). B. Triangle subjective
contour illusion: The edges of these three black circles are coloured in white, generating a
white illusory triangle in the middle. C. Rotating snake motion illusion: This is a type of
illusion depends on the arrangement of the colours and their different luminance; in a
certain order they are causing an illusory movement of the circles while in another
arrangement they don’t (Baath et al., 2014). D. Z&lIner visual illusion: This is a geometrical
illusion where in two parallel lines are added small diagonal lines, causing that the parallel

lines do not seem like that at all.
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AlM OF THE STUDY AND JUSTIFICATION

The aim of this study was to test whether the domestic cat is susceptible to the Delboeuf
illusion, either in a manner similar to the primate species studied to date possibly due to the
similarities in life-style (e.g. semi-arboreal, moving in 3-dimensions to a greater degree than

other carnivores), or rather similar to the taxonomically more closely related domestic dog.

RESEARCH HYPOTHESIS

In the control trials where two different quantity of food presented to the cats, we expect
that they will spontaneously choose the larger amount as they reliable did in previously in
similar experiments (Banszegi et al 2016). If cats perceive the Delboeuf illusion under the
same experimental conditions then we expect that during the illusion trials they would
predominantly choose the one presented on the smaller plate from the two same size food

stimuli, as this stimulus should appear to be larger.

METHODS

In order to make the cats’ performance comparable to previously tested species we followed
the methods used to test dogs (Petrazzini et al., 2016) and primates (Parrish & Beran, 2014;
Santaca et al.,, 2017), but adjusted slightly to make the test situation more species-

appropriate for the cat.

Ethics Note

Animals in this study were all household pets tested in their own homes in the presence of
their owners, and with the owners’ informed consent. The experimental protocol complied
with the guidelines for the care and use of animals in research of the American Psychological
Association, and with the National Guide for the Production, Care and Use of Laboratory

Animals, Mexico (Norma Oficial Mexicana NOM-062-200-1999) and with approval by the
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Ethics and Scientific Responsibility Committee (CERC, permission ID: T_2019 02 _003) of the

Faculty of Sciences, Universidad Nacional Autonoma de México (UNAM).

Animals, Housing and Sample Sizes

As in a previous study (Banszegi et al., 2016), cat owners interested in participating in the
study were recruited via an internet advertisement sent to students of the Faculty of
Sciences, UNAM. The advertisement included a brief description of the study and listed the
following inclusion criteria: (1) The cat should be at least one year old; (2) it should be friendly
towards strangers, not fleeing from or behaving aggressively toward them; (3) agreement to
deprive the cat of food for 4 h before each test session; and (4) agreement to have
experimenters visit and test the cat on at least eight separate occasions. Most owners
evaluated their cats appropriately, although we had to reject four cats prior to testing
because they were not calm enough with strangers present to be easily handled during the
experiments.

We began the tests with a total of 25 cross-breed cats but had to exclude four which
exhibited a strong lateral bias (defined as the cat always going to the same side during the
tests on three consecutive test days regardless of the stimuli presented), and three more
cats that were not motivated to perform the tests on three consecutive test days. The
remaining 18 cats finally included in the study were 10 males (four intact and six neutered)
and eight females (three intact and five neutered), average age 2.9 years + 0.4 SEM. Ten
were exclusively indoor cats and the rest were indoor/outdoor cats (see Table 1 in Annex).

None had received any training with the test procedures prior to the experiments.

Food Stimuli

Since cats show marked individual differences in food preference (Bradshaw et al., 1996;
Bradshaw et al., 2000; own observations), the experimenter identified a food preferred by
each cat to effectively motivate it to attend to the stimuli and to perform the tasks. To this
end, prior to the start of testing, the experimenter briefly offered each cat an array of three

different foods: the cat’s usual canned food, canned tuna and dry cat food. The first food
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eaten by the cat was the stimulus used in all trials with that individual. Two cats were tested
with canned cat food, 14 were tested with canned tuna and two were tested with dry food.
A previous study of the presence of the Delboeuf illusion in chimpanzees (Pan troglodytes)
found that animals’ choice behaviour was highly consistent across different types of food,
and it had no effect on performance whether the food was a “discrete” or a “continuous”

type (cereal pieces or lunch meat, respectively; Parrish & Beran, 2014).

Experimental Setup

Each cat participated in three different spontaneous two-way food choice tasks. For
comparative purposes we closely followed the methods previously used to test dogs
(Petrazzini et al., 2016) and primates (Parrish & Beran, 2014; Santaca et al., 2017), although
adjusting them slightly for cats. These adjustments included (i) resizing the food and plates:
we reduced the size of both since cats are smaller-sized mammals (see details below); (ii) the
cats were able to go to and eat immediately from the chosen food like the dogs, but unlike
the primates, which were only able to point to the preferred food quantity (see details
below); (iii) all cats were tested in their home environment with a preferred food to keep
them motivated (see above); (iv) we tested the cats only in one standard illusion trial and
they received only 6 trials a day to maintain their motivation and avoid satiation (see details
below); (v) finally, the starting point for the cats was not at floor level, instead they were
placed at a certain height to give them a better visual angle (see details below).

The cats were tested individually in their home environment. The food stimuli were
presented on white plastic plates of two different sizes: large plates 12.5 cm in diameter, and
small plates 9.5 cm in diameter. In the center of each plate the food was formed into a circle
using molds of two different sizes: a larger portion 4.5 cm in diameter and 0.2 cm high
(volume = 3.18 cm?), and a smaller portion 3 cm in diameter and 0.2 ¢cm high (volume = 1.41
cm?). The plates were presented on the floor on a washable matte grey plastic sheet (47 cm
x 68 cm), 15 cm apart (distance between the edges of the plates). We used a chair as the

starting point to provide the cat with a non-distorted overview of the nearly flat stimuli (chair

28



height: 48-50 cm, placed 25 cm from the edge of the plastic sheet). All tests were video
recorded (GoPro 4 Session, GoPro Inc., CA. USA) for later analysis.

All cats were tested in three stimulus conditions: (1) Large plate control: two different
food portions were presented on two large plates (Figure 6A); (2) Small plate control: two
different food portions were presented on two small plates (Figure 6B); (3) Illusion: two
equal, large food portions were presented on different-size plates (one large plate and one
small plate; Figure 6C). The two types of control conditions were set up to test whether the
cats would choose the larger portion of food in the two contexts (plate size). Based on
previous studies mentioned in the introduction, we expected that in the control trials the
cats would spontaneously choose the plate with the larger quantity of food. If cats perceive
the Delboeuf illusion under these experimental conditions, then we expected that during the
illusion trials they would predominantly choose the food stimulus presented on the smaller
plate, as this stimulus should appear to be larger. In both control conditions, the ratio of the
surface area between the smaller and the larger food portions was equal to .44, which was
found sufficiently distinct for cats to perceive in a previous study of spontaneous quantity
discrimination, as below ratios of 0.5 the cats chose the larger of two amounts of food

significantly above chance (Banszegi et al., 2016).
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Figure 6. The three stimulus conditions which were presented in random order multiple
times to each cat. A) Large plate control in which different quantities of the same food, in
this example dry cat food, were presented on large, same-size white plastic plates, with
food-to-plate diameter ratios: .36 (large food) and .24 (small food). B) Small plate control
in which different quantities of the same food, in this example canned cat food, were
presented on small, same-size white plastic plates, with food-to-plate diameter ratios: .47
(large food) and .32 (small food). C) Delboeuf illusion condition in which the same quantity
of food, in this example canned tuna, was presented on a large and on a small white plastic
plate of the same sizes as in the control conditions A) and B), respectively, with food-to-
plate diameter ratios: .36 (large plate) and .47 (small plate). Note that each cat was tested
with the same kind of food in all trials in all three conditions according to its food

preference (details in Method).
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Test Procedure

Time of day of the tests depended on the owners’ availability and was between 09:00 and
19:00 h. The cats were deprived of food for 4—6 h previously to motivate them to perform
the task. Out of view from the owner and cat, the experimenter placed the appropriate
stimuli (see Figure 1) on the plastic sheet, turned on the camera and walked to the farthest
point at a right angle to the stimulus array. Staying aligned with the middle of the plastic
sheet, the experimenter turned away from the experimental setup and remained motionless.
The experimenter then asked the owner to come in carrying the cat. The owner placed the
cat on the chair facing the stimuli, and gently held it there from behind for 5 seconds to give
it the chance to view both plates before releasing it to make its choice. We defined “choice”
as the cat going to one of the plates and manipulating the food (licking, eating or pawing).
As soon as the cat chose a plate the experimenter removed the other plate and allowed the
cat to eat briefly from the chosen stimulus. We only allowed brief eating to prevent the cats
becoming satiated and losing motivation to participate in further trials. To avoid cueing the
cats, neither the owner nor experimenter looked at the cat, instead focusing their attention
straight ahead at the opposite wall until the cat made its choice (see video of typical trials in

Supplementary Material Annex).
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Figure 7. Testing procedure. The owner placed the cat on the chair facing the stimuli and

without looking at the cat held it there from behind for 5 seconds to give it the chance to
view both plates before releasing it to make its choice. The experimenter remained turned
away and motionless until the cat chose a plate, then she removed the non-chosen plate

and allowed the cat to eat briefly form the chosen stimulus.

Similar to previous studies with dogs and primates, the cats received a total of 48
trials across a minimum of eight days. Each daily session consisted in a maximum of six trials;
two trials for each of the three conditions. If cats lost motivation (if they stopped making
choices) during a session, we stopped testing for that day and continued testing on additional
days until each cat had completed the full experimental program. In all cases we left at least
one day between sessions. To control for possible side preferences (see Animals, Housing
and Sample Sizes above), we counterbalanced the left-right presentation of the small/large

plates and small/large portion of food for all cats across trials. We also reversed the location
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of the stimuli in the test room in each session, and randomly assigned the order of

presentation for each condition across sessions and subjects.

Data Treatment and Statistical Analysis

Statistical analyses were performed using R version 3.4.1 (R Core Team, 2017). For the
analyses of individuals” performance, binomial tests were conducted on the proportion of
choices for the larger quantity of food (control trials), and for the proportion of choices for
the portion of food presented on the smaller plate (illusion trials). Population-level values
were analyzed using parametric statistics as they were normally distributed (Shapiro—Wilk
test, p > .05; (Shapiro & Wilk, 1965). To assess whether the cats could discriminate between
the two quantities in the two control conditions and select one plate more often than
expected by chance in the illusion condition we performed one-sample Student’s t-tests
(two-tailed with chance level = .50) on the proportion of choices for the larger quantity of
food in control trials and the proportion of choices for the food presented on the smaller
plate in the illusion trials. Cohen’s d values (Cohen, 1988) were calculated to estimate effect
sizes. Comparisons of performance according to the animals’ sex, whether they were
neutered or intact, and whether they were exclusively indoor or indoor/outdoor pets, were
done using Welch's t-test for unequal sample sizes (Welch, 1947). To assess correlations
between individual cats’ performance in the two control conditions, between their
performance in the control and illusion conditions, and to check whether their performance
changed with age and across trials we calculated Spearman’s rank-order correlations
(Spearman, 1904). A generalized linear mixed-effects model with binomial distribution
(Nelder & Wedderburn, 1972) was used to compare performance among conditions (Large

control/Small control/lllusion).
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RESULTS

A first question was whether the cats’ performance during testing could have been
influenced by the type of food presented. We found no difference in performance based on
the type of food used (Fisher-Pitman permutation tests: canned food vs tuna p = .65, 95% Cl
[.64, .66]; canned food vs dry food p =.12, 95% CI [.11, .13]; tuna vs dry food p = .34, 95% Cl
[.33, .35]).

Control Trials
Cats chose the larger quantity of food more often in both control conditions. In the large-
plate condition 14 of the 18 cats (78 %) chose the larger amount more often, three cats chose
the larger and smaller amounts equally often, and one cat chose the smaller amount more
often (see Table 1 in Annex). The cats’ overall performance (M = .64, 95% Cl [.58, .70]) was
significantly above chance (one-sample Student’s t-test: t (17) = 4.97, p < .001; Cohen’s d =
1.17), even though at the individual level only two of them reached significance (Table 1 in
Annex). In the small-plate condition 15 of the 18 cats (83 %) chose the larger amount of food
more often and the rest chose the larger and smaller amounts equally often. In this condition
overall performance was also significantly above chance (M = .69, 95% CI [.63, .75]; t (17) =
6.60, p < .0001; Cohen’s d = 1.55), although at the individual level only four of the cats
reached significance (Table 1 in Annex). The low number of cats choosing the larger amount
of food significantly above chance during the control trials might be explained by the low
number of repetitions they were given for each of the two control conditions: with 16
repetitions each, a high number of “correct” choices (at least 13/16) is needed for the results
to be significant. Nevertheless, when we combined the data from all the trials of the two
control conditions, 9 of the 18 cats chose the larger amount of food significantly above
chance according to the binominal test (Table 1 in Annex).

In addition, we found a significant positive correlation between individual cats’
performance in the two control conditions (Spearman rs = .46, p < .05), and no difference in

overall performance in the two conditions (paired t-test t (17) = 1.74, p = .10). Thus, for
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further analysis data from the two conditions were pooled. We found no difference in
performance between sexes (Welch's t-test, t (13.51) = 0.03, Nremale = 8 Nmale = 10, p = .97), or
between intact and neutered cats (Welch's t-test, t (15.99) = 1.03, Nintact = 7 Nneutered = 11, p
= .32). However, we did find a difference according to the cats’ living conditions. Overall,
indoor/outdoor cats chose the larger food portion more often than exclusively indoor cats
(72 % vs. 61 %, respectively; Welch's t-test, t (14.12) = 2.62, Nindoor = 9 Noutdoor = 9, p < .05).
There was no correlation between age and overall performance (Spearman rs=-.37, p =.13),
which is consistent with previous findings for cats (Banszegi et al., 2016) and dogs (Petrazzini
et al., 2016; Ward & Smuts, 2007) on similar tasks. There was also no correlation between
the overall percentage of cats that chose the larger stimulus in either of the control
conditions and the order of the trials (rs = -.21, p = .43), suggesting that there were no

significant learning effects in the control trials during the study.

Illusion Trials

In the Delboeuf illusion trials all 18 cats chose the food presented on the smaller plate more
often than on the larger one (M = .62, 95% Cl [.59, .65], Student’s t-test: t(17) = 9.45, p <
.001, Cohen’s d = 2.23), which suggests that they were susceptible to the Delboeuf illusion;
however, at the individual level none of them performed significantly above chance
according to the binomial tests. We found no difference between sexes (Welch's t-test:
t(13.4) = 0.76, Nfemale = 8 Nmale = 10, p = .46), nor between cats that were reproductively intact
or neutered (t(8.85) = 0.19, Nintact = 7 Nneutered = 11, p = .85), nor between exclusively indoor
or indoor/outdoor pets (t(14) = 0.26, Nindoor = 9 Noutdoor = 9, p =.80). We found no correlation
between age and performance (Spearman rs = .001, p = .99), between overall performance
in the control trials and performance in the illusion trials (rs=-.32, p = .20), nor between the
cats’ performance in the illusion trials and the order of the tests (rs =.32, p = .22), suggesting

that there were no learning effects across the illusion trials.
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Figure 8. Performance of the cats (N = 18) when tested in the two control conditions (left
panel) and in the Delboeuf illusion condition (right). Solid horizontal lines give medians,
boxes indicate 25th and 75th percentiles, and vertical lines show the minimum and
maximum values. In all three conditions, performance was significantly above chance
(horizontal dotted line, *** p <.001), as reported by

one-sample t tests (see Data Treatment and Statistical Analysis above).

Finally, we analysed whether the cats’ performance differed between the control and
illusion trials using a generalized linear mixed-effects model with binomial distribution that
included the type of test and the individuals’ living conditions (indoor or indoor/outdoor)
since this was found to have an effect in the control trials. We found no difference in overall
performance for the type of trials whereas living conditions had a significant effect on the
number of “successful” trials (choice of the larger portion of food in the control trials, or the
seemingly larger portion of food in the illusion trials was greater by indoor/outdoor cats),
while the interaction of these two factors was not significant (GLMM trial: x> =0.24, p = .62,
conditions: x* = 4.87, p < .05, trial*condition x? = 0.05, p = .83; summarizes individual

performance of subjects).
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DISCUSSION

The results of the two control conditions (different quantities of food with a ratio of .44 in
their surface area, presented on large or on small plates; Figure 6) confirm that with no prior
training domestic cats distinguish between different quantities of food presented in a
standardized experimental paradigm, and that they choose the larger amount above chance,
at least at the group level. This result is consistent with previous findings on the domestic cat
(Banszegi et al., 2016). Despite this finding, at the individual level only two cats chose the
larger amount of food significantly above chance in the large-plate condition and only four
of them in the small-plate condition. However, when we combined the data from the two
control conditions (since overall performance did not differ between the two), 50 % of cats
demonstrated a preference for the larger amount of food significantly above chance at the
individual level. Consistent with results from a previous study of quantity discrimination in
cats (Banszegi et al., 2016) and with reports for other carnivores (Baker et al., 2011; Petrazzini
et al.,, 2016; Ward & Smuts, 2007), we also did not find a correlation between the overall
performance of the cats in either of the control conditions and the order of the trials,
suggesting that there were no significant learning effects during the study.

Adjusting the paradigm slightly to create (for human viewers, Figure 3) the Delboeuf
illusion, we obtained the first suggestive evidence that cats, like humans (McClain et al.,
2014; Van Ittersum & Wansink, 2012) and some non-human primates (Parrish & Beran, 2014;
Parrish et al., 2015), are also susceptible to this illusion. When presented simultaneously with
two equal quantities of a preferred food on a large and on a small plate, the cats, as a group,
chose the food on the small plate significantly above chance, presumably because it
appeared to be a larger quantity compared to the food on the large plate, even though no
individual cat performed significantly above chance. This result can be explained by the fact
that all cats chose the small plate more often (~ 62 %), and the standard deviation for the
cats as a group was quite small, which resulted in a relatively large effect size. Furthermore,
this was true even though the position of the two food stimuli (left/right) and their

arrangement in the room was randomized across trials. Consistent with previous findings on
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the judgment of food quantity by coyotes (Baker et al., 2011), dogs (Ward & Smuts, 2007),
cats (Banszegi et al., 2016) and rats (Wadhera et al., 2017), the animals of the present study
must have made their choice based on visual cues alone; as the food portions in the illusion
condition were of the same size, olfaction could not have played a part.

There has been relatively little comparative work on perception of visual illusions,
including the Delboeuf illusion, across mammalian species, and so we aimed to make our
methods comparable to at least some of the previous work in primates (Parrish & Beran,
2014; Santaca et al., 2017) and in the domestic dog (Petrazzini et al., 2016). While our results
indicate that cats, like several non-human primates, perceive the Delboeuf illusion (Parrish
& Beran, 2014; Parrish et al., 2015), they contrast with reports that the domestic dog
apparently does not, and even if perhaps some individuals do so, in the opposite direction to
humans, other primates and to the cats of the present study (Byosiere et al.,, 2017b;
Petrazzini et al., 2016). Petrazzini and collaborators (2016) found that despite the dogs
spontaneously discriminate between large and small amount of food and choose the larger
amount above chance level, they did not discriminate between the food proportion if they
are placed on different sized plates, meaning they did not perceive the illusion. In addition,
Byosiere and collaborators (2017b) found that some of the dogs in a trained two-way choice
test consistently showed a reversed susceptibility to the Delboeuf illusion compared to
humans and non-human primates, meaning that from the two same size target circle they
chose which was on a larger “plate”.

One possible explanation for the difference between the results for dogs and cats
could be differences in experimental methodology. In one of the studies in the case of dogs,
the experimenters tied the subject with a leash to the wall at a distance of approximately 1.5
m from a midline between the plates. The fact that experimenters chose to test the dogs
from a floor level could have led to different-distorted views for the illusion stimuli taken into
account that depending on the dog’s height, their perception might have changed (Petrazzini
et al.,, 2016). Byosiere and collaborators (2017b) during their experiment used a wooden
apparatus with a touchscreen monitor specifically designed for their study (called the Canine

Nose-Touch Testing), implemented to reduce any experimenter-expectancy effect and to
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decrease possible environmental distractions throughout the trials. The stimuli (the two
control and the illusion trials) were presented on this touchscreen monitor. The screen was
located at approximately the height of the dog’s eyes. Below the screen, there was a
remotely controlled treat dispenser that distributed one treat as positive reinforcement and
above the monitor there was a video camera that recorded each trial. They also pre-trained
the dogs approximately 4 months to get familiarized to the testing apparatus and to touch
the screen with their nose while they make their choice.

In contrast with the above-mentioned canine studies, to reduce stress and increase
concentration to perform the task, in the present study the cats were all tested in their home
environment with an individually preferred food and, in addition, they were tested from an
elevated starting position, not at floor level, so as to give them a clear, non-distorted view of
the two stimuli. Moreover, we in our study the cats chose spontaneously between the two
different stimuli without any prior training.

But perhaps more importantly, it is not clear whether the effective ratio of the
difference in size between a target stimulus (e.g. food) and surround (e.g. plate size) on which
the Delboeuf illusion depends differs across species since most have only been tested on few
options (critique in Parrish et al.,, 2015). In the present study, following for comparative
purpose Petrazzini et al. (2016), during the illusion trials the cats discriminated between
food-to-plate diameter ratios of 0.5 (on the small plate) and 0.36 (on the large plate),
preferring to choose the stimulus with a ratio of 0.5, where the rim of the plate bordered the
food more closely. However, these ratios do not correspond to those found to be the most
effective in producing the Delboeuf illusion in humans (reviewed in Nicolas, 1995). The first
time Delboeuf presented the illusion, used a black disks measuring 28 cm in diameter that
were drawn on a white surface; he esteemed for the illusion, that the ratio between the black
dot and the white background has to be 3:2 for the maximum overestimation, and if the ratio
continues to increase, approximately to 5:1 or to 6:1 the illusion will turn and humans will
see the black disk smaller.

Thus, it is possible that by modifying these ratios, either by reducing the smaller of

the two ratios (for example, by making the large plate larger) or increasing the larger ratio
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(making the smaller plate smaller), the visual assimilation and/or contrast effects (Goto et
al., 2007) would become stronger, and a corresponding shift would be observed in the
results. For example, Parrish et al. (2015) found in a series of experiments that rhesus and
capuchin monkeys were more susceptible to the Delboeuf illusion when tested with a smaller
plate/target object ratio on the large plate and a larger plate/target object ratio on the small
plate. Here researchers introduced a task in which monkeys classified eight different dot-to-
ring ratios: O (no ring), 0.25, 0.33, 0.45, 0.50, 0.55, 0.67 and 0.75. They predicted that if the
Delboeuf illusion was perceived, the underestimation of dot size would be most likely to
occur at lower ratios (<0.50) since these produced larger rings relative to the target dots and
an overestimation of dot size (that is, subjects will perceive the illusion), would be most likely
to occur at higher ratios as these produced smaller rings relative to the target dots (>.50).
They found that the ratios of 0.25 and 0.75 appeared to be most effective for monkeys and
humans (Parrish et al., 2015).

While in the present study the cats appear to have perceived the Delboeuf illusion
even with the ratios mentioned above, for future studies it remains a methodological
concern to determine the most appropriate ratios. Thus, it may be that in some species such
as dogs and lemurs reported not to perceive the Delboeuf illusion (Petrazzini et al., 2016;
Santaca et al., 2017), that by modifying the ratios of the test stimuli, the animals become
susceptible to it.

A compelling explanation for why some species are susceptible to the Delboeuf
illusion but others are not is not yet available, although the differences in test design and
methods could potentially contribute. For example, studies differ in whether they used
spontaneous choice tests or (sometimes extensive) training. While spontaneous choice tasks
can show how the animals behave in more naturalistic situations, studies using trained
animals are useful for exploring the absolute perceptual or cognitive abilities of a species
(Agrillo & Bisazza, 2014). Another methodological inconsistency is whether the subjects were
tested with food-related or non-ecologically relevant stimuli (e.g. touch screens), and
whether they were rewarded in the case of a particular choice, as both of these factors can

influence the animals’ motivation. In the present study we tested the cats in a spontaneous
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choice task, with the aim of exploring their natural perceptual tendencies. Additionally, we
tested them with food stimuli to make the test naturally relevant and to maintain a high level
of motivation. Certainly, further systematic, investigation is required to explain divergent
findings across studies, including the recruitment of other species with different evolutionary
backgrounds and diverse sensory and perceptual characteristics.

A notable finding of the present study was the lack of correlation between individual
performance in the control conditions and performance in the illusion condition; that is,
individuals who were more accurate in choosing the larger item in the control trials did not
necessarily show a correspondingly higher susceptibility to the Delboeuf illusion, even
though at the group level the cats were susceptible. Since the sample size (and the tested
ratios, both in the control and illusion conditions) was quite low we are limited in the ability
to make this connection using the present data and must be cautious regarding the
interpretation of this lack of correlation. Nevertheless, it might suggest a difference in the
processing of visual information involved in size judgment in the presence or absence of a
misleading surround. A possibility is that whereas size discrimination, uncomplicated by a
distorting surround, depends mainly on peripheral, bottom-up mechanisms (this means, the
chain of events begins with the external stimulus itself before progressing upwards through
the various stages of mental processing, culminating in a visual experience [McLeod, 2018]),
the perception of illusions is the product of more central, top-down processing (whereby
information about what we are looking at travels down to the visual cortex from higher
cortical regions, generating a visual experience that is internally created and is not a
reflection of the real world [Gilbert & Li, 2013]), possibly dependent on continuing early
maturational processes and/or experience gained during development. The utility of “top-
down” cognition is that it allows the brain to fill in the gaps in our visual field by drawing on
previous experiences and understanding of what the world should look like, generating the
visual image that it expects to see. Generally, these two processes complement each other
perfectly, although optical illusions demonstrate how easy is to trick the brain into something

simply because it had already expected to see it, even if it is not actually there, creating
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“feedback loops” that supplement the external stimuli seen by the eyes (Pafundo et al,,
2016).

Consistent with such a possible perceptual disjunction, children under seven years of
age are able to judge the size of a target object with great accuracy, but it is not until later in
development that they become susceptible to the influence of misleading contexts creating
visual illusions (Doherty et al., 2010; Kaldy & Kovacs, 2003; Parrish et al., 2016). Since illusion-
mediating neural circuits probably involve higher cortical areas (Livingstone & Hubel, 1988),
the connectivity which supports contextual sensitivity might not be fully developed at a
younger age (Kaldy & Kovacs, 2003). This is consistent with the research of Poirel et al.
(2011), that loss of grey matter in the right parietal and visual areas of children around six
years of age may reflect anatomical maturation. Thus, lack of correlation between judgment
of a target’s actual size and susceptibility to related illusions suggests that the perception of
visual illusions and discrimination of actual size are processed by the nervous system
differently. It is also possible that different illusions might invoke different underlying neural
mechanisms as suggested by studies that tested the susceptibility to different illusions in the
same individuals (Byosiere et al., 2017b; Song et al., 2011). In humans, for example, inter-
individual variability in the strength of the perception of two illusions was not significantly
correlated across participants (Schwarzkopf et al., 2011).

In a cross-cultural study, Fujita and collaborators (2017) found differences in the
susceptibility to different illusions among people from different cultures, which suggests
important contribution of prior experience or the so called “learning factor” to the illusory
perception. In developmental studies, different visual illusions have been also found to follow
different developmental courses. It is clear that visual illusions are not specific to human
vision, which suggests an evolutionary background of this perceptual phenomenon favoured
by apparently more efficient analyses of environmental stimuli by the system in regular
encounters. Fujita and collaborators (2017) also suggest that visual illusions are a
consequence of such adaptive adjustments, or limitations involved on the processing
function of the visual system in inappropriate (or tricky) situations for the brain. Future

research in which cats are tested with different types of visual illusions may help reveal
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differences in the processing of visual information even compared, for example, to other
Carnivora. Additionally, taking the cat as an experimentally accessible example, this also
raises the question as to when during development kittens discriminate between, for
example, different quantities of food, at what age they become susceptible to the Delboeuf

illusion, and if there is a disjunction in developmental timing between the two?
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ANNEX

Table 1. Number of times each cat chose the larger portion of food in the two control

conditions, in the two control conditions overall (pooled), and the smaller plate in the

Delboeuf illusion condition (seemingly larger portion according to the illusion). P values refer

to the results of testing each cat’s choices against chance as reported by binomial tests.

Conditions when choices were significantly different from chance (p < .05) are boldfaced.

Cat name Sex Age Sexual Living Large Small Overall Delboeuf
(years) status condition control control control illusion
Balam M7 Neutered Indoor 9 / 16 12 /16 21 /32 9 / 16
p=.80 p=.08 p=.11 p=.80
Chufi F 3 Neutered Indoor 8 /16 11 /16 19 / 3.10 / 16
p=1 p=.21 p=.38 p=.45
Crazy F 3 Neutered Indoor 10/16 9 / 16 19 /32 9 / 16
p=45 p=80 p=.38 p=.80
Darcy M 3 Intact Outdoor 11 / 16 14 / 16 25 / 32 / 16
p=.21 p=.004 p<.01 p=.80
Erick M 2.5 Intact Outdoor 10 / 16 13 /16 23 / 32 10 / 16
p=.45 p=.02 p<.05 =.45
Gigi F 2 Neutered Indoor 12 /16 14 /16 26 / 32 10 / 16
p=.08 p=.004 p<.001 p=.45
Grafit F 4 Neutered Outdoor 13 / 16 13 /16 26 / 32 10 / 16
p=.02 p=.02 p<.001 p=.45
Hendri M 15 Neutered Outdoor 13 /16 11 / 16 24 /32 10 / 16
p=.02 p=.21 p<.01 =.45
lvy F 1 Intact Outdoor 10 / 16 12 / 16 22 / 32 12 / 16
p=.45 p=.08 p=.05 p=.08
Lilith F 1 Intact Outdoor 12 /16 12 / 16 24 /32 9 / 16
p=.08 p=.08 p<.01 p=.80
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Lolo

Misifustofeles

Pancho

Pinky

Quetzalcoatl

Shiro

Solange

Zumba

M

1.5

Neutered

Neutered

Neutered

Neutered

Intact

Intact

Neutered

Intact

Indoor

Indoor

Indoor

Indoor

Indoor

Outdoor

Outdoor

Outdoor

6 / 16
p=.45
11 / 16
p=.21
11 / 16
p=.21
8 / 16
p=1

10 / 16
p=.45
12 / 16
p=.08
10 / 16
p=.45
8 / 16

p=1

8 / 16
p=1

10 / 16
p=.45
8 / 16
p=1

8 / 16
p=1

10 / 16
p=.45
11 / 16
p=.21
12 / 16
p=.08
10 / 16
p=.45

14 / 32
p=.

21 / 32
p=.11
19 / 32
p=.38
16 / 32
p=1

20 / 32
p=.29
23 / 32
p<.05
22 / 32
p<.05
18 / 32
p=.59

1 /
p=.21
1 /
p=.21
10 /
p=.45
10 /
p=.45
10 /
p=.45
9 /
p=.80
9 /
p=.80
1 /
p=.21

16

16

16

16

16

16

16

16
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