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RESUMEN

En el ambito del forrajeo, los beneficios de las habilidades cognitivas
estan relacionados con la retencion de informacion acerca de la calidad de
los recursos disponibles, presentandose la oportunidad de sesgar el forrajeo
a la explotacion de parches de méas alta calidad y por mas tiempo,
maximizando la energia neta ganada. Sin embargo, tanto la variacion
individual en retencién de informacién a cerca del ambiente como las

2=
consecuencias de las variaciones en el desempefio de rasgos cognitivos
como memoria y aprendizaje, sobre el balance energético de los individuos,
han sido aspectos poco estudiados. Consecuentements, el objetivo de este
estudio es evaluar si existen diferencias intraespecificas tanto intra como
intersexuales en la retencion cognitiva de relaciones espacio-temporales y si
estas tienen efecto sobre el balance energético de Sephanoides
sephaniodes, el modelo de estudio de esta tesis. Los experimentos para
determinar la flexibilidad en la conducta de forrajeo de S. sephaniodes
muestran que los picaflores pueden modular, al menos parcialmenie la
frecuencia de forrajeo para maximizar la energia obtenida. Por otra parte,
machos territoriales fueron capaces de recordar el tiempo en que se
encuentra disponible el mayor néctar acumulado, la calidad de éste y su
ubicacian espacial (i.e., memoria episédica), lo que es la primera evidencia
sobre habilidades cognitivas complejas en nectarivoros. Se encontrd una
importante variabilidad a nivel individual en las habilidades espaciales y
temporales lo que se tradujo en la energia obtenida por cada sujeto, lo que

podria afectar la posibilidad de sobrevivencia y por lo tanto, la adecuacion




biologica de los individuos.

En el picaflor chico, machos y hembras resultaron tener diferentes
estrategias de forrajeo. Las hembras tienen una estrategia de forrajeo
principalmente oportunista, presentando rasgos morfolégicos sujetos a
seleccion fenotipica que les confieren ventajas dada esta estrategia. El
dimorfismo sexual también se manifestdo en habilidades cognitivés. Los
machos tuvieron significativamente mejor desempefio que las hembras lo
que parece cercanamente relacionado a diferencias en la estrategia de
explotacion de recursos y presiones selectivas diferenciales actuando sobre
machos y hembras. Estas diferencias se tradujeron en diferencias altamente
significativas en energia ganada. Ei desarrollo de habilidades cognitivas
complejas hasta ahora solo habia sido descrito para pocos organismos. A
través de los experimentos desarrollados, se propone un contexto

microevoluiivo para explicar la aparicion de la memoria episodica y el

desempefio cognitivo diferencial tanto intra como intersexualmente.




SUMMARY

In the foraging context cognitive abilities are pivotal. Higher abilities to
remember the quality of food sources allow to bias the foraging trials to the
richer patches and to avoid the poorer ones, maximizing the energy gained.
Nevertheless, the variation in cognitive individual performance, and their
consequences of the energy balance of individuals have been scarcely
studied. In this context, the objective of this study is to assess intra and
interspecific differences in cognitive performance and its energetic
consequences at individual level in Sephanoides sephaniodes, the study
model of this thesis. My experiments to evaluate the foraging flexibility in
green-backed firecrown hummingbird strongly suggest that hummingbirds
can modulate at least partially their feeding frequency using cognitive abilities
to match their visits to nectar replenishment rates in order to maximize the
gained energy. On the other hand, territorial males were able to remember
the nectar renewal rates, position and quality of nectar in flowers (i.e.,
episodic memory). | found an important variability in individual performances
and consequently differences in energy gained by different subjects.

in S. sephaniodes, males and females had different resource
exploitation strategies. Females had mainly an opportunistic strategy. Their
morphological traits were subjects of phenotypic selection rendering an
advantage given this strategy. | also found sexual dimorphism in cognitive
abilities. The significantly higher cognitive performance observed in males

appears to be closely related both to different resource exploitation strategies




and to different selective pressures acting upon males and females. The
different cognitive performance observed among individuals and sexes
produced dramatic differences in the energy gained. The development of
complex cognitive abilities had been just described for a few of organisms.
Through the experiments of this thesis | propose a microevolutionary
framework to explain the development of episodic memory and differential

cognitive performance as much intra as inter sexually.




INTRODUCCION

Fenémenos tan disimiles como seleccién de habitat y de presas, evasion de
depredadores o seleccién de pareja entre otros, involucran el uso de
capacidades cognitivas, permitiendo a los animales ajustar su conducta para
responder de forma adaptativa a situaciones ecologicas cambiantes (Balda &
Kamil 1998). Los beneficios en adecuacion bioldgica de rasgos como
memoria y aprendizaje han sidoc ampliamente documentados (véase Dukas
2004). En el ambito del forrajeo, los beneficios de las habilidades cognitivas
estan relacionados con la retencién de informacion acerca de la calidad de
los recursos disponibles (Stephens 1991, Vasquez et al. 2006). Un individuo
enfrentado a un ambiente donde los recursos se distribuyen parchosamente
tiene la oportunidad de sesgar su forrajeo a explotar los parches de mas alta
calidad y por mas tiempo (Valone & Brown 1988). Sin embargo, tanfo los
modelos primarios de forrajeo 6ptimo como de seleccidn de habitat {Fretwell
& Lucas 1970, Charnov 1976) suponian que los individuos ya poseen plena
informacion a cerca del ambiente que los rodea, pese a que un hecho
notable dentro de los estudios de habilidades cognitivas es que no todos los
individuos son capaces de retener informacion con la misma eficiencia (e.g.,
Hurly 1996). Poco se ha tratado por una parte, la variacion individual en

retencion de informacion a cerca del ambiente y por otra, las consecuencias




de las variaciones en el desempefio de rasgos cognitivos como memotia y
aprendizaje, sobre el balance energético de los individuos. Ei entendimiento
de estos fenomenos es fundamental para comprender bajo qué condiciones,
en qué sistemas y cuando estas habilidades habrian evolucionado (Dukas

1999).

La seleccién natural favorece las conductas de forrajeo que tienden a
maximizar la energia neta ganada, en el sentido de mantener un balance
energético suficiente para cubrir las necesidades presentes de un individuo y
acumular la energia para la reproduccion futura, es decir, aumentar la
adecuacién bialégica del individuo (Wolf & Hainsworth 1980, Stephens &
Krebs 1986, Krebs & Kacelnik 1991). Con el fin de maximizar la energia neta
ganada, la conducta de forrajeo puede ser vista como un proceso que se
organiza en la siguiente secuencia: necesidad de alimento - busqueda -
deteccién — captura y manipulacion - ingesta - digestion y asimilacién. En
cada etapa del proceso, el individuo debe enirentar una serie de decisiones
a cerca del esfuerzo de forrajeo, en el sentido de maximizar la diferencia
entre beneficios y costos por unidad de tiempo (Hainsworth 1981, Houston &
Krakauer 1993). Algunas de estas decisiones estan asociadas a aspectos
internos relacionados a la ingesta, tales como restricciones intestinales y de
absorcién del alimento y otras involucran factores externos a cerca de dénde
forrajear, cuando y por cuénto tiempo, sin embargo, las decisiones en cada
una de las etapas se encuentran estrechamente ligadas (Hughes 1993). Por
esta razodn, este proyecto considerara aspectos que unen estas etapas,

divididas en dos grandes secciones: (f) busqueda, deteccion, captura y (i)




manipulacién e ingesta, digesta y asimilacion. Ambas secciones contribuirén
a explicar el efecto de las variaciones en el desempefio cognitivo sobre el

balance energético de los individuos,

En las etapas de btisqueda, deteccion y captura del alimente, un
individuo se ve enfrentado cominmente a la eleccion de una estrategia de
forrajeo relacionada basicamente con defender o no activamente un territorio
(Carpenter 1987, Hixon 1987). En los picaflores, por ejemplo, un gran
ntimero de especies presenta la defensa activa de un territorio {Cody 1968,
Stiles & Wolf 1970). Sin embargo, ello es vélido para los machos de estas
especies, dado que normalmente, las hembras son desplazadas de los
territorios con los recursos de mejor calidad y mas densos tendiendo a una
técnica de forrajeo no territorial en parches mas pobres y menos densos
(Kodric-Brown & Brown 1978, Carpenter et al 1991, Temeles et al. 2005).
Esta diferencia sexual en la ecologia del forrajeo se encuentra cercanamente
relacionada con diferencias morfologicas entre machos y hembras,
presentando los primeros mayores masas corporales y largos de pico
menores (Temeles et al. 2000, Temeles & Kress 2003). Este fendbmeno
sugiere que las decisiones en la cadena de organizacion de la conducta de
forrajeo son diferentes entre machos y hembras, debido probablemente a un
patron de explotacion de recursos diferentes entre ambos sexos. Sin
embargo, este fendmeno ha sido largamente ignorado en la literatura debido
a que tradicionaimente los estudios se han sesgado hacia la conducta y
fisiologia de los machos (e.g. Lopez-Calleja & Bozinovic 1995, Hurly 1996,

Hurly & Oseen 1999, Hiebert et al. 2000, Hurly & Healy 2002, Lopez-Calleja




& Bozinovic 2003).

Una vez definida la estrategia de explotacion de los recursos, estos
deben ser detectados, lo que involucra informacién acerca de la distribucion
y la calidad de cada uno de los parches en los que se encuentran (e.g.,
Vasquez et al. 2006). La determinacion del valor relativo de los recursos
puede obtenerse a traves de informacion obtenida durante el proceso de
explotacion, captando sefiales visuales (Marshall & Cooper 2004), olfativas
(Schatz et al. 2003) o quimicas (Hoefler et al. 2002). Sin embargo, existen
clertos recursos que no presentan diferencias en estos aspectos y donde la
{nica fuente de informacién acerca de la calidad o disponibilidad de los
recursos para el forrajeador es la informacién obtenida en visitas previas al
parche, es decir, la propia experiencia retenida a través de la capacidad de
memoria (Valone 1991, Hurly & Healy 1996, Vasquez et al. 2006). La
memoria respecto de experiencias individuales pasadas (i.e., memoria
episodica, sensu Tulving 1972, 2002) a diferencia de la memoria semantica
que consiste en hechos a cerca del ambiente que rodea al individuo {i.e.,
vocabulario, geografia, operaciones matematicas, entre otros), involucra la
representacion integrada de tres elementos fundamentales: qué, donde y
cuando ocurrié un evento experimentado individualmente, tal que al recordar
una caracteristica de un episodio (e.g., cuando ocurrid), automaticamente se
recuerdan las otras (i.e., donde y qué ocurrié), siendo la memeoria episddica
flexible a la adquisicién de informacion en nuevas situaciones (Schwartz and
Evans 2001, Clayton et al. 2003, Crystal 2009). Se ha sugerido memoria

episadica para corvidos, ya que éstos son capaces de recuperar presas




almacenadas recordando con exactitud la ubicacion, el tiempo de
almacenamiento y calidad del alimento, incorporando nueva informacién a
cerca de la calidad de las presas y del contexto social en el que ellas fueron

almacenadas {Clayton & Dickinson 1998, Emery & Clayton 2001).

La ecologia de diversas especies sugiere que el fendémeno de la
memoria episddica debiera presentarse frecuentemente ligado a
necesidades reproductivas (i.e., parésitos de nidada o especies de sistema
de apareamiento poligamo), mantencién de jerarquias sociales y vigilancia
de territorios, asi como almacenamiento de presas {Clayton et al. 2001). La
biologia de animales que realizan secuencias de forrajeo tales como los
picaflores (Wolf & Hainsworth 1990), sugiere fuertemente la presencia de los
tres elementos de memoria episodica (Hendersson et al 2006, Healy et al.
2009). Los picaflores experimentan parches que presentan una disposicion

espacial variable de [as flores que forrajean, es decir deben recordar donde

forrajear (Hurly & Healy 1996). En segundo lugar, las flores contienen nectar
en concentraciones variables, siendo las de méas alta concentracion de
sacarosa de mas alta calidad, lo que favorece recordar gué es lo que se
consume (Blem et al. 1999}, y por ultimo, la tasa de produccién de néctar, es
decir, el intervalo al cuél el néctar estd disponible en las flores impone la

necesidad de retener relaciones temporales, involucrando recordar cuando

se debiera visitar una flor para obtener la mayor cantidad de néctar entre las
flores que componen los parches gue son defendidos (Wolf & Hainsworth
1983, Valone 1991). En este contexio, l]a memoria es un importante

elemento de la conducta de forrajeo en picaflores tanto enire parches de




flores (Gass & Sutherland 1985), como dentro de ellos para evitar recursos
recientemente agotados (Wolf & Hainsworth 1891, Healy & Hurly 1995, Hurly
& Healy 2002). Estudios preliminares han determinado la habilidad de estas
aves de recordar la mas alta concéntracion de sacarosa entre otras fuentes
mas pobres energéticamente (Blem et al. 2000), es decir, qué se ha
consumido. Ademas, los picaflores son capaces de visitar consistentemente
sitios que ofrecen recompensa y evitar [os que no ta ofrecen (Cole et al.
1982, Healy & Hearly 1998), y distinguir entre flores que han sido visitadas,
pero no completamente agotadas (Hurly & Healy 1996), es decir son

capaces de retener donde forrajear. Por otra parte, los picaflores presentan

la capacidad de ajustar las visitas de forrajeo a un determinado cronograma
de produccién de néctar (Gill 1988, Hendersson et al. 2006), lo que indica

que recuerdan cuando es conveniente realizar una visita. Pese a que la

evidencia sugiere que los picaflores debieran presentar memoria episodica,
no se ha realizado una evaluacioén integrada, en un mismo estudio, de los

tres elementos que componen este fenémeno.

Las variaciones en la tasa neta de energia ganada como
consecuencia de las variaciones individuales en el desempefio de la
memoria en picaflores serfan esperables dado el escenario energético que
enfrenta este grupo. Este escenario sugiere fuertemente que existiria una
ventaja selectiva en aquellos individuos que optimizan la ingesta de alimento
debido a que los picaflores presentan (i) una dieta casi exclusivamente
nectarivora que demanda el consumo de enormes montos de néctar

repartido entre cientos de flores (Gass et al. 1999), (i) la mas aita tasa
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masa-especifica de metabolismo aerobico (V./Mb) conocida entre
vertebrados (Suarez et al 1991, Suarez 1992), (iit) vuelo de tipo estacionario
con costos estimados en 14 veces el metabolismo basal, a lo que se suma
(iv) la pérdida de calor por conveccién, efecto que ademas es incrementado
por (v) un pequefioc tamafio que aumenta la relacién masa-unidad de
superficie (Bicudo 1996, Gass et al. 1999, Fernandez et al. 2002). Se suman
restricciones fisioldgicas como (vi) baja capacidad de almacenamiento de
grasas (Bicudo 1996, Suarez & Gass 2002) y (vii) una triple limitacién (véase
mas adelante) que impone el proceso digestivo a la ingesta de alimento
{Diamond et al. 1986, McWorther et al. 2005). Los mecanismos de ahorro
energético tales como la disminucion significativa en la actividad ante el
aumento en los requerimientos energéticos y la capacidad de entrar en
sopor, entre otros mecanismos, no son suficientes para compensar la
necesidad de ingesta continua de alimento (Hiebert 1990, Lopez-Callejas et

al. 1997, McWorther et al. 2003, McKechnie & Wolf 2004).

La ingesta del alimento, como parte de la cadena de etapas de la
conducta de forrajeo, involucra, por una parte, la energia contenida en el
alimento, lo que determina el monto de alimento consumido y por otra parte,
el nimero de eventos de forrajeo, lo que se fraduce en la frecuencia de
alimentacion (Lopez-Calleja et al. 1997). Sin embargo, este proceso de
decision acerca de qué comer y cuén frecuentemente hacerlo, se encuentra
inimamente relacionado con el proceso de digestién-asimilacion (Diamond
et al. 1986). En este contexto, una pregunta habitual ha sido por qué los

picaflores gastan solamente cerca del 20% de su tiempo despiertos

1




alimentandose, mientras el resto del tiempo se encuentran perchados (Stiles
1971, Hainsworth & Wolf 1972). La hipdtesis es que la asimilacion de
energia en picaflores se encuentra mas limitada por el proceso digestivo que
por la capacidad de colectar alimento (Diamond et al. 1986, McWarther &
Martinez del Rio 2000). La morfologia y cinética de un intestino tal como el
de los nectarivoros impone una triple limitacion a la ingesta de alimento.
Primero, el tiempo de vaciado del buche puede limitar la frecuencia de
alimentacion (Diamond et al. 1986, Karasov et al. 1986). Segundo, la tasa de
hidrolisis de sacarosa es cercana al maximo tetrico, imponiendo limites a la
asimitacion de aztcar (McWorther & Martinez del Rio 2000}, y tercero, al
mismo tiempo que la concentracion de glucosa en el néctar incrementa
también lo hace e! tiempo de retencion, reforzando la limitacién de la
frecuencia de alimentacion (Lopez-Calleja et al. 1997, McWorther et al.
2005).

Aunque hay varios mecanismos fisiolégicos que limitan el proceso de
digesta-asimilacion del alimento, los nectarivoros, como ya se menciond,
presentan capacidades cognitivas que facilitan la explotacion eficiente del
alimento (Gill 1988, Henderson 2006). Pese a lo anterior, no hay estudios
acerca de la capacidad conductual de modular, al menos parcialmente, la
tasa de ingesta de acuerdo a condiciones fisiologicas y ecoldgicas, forzando
la ingesta al consumo del néctar de mas alta calidad, aunque el tiempo
transcurrido no haya sido suficiente para terminar completamente la
absarcién de la ingesta anterior, pero logrando asi ajustar el intervalo de

visitas a las fuentes més ricas de néctar.
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En el contexto mencionado de las dos grandes secciones de etapas
contenidas en el proceso de forrajec se encuentran aspectos conductuales,
fisiolagicos y ecoldgicos que sugieren fuertemente que, por una parte, los
picaflores debieran recordar relaciones espacio-temporales y que las
diferencias en las capacidades de memoria debieran explicar diferencias en
el balance energético de los individuos, considerado éste, como una medida

indirecta de la adecuacién biolégica.
Objetivos
Objetivo General:

El objetivo de este estudio es evaluar el efecto potencial de la
retencidon cognitiva de relaciones espacio-temporales sobre el balance

energético de Sephanoides sephaniodes.
Objetivos especificos:

1. Evaluar la capacidad de S. sephaniodes de modular conductuaimente
la digestion de néctar para acoplar las visitas a intervalos de

renovacion de néctar.

2. Evaluar la capacidad de S. sephaniodes de recordar relaciones

espaciales incluyendo la calidad de los recursos involucrados.

3. Evaluar integradamente la capacidad de S. sephaniodes de retener

relaciones espacio-temporales (i.e., memoria episadica).

4. Describir el grado de dimorfismo sexual en las estrategias de forrajeo
S. sephanoides y el escenario de presiones selectivas en que se

presenta.
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5. Caracterizar el grado de variacion intraespecifica en el desempefio de
la memoria en un contexto de forrajeo y determinar si este es un

rasgo con dimorfismo sexual.

6. Establecer los efectos de las diferencias intraespecificas en la
memoria episodica sobre el balance energético individual tanto en

machos como en hembras de Sephanoides sephaniodes.
Hipétesis y predicciones

Hipétesis general

Dado que la ecologia del forrajeo de los picaflores involucra como
principal recurso al néctar producido por las plantas que se distribuyen
heterogéneamente en el espacio, las presiones selectivas favoreceran a los
individuos que son capaces de explotar mas eficientemente este recurso
recordando qué, donde y cuando el nectar se encuentra disponible, logrando
asl mayor energia neta ganada y por lo tanto regulando su balance
energético.

Prediceién 1. Los picaflores son capaces de recordar la ubicacion del
mejor recurso, tanto en una situacion donde otras flores {parches) ofrecen
ausencia de recompensa como entre flores que ofrecen recompensas de
menor calidad.

Prediccion 2: Los picaflores al enfrentar dos calidades de néctar con la
misma tasa de renovacion, son capaces de ajustar [as visitas a la fuente mas
rica de néctar, sesgando sus visitas a ésta, aunque el tiempo tedrico para la
absorcion de la ingesta anterior no haya transcurrido completamente.

Prediccién 3: Si la variabilidad en el desempefio de rasgos cognitivos es
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un rasgo con dimorfismo sexual en S. sephaniodes, entonces se espera que
la variabilidad en la retencién de relaciones espaciales y espacio-temporales

se significativa a nivel intersexual.

Prediccion 4: Si existen consecuencias energéticas del desempefio de
rasgos cognitivos y variabilidad intraespecifica en dichos rasgos, entonces
se espera que los individuos menos eficientes en la retencién de relaciones
espaciales y espacio-temporales, disminuyan significativamente tanto su
éxito de forrajeo como su retorno energético en relacion a aquellos

individuos mas eficientes.

Esta tesis se organiza de la siguiente manera. El objetivo 1, se explora en
el manuscrito titulado “Flexibility of foraging behavior in hummingbirds, the
role of cognitive abilities”. En el se muestran los resultados de tres
experimentos determinando cuél es la capacidad del picaflor chico de

modular al menos parcialmente la tasa de ingesta de néctar.

En el capitulo 2 titulado “A field study of spatial memory in green-backed
firecrown hummingbirds (Sephanoides sephaniodesy’ investigamos la
capacidad de estas aves de recordar la ubicacién de la mejor fuente de
alimento en ausencia de pistas visuales, el segundo objetivo planteado para

esta tesis.

En el tercer capitulo (“Energetic consequences of episodic like memory in
free-living hummingbirds™) se muestran los resultados de experimentos en
los que se determind la capacidad de los picaflores para recordar la

ubicacion, temporalidad y calidad del néctar, tercer objetivo de [a tesis.
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El objetivo 4 de esta tesis se explora en el cuarto capitulo (“Is natural
selection promoting sexual dimorphism in the Green-backed Firecrown
Hummingbird (Sephanoides Sephaniodes)?”). En esta seccidn se muestran
|as diferencias intersexuales en los rasgos relacionados a las estrategias de
explotacion de recursos.

Por ultimo, los objetivos 5 y 6 de esta tesis se desarrollan en el capitulo 5
(“Energetic consequences of sexual dimorphism in cognitive abilities”) donde
se evallan y comparan tanto las habilidades cognitivas de machos vy
hembras de Sephanoides sephaniodes como las consecuencias energéticas
de este desempefio.
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SUMMARY

It is generally agreed that physiology modulates foraging behavior. However, it
has been less studied how much foraging preferences and cognitive
performance influence foraging frequencies and how flexible is foraging
behavior. Firstly, we evaluated digestive processing time and ad fibitum nectar
consumption of different nectar concentrations in green-backed firecrown
hummingbirds (Sephanoides sephaniodes). Then, we carried out a field
experiment to assess the ability to recall the nectar renewal rates between two
groups of flowers with the same nectar concentration in absence of visual cues.
In a second experiment, we recorded the ability of hummingbirds to remetnber
different nectar renewal rates in flowers with different nectar concentration, with
identical visual cues among all flowers. The results of this siudy suggest that S.
sephaniodes can recall different nectar renewal rates and fo adjust the rate of
visits to them. When birds were conironted with two nectar qualities tied with
different nectar renewal rates, they were able to integrate concentration and
renewal rates to choose feeders that maximize the average rate of energy
harvest, nevertheless, less successfully. Despite the physiclogical constraints,
our results strongly suggests hummingbirds can modulate at least partially thelr
feeding frequency using cognitive abilities to match their visits to nectar

replenishment rates in order to maximize the gained energy.

Keywords: behavioral ecology, ecological physiology, energetics, individual

performance.
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INTRODUCTION

It is generally agreed that physiclogy modulates foraging behaviour, through
different mechanisms. For example, enzymatic activity and intestinal processing
time can limit foraging choices, dietary items, and foraging frequency (Diamond
et al. 1986, Martinez del Rio and Stevens 1989, Martinez del Rio and Karasov
1990). Less obvious however, is how much foraging preferences and cognitive
performance influence these aspects of foraging ecology and how flexible is the
foraging behaviour. Hummingbirds which inhabit temperate zones are excellent
models to study the role of cognitive abilities on feeding frequency and foraging
choices mainly because in their foraging ecology converges diverse factors, like
exceptionally high metabolic demands due to low environmental temperatures ,
and physiological and ecological constraints to food harvesting (Fernandez et al.
2002). The complex energetic interplay among a small body size, an energy
expensive flight style and a nectarivorous diet demands the consumption of
enormous amounts of nectar (Gass et al. 1999, Suarez and Gass 2002).
However, physiological evidence indicates that energy assimilation in
hummingbirds is limited by the crop emptying time and the digestive process
rather than by food collection (Diamond et al. 1986, Karasov et al. 1986,
McWhorter and Martinez del Rio 2000). On the other hand, flowers, as a source
of food, may impose relevant constraints to food harvesting (Stephens et al.
2007). Natural nectar replenishment rates impose that nectar availability varies
throughout the day (McDade and Weeks 2004), and when nectar is available,

the flowers pollinated by hummingbirds offer nectar which might fluctuate more
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than 9 times in concentration and over 300 times in quantity (P. L. Gonzalez-
Gomez un-published data).

In order to facilitate efficient exploitation of nectar sources, hummingbirds
are able to use their memory to recall the highest sucrose concentration sources
among sources of different concentration (Tamm and Gass 1989, Gonzalez-
Goémez and Vasquez 20086). Moreover, they are able to adjust their visits in
order to match neciar renewal schedules (Gill 1988, Henderson et al. 2006). In
this context, the aim of this study was to evaluate the flexibility of feeding
frequency of hummingbirds and the adjustment of the feeding frequency nectar
renewal rates in order fo maximize net energy gain. Henderson (2006) studied
timing in free-living rufous hummingbirds Selasphorus rufus by assessing the
ability of birds to recall two nectar renewal rates in the field. In the present study
we carried out a similar field experiment with the green-backed firecrown
hummingbird (Sephanoides sephaniodes), but we also went one step further.
Firstly, we evaluated digestive processing time and nectar consumption of high
and low nectar concentration. Then, we carried out an experiment similar to
Henderson’s (2006) study and evaluated the ability of hummingbirds to recall
the nectar availability between two groups of flowers in the field. In a second
experiment, we increased realism taking into account that at the study site,
flower nectar varies up to four-fold in sugar concentration, and all flowers
contain sugars in their nectars (Smith-Ramirez 1993). We also assessed under
semi-natural conditions the ability of hummingbirds to remember different nectar

renewal rates of flowers with high and low nectar concentration, with identical
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visual cues among all feeders. Thus, if hummingbirds can match their flower
visits to nectar replenishment schedules, we expect that the frequency of visits
to the group of flowers with short nectar replenishment intervals is significantly
higher than the frequency of visits to the second group of flowers with longer
nectar replenishment schedules. If hummingbirds can modulate at least partially
the feeding frequency when they are confronted with different qualities of nectar
and different renewal rates, we predicted that hummingbirds will adjust the
number of visits to higher quality nectar sources even when these nectar
renewal rates could be lower than the necessary time to digest the previously

consumed nectar.

METHODS

Study site

The study was carried out during fall and winter 2007-2008 in a site in the
Andean foothills within the Estacién de Investigaciones Ecolbgicas
Mediterraneas of the Pontificia Universidad Catdlica de Chile, San Carlos de
Apoquindo, central Chile (33°23'S, 70°31'W, 1100 m a.s.l.), about 20 km east of
Santiago. The study site is comprised of sclerophyllous vegetation known as
matorral which physiognomically can be described as an evergreen scrub.
Between March and August, temperatures can fluctuate notoriously from over
30°C to minus 5°C. Climate and habitat are described in detail at

www.bio.puc.cl/scal.
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Feeding rate and Time Processing Index (PTI)

Subjects were 6 male green-backed firecrown hummingbirds (5.97+0.89 g)
captured in the site 12 hours before the experiments. Trials were run between
8:00-12:00 h. Birds were maintained in individual 1.0x1.0x1.0 m cages with ad
fibitum 25% sucrose and supplemental fruit flies. Water was available ad fibitum.
Birds were released after the experiments were finished.

To assess the effect of sugar concentration on the interval between feeding
bouts, we offered on consecutive days a 30% or 15% sucrose wiw solution to 6
hummingbirds. We recorded both intermeal intervals and the volume of
consumed nectar. Volumetric food consumption was assessed using a
graduated syringe enveloped with red paper as a feeder, inclined at a 45° angle.
Intervals between feeding bouts were recorded with a video camera (Sony
Handycam VHi8 CCD-TR818) for 2 hours {from 9:00-11:00).

To assess meal retention time of the two nectar qualities, we used a
processing time index (PTI, Lopez-Calleja et al. 1997). Because birds mix both
urine and feces in the cloaca, the apparent assimilated mass coefficient (AMC”,
Karasov 1990) underestimates true assimilation time. As an indirect
measurement of meal retention time we used PTI, which is the reciprocal of the
excretion rate (see, Penry and Jumars 1986, Martinez del Rio 1990). Birds were
deprived of fruit flies for 48 hrs before the experiments. Additionally, they were
fasted beginning one hour after sunset, previously to the experimentation day.
To obtain excretion rates, we offered on consecutive days a 30% or 15%

sucrose weight/weight solution to 6 hummingbirds. The order of presentation of
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different nectar qualities was homogenized. After three hours of ingestion, a
plastic sheet in the bottom of cages was removed to collect and measure the

excreta at 5 min periods for two hours.
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One nectar quality, two nectar renewal rates

Subjects were 6 free living male green-backed firecrown hummingbirds, which had
foeding territories in the study site and actively defended territories. We randomly
selected 6 territories for our experiments. In order to identify the subjects we could
rely on their natural marks as well as their conspicuous territorial behavior. The
subjects that were used for the analysis were those birds that were visible all the
time during the trials. Since this species defend territories aggressively, and
because territories are of small size (around 200 square meters), we decided to
study a subject's behavior within a half-day of activity, and only when a subject
could be followed entirely through his feeding territory by an observer (Gonzalez-
Gomez and Vasquez 2006). Therefore, trials were run between 7:30-12:00 h.
Further, on a given day, we selected territories that were at least 40 m apart from
each other. If during a trial, we lost track of a subject, we ended the trial and these
data were not used in the analysis. Observations were carried out from hidden
places (behind vegetation) at least 10 m from the feeder.,

Initial Training

The experiments comprised a training period in which the subjects got used to the
feeders, and defended them actively as part of their territories. We placed training
feeders that contained 200 ml of 20% (weight/weight) sucrose in 20 different trees
5-15 m high (Tree species: Quillaja saponaria, Litrea caustica, Eucalyptus
globulus) located in distinct territories where we had previously observed feeding
hummingbirds. Nectar feeders were located at 1.5 m above the ground in a
randomly selected branch. Within two days of training, males defended feeders

actively as part of their territories; only one dominant male per feeder was

25




observed. An artificial feeder consisted of a commercial 100 ml glass water
dispenser for squirrels enveloped with red paper. Each feeder was filled twice a
day In order to prevent for resource depletion and the eventual loss of territorial
defense (Gonzalez-Gomez and Vasquez 2006).
Experimental protocol
To present hummingbirds with nectar schedules we replaced the training feeders
for two feeders with two groups of ten artificial flowers each (N=20). All the flowers
contained the same sucrose concentration, 22.5% wiw. An artificial flower was an
orange syringe tip with red paper petals mounted horizontally in an empty training
feeder. Each flower was capable of holding 10 L. Both groups of flowers were
located in a 50x50 cm wood vertical grid. The grid was hung 1.5 m from the ground
from a branch within the subject territory. In every territory we randomly selected
one group of flowers to be refilled every 10 min after the flowers were drained,
hereafter, short interval flowers. The other group was tefilled every 20 min, long
interval flowers. We maintained the temporal schedule for two hours and we
recorded the rate of visits {o the flowers. A visit was defined as a subject inserting
its bill in the feeder.
Two nectar qualities, two nectar renewal rates

In order to perform a more precise assessment of the ability to remember
nectar qualities associated to nectar renewal rates, the experiment was carried out
in a 6.0x6.0x5.0 m aviary exposed to field temperatures. Air temperatures during
the experiments (5.57+0.6 °C, mean * s.e.) were recorded using three data loggers
{StopAway Tidbit Data Logger;

http://www.microdag.com/occiunderwater/tidbit.php). Temperatures were similar to
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field temperatures. Subjects were 6 male green-backed firecrown hummingbirds
(5.97+0.89 g). The experiment included a 12 h training period in which the subjects
became accustomed to use the feeders. The nectar dispensation system is
composed of a solenocid valve connected to a recipient of nectar (500cc) and to
four hoses (2 mm interior diameter each). Each hose dispensed nectar in a feeder.
Nectar feeders consisted of a medicine dropper enveloped in red paper. The
system was connected to a computer in order o automate the quantity and timing
of nectar dispensation. To avoid nectar accumulation in the feeder between
periods (see below), we inserted another hose into the feeder that expelled air and
caused the nectar in the droppers to fall out, if not consumed. Each portion of
nectar remained available for 60 s until it was consumed or expelled out. Feeders
with identical visual cues (i.e., colour, size, material) were located in a 150 x 100
cm plastic grid, which was placed horizontally in the aviary, at 2 m of height.

To test the ability of hummingbirds to match the schedule of meals, we offered 8
identical feeders with equal quantities of nectar (60+0.01 pl/portion, mean + s.e.),
half of them with 15% sucrose wiw (i.e., low quality) and the remainder with 30%
sucrose wiw (i.e., high quality). Low quality and high quality nectar were dispensed
at 3 and 6 min intervals, respectively. These nectar renewal rates are 50% lower
than the theoretical inter-meal interval necessary to process 30% and 15% sucrose
w/w nectar, respectively (see Lopez-Calleja et al. 1997). A visit was defined as a
subject inserting its bill into the feeder. We recorded the number of visits, nectar
consumption, and the schedule of visits to the feeders during 4 hours {from 7:30-

11:30 h).
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RESULTS
Feeding rate and Time Processing Index (PTl)
Hummingbirds fed with 30% nectar ad /ibitum showed an intermeal interval (6.57
1.13 min, mean * s.e., N=6) 5.8 times greater than individuals fed with 15% nectar
(1.46 £ 0.15 min, mean % s.e., repeated-measures ANOVA Fo,05(1),1,635.25,
p<0.001). The meal retention time, assessed as PTI, was 2.8 times higher when
hummingbirds were fed with 30% sucrose w/w nectar (0.207 £ 0.026 min* I 1
mean # se) than when they were fed with 15% sucrose w/w nectar (0.056 + 0,008

min*ul ', mean # se; Two-way nested ANOVA W 15=123.54, p<0.001).

One nectar quality, two nectar renewal rates

Because the rate of visits among free-living hummingbirds was not significantly
different (Table 1), we combined the data of the subjects for the analysis.
Individuals visited short interval flowers significantly more frequently (8.19 + 0.45
min, mean + se) than long interval flowers (16.17 £ 1.18 min, Table 1, Figure 1),
however the ten minute flowers were not, visited twice as often as 20 min flowers

(ratio of visits to 10:20 min flowers: 1: 1.76).

Wald Chi-Square df P

Individual 1.838 5 0.86

Rate of visits 50,767 [ 0.000

Table 1. Effect of nectar renewal rate {i.e., short or long interval flowers) in the rate of visits in &.

sephaniodes (Nested ANOVA).
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Fig 1. Frequency distribution of visits to long (i.e., 20 min, black bars) and short interval {i.e., 10 min,

white bars) by S. sephaniodes.

Two nectar qualities, two nectar renewal rates
Four out of six individuals memorized successfully the availability of the best
nectar, showing that some individuals have the ability to recall nectar renewal rates

and o match the inter-meal interval to the best nectar availability (Figure 2).
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Fig 2. Individual matching of green-backed firecrown hummingbirds to the best nectar avallability
interval {mean = s.e). (*) Non significant differences from best nectar availability {i.e., 6 min, t test,
p<0.05).

Because the successful visits were positively correlated with energy intake, mean

of energy intake differed significantly among individuals (One-way ANOVA

Fs,0s=219.36 p<0.001, Figure 3).
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Fig 3. Energy intake per individual per visit (mean + s.e.) among individuals, Subjects 1 and 2
obtained significantly less energy than other individuals (Tukey multiple comparisons (Honest

Significant Differences)for unequal*sample size, (*) Significant differences, P <0.05).

DISCUSSION

Free-living hummingbirds were able to recall different nectar renewal rates and to
adjust the rate of visits fo them in the absence of visual cues. Those results are
coincident with previous studies demonstrating the ability of hummingbirds to
match their visits to nectar renewal rates and more accurately to shorter intervals
(Gill 1998, Brodbeck et al. 1998, Henderson et al. 2008). Higher variance in
memorized distributions of longer intervals is consistent with scalar expectancy
theory {Gibbon et al. 1977} which showed that the variance of memorized
distributions increases with the magnitude of intervals between rewards. Because
hummingbirds are tied to floral nectar dynamics, it is expectable that cognitive
abilities facilitate efficient nectar exploitation (Cole et al. 1982, Wolf and Hainsworth
1990). In this context, the ability to establish temporal associations fo find the

higher quantity of accumulated nectar in the flowers is a central ability in the
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foraging ecology of nectarivorous animals (Healy and Hurly 2004). However, an
animal using flowers as food resource needs to remember more elements (i.e.,
quality and location) and to link them in one piece of information to be successful
(Henderson 2008). Nevertheless, subjects were [ess successful in more complex
tasks. Most of the birds confronted to two nectar qualities tied to two different
nectar renewal rates were able to discriminate and select higher quality nectar
sources: however two individuals failed in to remember the period in that the best
nectar was available. One possible explanation is that some subjects take more
time to acquire the information about the environment (Groothuis & Carere 2005,
Elmore et al. 2009, Minderman et al. 2009).

Differences in individual performance, which are translated into total energy
obtained per individual suggest that differences in information use, possibly via
differences in individual cognitive abilities, could explain fitness differences in an
energetically demanding context. Hummingbird species inhabiting temperate
zones, such as S. sephaniodes in central and southern Chile, experience a wide
range of temperatures and consequently, their thermoregulatory costs and foraging
demands vary largely {Lopez-Calleja and Bozinovic 1995, Fernandez et al. 2002).
In this context, the increment of net energy gain rate is imperative because high
metabolic rates make more difficult energy storage in hummingbirds (Hainsworth
1978). Territorial males may increase their foraging opportunities and therefore the
chances to survive io a hard winter, if they have the capacity to recall the sugar
content and location of a flower and to predict the time when the flower has the

maximum quantity of nectar.
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An important question in this context is about the margin in those behavioral
aspects like preferences or the knowledge about the environment can be
expressed given a physiological constraints scenario. In hummingbird foraging
ecology, physiological aspects could explain some variability in feeding
frequencies. At the same sugar concentrations, feeding frequencies shown by
hummingbirds were almost 60% higher and PTI at 30% wfw were 0.35 times lower
than frequencies previously reported for S. sephaniodes (L6pez-Calleja et al. 1997,
Lépez-Calleja and Bozinovic 2003). The differences may hold the hypothesis that
crop emptying rate and feeding rate may vary with ambient temperature and sugar
concentration of the meal, among other factors (Karasov et al. 1986, Hainsworth
1989, Fernéndez et al. 2002). Despite the physiological constraints, our results
strongly suggests hummingbirds can modulate at least partially their feeding
frequency using cognitive abilities to match their visits to nectar replenishment
rates in order to maximize the gained energy, when they confront a demanding
environment {i.e., low ambient temperatures).

Although hummingbirds are excellent models to test the interplay between
cognitive and physiological constraints in the resource exploitation strategies, the
generality of our findings needs to be tested in organisms with different cognitive
abilities and diverse resource exploitation strategies if we aspire to have a global

picture about the relationship between physiological constraints and behavior.

30




ACKNOWLEDGMENTS

We are especially thankiul to J. Tomasevic for his valuable contribution and
support. This work was funded by a Ph.D CONICYT grant to PLG-G, a FONDAP
grant 1051-0001 (Program 1) to FB and by FONDECYT 1060186, ICM-P05-002,
and PFB-23-CONICYT-Chile to RAV. The experiments comply with the current

laws of Chile.

REFERENCES

Brodbeck, D.R., Hampton, R.R. and Cheng, K. 1888. Timing behaviour of black-
capped chickadees (Parus atricapilius). - Behav. Process 44: 183-195.

Cole, S., Hainsworth, F.R. and Kamil, A.C. 1982. Spatial learning as an adaptation
in hummingbirds. - Science 217: 655-657.

Diamond, J.M., Karasov, W.H., Phan, D. and Carpenter, F.L. 1986. Digestive
physiology is a determinant of foraging bout frequency in hummingbirds. -
Nature 320: 62-63.

Elmore, L.C., Wright, A.A. and Rivera, J.J. 2009. Individual differences: Either
relational learning or item-spegific learning in a samefdifferent task. - Learn.
Behay. 37: 204-213.

Fernandez, M.J., Lopez-Calleja, M.V. and Bozinovic, F. 2002. Interplay between
the energetics of foraging and thermoregulatory costs in the humminghird
Sephanoides sephaniodes. - J. Zool. 258: 319-326.

Gass, L.C., Romich, M.T. and Suarez, R.K. 1999. Energetics of hummingbird

foraging at low ambient temperature. Can. J. Zool. 77: 314-320.

31




< o

Gibbon, J. 1977. Scalar expectancy theory and Weber's law in animal timing. -
Psychol. Rev. 95: 102-114.

Gill, F.B. 1988. Trapline foraging by hermit hummingbirds: competition for an
undefended, renewable resource. - Ecology 69: 1933-1942.

Gonzédlez-Gémez, P.L. and Vasquez, R.A. 2006. A field study of spatial memory in
green-backed firecrown hummingbirds (Sepfianoides sephaniodes). -
Ethology 112: 790-795.

Groothuis, T.G.G. and Carere, C. 2005. Avian personalities: characterization and
epigenesis. - Neuroscl. Biobehav. R. 29: 137-150.

Hainsworth, F.R. 1978. Feeding: models of costs and benefits in energy regulation.
- Amer. Zool. 18: 701-714.

Hainsworth, F.R. 1989. Evaluating models of crop emptying in hummingbirds. -
Auk 106: 724-726.

Healy, S.D. and Hurly, T.A. 2004. Spatial learning and memory in birds. Brain
Behav. Evolut. 63: 211-220.

Henderson, J., Hurly, T.A., Bateson, M. and Healy, S.D. 2006. Timing in free-living
rufous hummingbirds, Selasphorus rufus. - Curr. Biol. 16: 512-515.

Karasov, W.H. 1990. Avian Foraging: Theory, Methodology, and Applications. - In:
Morrison, M.L., Ralph, J.C., Verner, J. Jehl, J.R. (eds), Studies in Avian
Biology, Cooper Ornithological Society, Kansas, pp. 391-415.

Karasov, W.H., Phan, D., Diamond, J.M. and Carpenter, L.F. 1986. Food passage

and intestinal nutrient absorption in hummingbirds. - Auk 103: 453-464.

32




Lopez-Calleja, M.V. and Bozinovic, F. 1995. Maximum metabolic rate, thermal
insulation and aerobic scope in a small-sized Chilean hummingbird
(Sephanoides sephanoides). - Auk 112: 1034-1036.

Lopez-Calleja, M.V. and Bozinovic, F. 2003. Dynamic energy and time budget in
hummingbirds: a study in Sephanoides sephaniodes. - Comp. Biochem.
Phys. 134; 283-295.

Lopez-Calleja, M.V., Bozinovic, F. and Martinez del Rio, C. 1897. Effects of sugar
concentrations on hummingbird feeding and energy use. - Comp. Biochem.
Phys. A 118: 1291-1299.

Lotz, C.N., Martinez del Rio, C. and Nicolson, S.W. 2003. Hummingbirds pay a
high cost for a warm drink. - J. Comp. Phys. B 173: 455-462.

Martinez del Rio, C. 1990. Sugar preferences in hummingbirds: the influence of
subtle chemical differences on food choice. - Condor 92: 1022-1030.
Martinez del Rio, C. and Stevens, B.R. 1988. Physiological constraints on feeding
behaviour: the intestinal brush border membrane disaccharidases of the

European Starling. - Science 243: 794-796.

Martinez del Rio, C. and Karasov, W.H. 1990. Digestion strategies in nectar- and
fruit-eating birds and the sugar composition of plant rewards. - Am. Nat. 136:
618-637.

Martinez del Rio, C., Schoundube, J.E., McWorther, T.J. and Herrera, L.G. 2001.
Intake responses in nectar feeding birds: digestive and metabalic causes,
osmoregulatory consequences, and coevolutionary effects. - Am. Zool. 41:

902-915.

33




McDade, L. and Weeks, J.A. 2004. Nectar in hummingbird-pollinated neotropical
plants. Patterns production and variability in 12 species. - Biotropica 36:
196-215.

McWhorter, T. and Martinez del Rio, C. 2000. Does gut function limit humrmingbird
food intake?. - Phys. Bioch. Zool. 73: 313-324,

Minderman, J., Reid, J.M., Evans, P.G.H. and Whittingham, M.J. 2008. Personality
traits in wild starlings: exploration behavior and environmental sensitivity. -
Behav. Ecol., doi:10,1093/beheco/arp067

Penry, D.L. and Jumars, P.A. 1986. Chemical reactor analysis and optimal
digestion. - BioScience 36: 310-315

Smith-Ramirez, C. 1993. Picaflores y su recurso floral en el bosque templado de
Chilo&, Chile. - Rev. Chil. Hist. Nat. 66: 65-73.

Stephens, D.W., Brown, J.S. and Ydenberg, R.C. 2007. Foraging: behavior and
ecology. - University of Chicago Press, lllinois.

Suarez, R.K. and Gass, C.L. 2002. Hummingbird foraging and the relation between
behaviour. - Comp. Biochem. Phys. A 133: 335-343.

Tamm, S. and Gass, C.L. 1986. Energy intake rates and nectar concentration
preferences by hummingbirds. - Oecologia 70: 20-23.

Wolf, L.L. and Hainsworth, F.R. 1990. Non-random foraging by hummingbirds:
patterns of movement between Jpomopsis aggregata inflorescences. Funct.

Ecol. 4: 149-157.

34




7

CAPITULO Il

Ethology

A Field Study of Spatial Memory in Green-Backed Firecrown

Hummingbirds {Sephanoides sephaniodes)
Paulina L. Gornzalez-Gomez & Rodrigo A. Vasguez
Departamento ds Clencrs Scoltgicas, Faceitad de Clencias, Universidad de Cide, Santiago, Chite

Comespondance

Pauina 1. Gomeliler Gimez, Deparianertd de
Camttas Eeoldpicas, Facuttad de Clendis,
Univenddad da Chile, Cosilla 653, Sanfiago,
Chile, f-mad; prépomuderdyatno.com

Reeaived: Aodd 17, 2005

tnitiat accemantes Septetrkier 26, 2005
Final aceentance: Nowemher 30, X005
K Riebes)

ot 10,111 14 14390310, 2006 M273x

Abstract

The foraging ecology of hummingbirds fnvolves the exploltatdon of a
high number of patchily digtributed fowers. This scenario stems to have
infinenced capabilities related to leaming and memaory, which help to
avoid recendy visited flowers and to allocate exploftatton o the most
tewarding flowers, once Ieaming Bas occured. We carded gt twa field
experiments with the green-backed firecrown hummingbird (Sephaneide
sephaniodes, Trochilidac} in order w examine the abillty of bixds, frst. to
tecall a pedar location, and secondly, to remember the location of the
most rewarding flower among lower quality flowers. The flese expezt-
ment showed that subjeas were able o recall the loauon of neaar
among fluwers of identical appearance. In the second experiment, hum-
mingbirds were also able 10 reaall the locativn of the most rewarding
nectar among less rewarding flowers with the same appearance. The
esults of this study suggest that 8. sepfuasindes can remember the Tocas
thom of the must rewarding patch, hdlitating efficlent explvitation of

flowers in the absence of visttal eues related to pectar quality.

Introduction

Cognitive abililes are pivotal w the performance of
many behaviom! ualts in animalk and henee they
can have evoheiismary impact through their effect
on fitness. As a resulr of this, an ccologle and cvolu.
ttonary perspective of ankmal cognition. has gained
constderable interest in recent years (Dukas 2004).
However, most studics to date that have demonstra-
1ed the ability of species to remember spatlal loca-
tiomns in absence of visual cues have been conducred
in the labotatory under precise controlled conditions
(see e Mazay 1998), However, these laboratery
stugics do nnt necessadly reflect cognitive abilities of
wild animals vnder natral conditions (Bakda eral,
1998; Hurly & Healy 2003).

In the last decades the interest on gvolutionary
and ecologic aspeas of cognition has prompted ficld
research on animal Jearning and memory (Balda
et al. 1998; Dukas 2004}, Examples include food-

790

storing artmals, such. as birds and mammals cpable
of remembering spatial Tocations of a lazge number
of sattered caches (Shery 1985 Kol & Balda
1990; Shesleworth & Hanpon 1998), However, in
spite of these studies, there i still a lack of knowl-
edge abour how species cope with environmental
information (see Visquez ecal. 2006), and about
how animals learm and use resource patches under
nawral conditions {see Balda ct al. 1998).

Research about cognitive ahilities pnder field con-
ditions provides insight abopt what animals cn
acrually do In thelr natural hablms (Hurdy & Healy
2003). Furihermore, fleld snidies can improve aur
wmderstanding of the fitness consequences of oogni-
tive abilitics by examining thelr influence on fitness-
related trajts. such as foraging success or dming of
reproduction. Meally, these soudies should link cog-
nitlve abilides o fiiness consequences via differendal
survival andfor repraduction {see Dukas 2004 for a
recent review).

Tholagy 112 £006) 790- 795 & 2005 Mackwel Yekag, Reta
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Hummingbirds might be expected to exhibit adap-
tive spedalizations in their spaiial memory because
of their {foraging ccology {Healy & Hurly 1995; Hutly
1995}, For example, hummingbirds hold and defend
actively their fopd sources or temitories. They per-
form many visits to flowers during a day of activity,
ard they can forage in different flowers separated by
large distances {Teinsinger & Colwell 1978; Garrison
& Gass 1999, The use of leaming and memory can
benefir hununingbirds because floswers are highly
variable in many aspecs, induding shape, nectar
quatity and quandity, color, and mecar renewal rae,
ameng others (Hurly & Healy 2003). In additon, the
energetic cost of hovering demands the consumpdon
of enormous amounts of nectar, which i scattered
in hundred of Aowers (Goss ei dl. [999). A hum-
mingbind returning W a eeently emptied flower an
experience a Iower rate of energy gain than a bird
landing in enewed flowers {Cole etal, 1982),
Therefore, spatial memory is expected In humming-
Birds in order to avold depleted flowers (Cole et ak
1982; Hurly 1996). Morcover, hummingbirds use
artifictal feeders readily, allowing fleld observatlons
with ne apparent distiwtbance of their behavior,
making them excellent sibjects from an expetimen-
tal viewpoint (Hurly & Healy 2003}

Hudly (1996} studicd one wial associtive leaming
in rufous hammingbirds Selasphoras rufus by asses-
sing the ability of birds 10 recall the location of a
reward after a single learning experience. In the pre-
sent study, we caried out a similar ficld experiment
with the greenbacked firecrown  hummingbied
(Sqrhanoides sephanivdes), but we also went one step
furilrer, We firss carsied ou an experiment similar to
Hurly's (1996) study and evaluated the ability of
hunmingbirds to recall the spatial position of a pre-
viously experenced non-depleted reward, among
rewarding and nen-rewarding flowers. In a second
experiment, we  increased realism umking into
account that at the study site, flower nectar vates
up o fourfold in sugar concentration, and all flowers
contain sugars in their nectars {Smith-Ramirez
1993). Therfore, in the sccomd experiment we
assessed the ability of hummingbirds 1o remember
the best reward location (e, the flower with the
highest concentrated mectar) among several less
rewarding flowers (e, with less concentrated nec-
tar}, with identical visual cues among all feeders. We
aln compared the perdformance of birds between
both experiments. 1f hummingbirds can retain the
Tocation of the best feeder, the number of visis nee-
ded to reach the best nectar in the second phase of
cach experiuent should be significantly lower than

Enslogy 1122004 70-795 & 2000 Blatkwef] Virfag, Beslny
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the mumber of vigis in the firs phase of each experi-
ment, On the other hand, if hummingbinds are
equally cffident 10 wtain the location of the best
feeder cither among water feeders or among feeders
with Jess. concentrated necar, we expected no differ-
ence between the number of visits in the second
phase of the experiments.

Methods

Specles and Swdy Slhie

The study was carrled out in July and August 2003
tn a field site located In the Andean foothills within
the Estaddn de Investigadones Feeldgicas Mediterrd-
neas of the Pontifida Universidad Catdlica de Chile.
San Caros de Apoquindo, entral Chile (33°23°5,
70°310, 1100 m asl), around 20 km cast from
Santiage. The study site is comprised by sderophyl-
Tous vegetation known as matorral and phystognom-
ically an be described as an evergreen scrub,

Subjects were free-living male green-backed firc-
crown hummingbirds, which kad feeding territores
in the study site {see below} and aaively defended
teritories. We randomly selected 20 tersitories for
our experiments. We could rely on their natrnl
marks as well as their conspicsous territorial behav-
jor 1o idemify differont subjeqas. The subjeas that
were used for the analysts swere those birds thay
were visible all the time dudng the wias. As this
species defend territories aggressively, and because
temitores aze of small ske (amund 200 n'), we
decided 1o sindy a subject’s behavior within a hall~
day of aqivity, and only when a subject could be
followed entirely through his feeding territory by an
observer. Theretore, wials wete run between 800
and 12:00 hours. The aggressive display consisting of
chases around the feeder accompanied with a dis-
dnaive shdll sound. Further, on a given day, we
selected teretories that weee at least 40 m apart from
each other. If during a tral, we lost track of a sub-
ject, we ended the wial and these data were notused
in the analysis. Observations were casried aut from
hidden places {behind vegeation) at [east 10 m from
the feeder.

Initial Tratning

The experiments comprised a training period in
which the subjects got used to the feeders, and
defended them aalvely as pare of their torritoties
For this, we placed training feeders that contained
200 mt of 25% sugrose in 20 different trees 5-15 m
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high {iree species; Quillaja sapanaria, Litrea caustica,
Eucalyptus globulusy Incated in disiina  territories
where we had previously observed feeding hum-
mingbirds. Necar freders where lomted at 1.5 m
above the ground in. a randomly seleaed branch.
within 2 4 of walning. males defended feeders act-
fsely as pant of their territories; only one dominmt
male per feeder was observed. An arifidal feeder
consisting of a commercial 100 ml gliss warer dis.
penser for squirrels enveloped with red paper. Each
feeder was filled twice 3 day in ordet to prevent for
resource depledon and the evennal loss of territadal
defense.

Hypetimental Protocol

For the spafal memory task, we constercied a
S0 % 50 cm wooden frame with a middle vertical
axis [Fig. 1}. The six intersections of the wonden
axes comprised a 6-polat grid where feeders were
located. The geid was placed vertfcally in a wee in
the same postion where we had observed a focal
subject previowsly feeding from the training feeder,
During the experiments, only four points in the
grid had fceders. For cach wial, four identieat feed-
ers were assigned to four randomly chosen points
among the sx points of the giid (see Fig. I}
Feeders had identical visual cues {fe. color, she,
matcerial).
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Fig. 12 Experimental vestical gid. humbers indeate six fesder loza-
tiogs. Drly o postions (Le. lowr feeders) were used in each expect
mert {fr leedars (tubes) are shown as an eumnple]. *Hgh quaty
reztar foedar
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The experiments were designed to assess the abil-
fiy of birds to remember the position of a rewarding
flower among non-rewarding {first experiment) or
Jow-tewarding (second experiment) flowess after a
single learning experience {see below). Atthe begin-
ping of each wial each feeder coniained 100 mi of
sucrose Jiquid, in order to prevent for nectar deple-
ton. A visit was defined as a subject insenting s bitl
i the feeder, We performed six mials with cach sub-
et during a given moming. A wial had two phases:
in the first phase (search phase, the hummingbird
probed the feeders umil b discovered the most
rewarding fecder, A hummingbird was allowed
feed from it ungil it stopped spontanecusly. After
this, the observer did not allow revisits 1o the grid,
by saying nearby the feeder and mointaining the
stbject away from the feeders for 5 min. Animals
were abserved in the temitory within this 5-min
interval and they quickly retwen to the experimental
grid after the observer Ivft o the hide. In order to
prevent that the bird could recognize the nectar fee-
der by some nnconirolled viswal cne, the target fee-
der was chanped by a similar one with the same
sucrase concentration. In the second phase {reurm-
ing phase), the hummingbind faced the same ammy
of feeders, scarching unil it discovered the most
tewarding feeder, After finishing the visit to the
rewarding feeder, the irfal was ended. and the fol-
lowing tiak was initiated afier 10 min, A new post-
tion for the rewanding feeder in the next triat was
randomly selecied.

In cthe first experiment conducted fn July 2003, we
examined the ability of cach bird to find a rewarding
feeder (25% wiw sucrase] among three non-Teward-
ing feeders (flled with water}. At the beginning of a
trial, the four feeders were randomly located in the
grid. In this experiment we used 15 subjects.

In the sceond experiment, conducted in August
2003, we used 13 subjects, This experiment was
atmed 1o assessing individizal and average perform-
artee of green-backed firecrown hummingbirds In a
muore realistic task, becouse subjects had to find and
remember the location of the feeder with the best
qualizy nectar among another three feeders with
poomr quality nectar. In the expedmental trials, one
of the four mndomly placed feeders had high quality
neaar {30% wiw sucrose}, and the other three fred-
o5 had poor quality necar {10% wiw sucrose),

1n both experiments, we also assessed the pverage
(i.e. the mean of all individuals in each experiment)
and the individual ability of hummingbirds to recll
the position of the best feeder fu the retwm phase of
wials.

Tolagy 112 £005) 750-795 ® 2006 Ladowal Vartsg, Bt
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Bata Analysls

Differences between the averages of individual num-
ber of visits in both phases of each experiment were
assessed through o Trledman Test with multple
observations per ooll {Zar 1998), The average per-
formance Detween experimesus was  assessed
through a Mann-Whitney test. Statistical analyses
were performed vsing the software stanstica 6.0

Resuits

in the first experiment, the number of visits canied
ot until the nectar feeder was found in the lirst
phase of the experiment (Le. search phase,
2,94 3 0,10 visits, mean & $U, n = 15) was signifi-
camly higher than the number of visits n the seer
ond phase of the experiment (e remmn phase,
1.31 £ 0.08, n=15 TFricdman Test = 32.75,
p<0,001). At the individual fevel, 12 of 15 sub-
jects performed lower number of visits in the
return  phase  (Fig. 23, Some  birds  revisted
flowers within uials, but only in the frst phase of
the experiment. These data were induded in the
anafysis.

In the second experiment, the number of visits in
the search phase {291 s 0.13, mean & SE n= 13}
was significanily higher than in the wwrm phase
(1,53 £ 009, n= 13 Tredman Test, Friedmans
2 = 27326, p <0.01}. Indhidually, in the remm
phase, cght of 13 subjects showed the ability w find
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the best nectar location in lower npmber of visits, in
comparison with the search phase {Fig. 3}

om average, the mmmber of vidis pedfomed by
humminglitds {n the rewn phase of the fiest
experiment was significantly lower than the number
of visits in the return phase of the second experi-
ment (Mann-Whitney test, U=50, n=28, p=
0.025; Hyg. 4). We did not find significant differences
between the peformances of birds b the search
phases of both experiments (Mann-Whitey test.
U =94, n= 28, p= 0.87; Fig. 4),

25

28

HNuror of visits
-

as

Searen Retun

Flg. 4 Average peclormante por indvidual across experinents. The
serch phase between bath experiments ara st sigifcantly dlferect;
however; the setum phase i the frst oxperimere black bars) i gni
cerdly lawee then B the second expedment fenite bars; mean 53,
See text for statstics fp < 0.05%}
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Dlscussion

The smaller number of vhits in the return phase of
both expestments suggest that hummingbirds can
Tecal} the best nectar location smong pooret flowvers
with kdesntical visual cues. These resulis are consis-
1ent with other field and lnboratory tesis of spatiat
memory i hummingbirds. For instance, studics in
Rufouts hummingbirds (5. mfed showed consistently
that hummingbirds, In the presence of identceal
visual cues, revisized rewarding shes and avolded
non-rewarding ones {Cole cral 1982; Henderson
et al. 2001) and distinguished among flowers that
had been visited but were not totally depleted (Hudy
¥ Healy 1996). Other studies have shown that even
conspicuntts changes to the visual aspect of anifidal
fiowers do nor affect the bird preference (Miller
ot al. 1985; Hurly & Healy 2002). The most consis-
tent finding in humminghirds foraging is tha they
pay much more atrention 1o the spatial location af a
flower mther than 1o visnal cues (Healy & Hudy
1995 Hurly & Healy 2003} Therefore, available
information suggests that hummingbirds use infor-
mation gathered during previous visits (Fyke 1981
Woll & Hainsworth 1990), rather than the automatic
use of a visual attractor or a simple decision rule
filurly & Healy 2003). This may be the result of the
relative familfarity of spatial Jocation in the presence
of idendeal visual cues (Bralthwalte & Newman
1994; Burt eral, 1997). The relmive location of the
feeder may be used to relocate the best resource
instead of the feeder ftsell. In addiion, beeause the
last feeder visited iy the search phase prior to the
retention Interval is the most rewarding feeder, In
1ems of time clagsed, the rewarded feeder 1s the rel.
atively most familiar one. This suggests that relative
familiaeity could be an imponant facor guiding the
spatial behavior of hummingbinds.

On the other hand, studies in food<storing birds
reveal that they can recall information about the spa-
ttal Jocation. as well as the contemt {quality} of cache
sites (Shemry 1985; Clayton & Dickinson 1999; Clay-
ton et al, 2001}, The average pecformance observed in
the second experiment suggests that hummingblrds
can reaall a prefeered option among several less
rewarding options; however, less cfficienly. Texitor-
tal intrusions cannot explain the differences in for-
aging efficiency observed benween the first and the
second experiment because we observed these terd-
torial challenges during both experiments Results
supgest, however, that the poorer performance in
finding the most rewarding nectar is observed when
hirds face different patch qualites.
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In standard learning protocols such as the tadial
atm maze, animals are submitted to demivation
before the beginoing, and subjects are allowed 1o
probe all the rewarded sites before the inidation of
the experimental trials {see ¢.g. Olson & Somuuelson
1976}, Furthermore, in laboratory experinents, mos
animals have no other activities that can interfere
with their memory for rewarding sites. Field experi-
ments differ in all these conditions. In faq, during
the experiments, hunmmingbirds were involved in
several other activitles such as terriorial defense,
anupredator vigllance, foraging In namral patches.
among others. Previous field tests of spatial memory
have examined the performance of individuals facing
rewarding vs. non-rewarding patches only {eg
Hinly 1995). In the sccond experfiment of our study
with more realisdc conditions, where only the qual-
ity of the resource was variable but all parches were
rewarding to some leve]l and visually identical, the
effidency to find the most rewarding resource
decreased, However, the most rewarding pitches
were still preferred showing that S, sephanlodes an
remember (ke location of the most sewarding patch
in an experiment in the ficld. This demonstrates that
spatial memoctes can fadlitate efficient explnitation
of flowers in the absence of visual cues related to
necar quality.
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ABSTRACT

Episodic memory has been described as the ability to recall personal past
events, involving what, where and when an event has been experienced.
Through learning animals acquire new information shaping episodic memory for
novel situations such as food procurement. Nectar, the primary food of
hummingbirds, is dispersed in hundreds of flowers and it varies in concentration
and renewal rate. Therefore, a hummingbird that remembers what, where and
when the nectar becomes available will have higher energy intake when
compared to random foraging. We carried out a field experiment with green-
backed firecrown hummingbirds (Sephanoides sephaniodes) (n=10). We
evaluated the ability to recall, in novel situations, the location, nectar quality and
renewal rate of the most rewarding flowers among several less rewarding
flowers with identical visual cues.

Our results identify a novel behavioural strategy in hummingbirds, which were
able to remember the most profitable nectar sources and flower position and to
adjust their visits to nectar renewal rate. Cognitive performance varied among
individuals implying up to 1.5-fold differences in energy gain. Our results
strongly suggest that hummingbirds use cognitive abilities to exploit nectar
sources efficiently and therefore, that cognitive abilities are potentially tied to

survival probability.
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INTRODUCTION

Episodic memory has been described as the ability to recall persanal past
events, involving what, when and when an individual event has been
experienced (Tulving 1972; Tulving 2002). The integrated representation of its
elements implies that when one element is recalled (e.g., when), the other
elements (what and where) are also brought to the present, and it must be
flexible to the acquisition via learning of new information in novel situations
(Schwartz and Evans 2001; Clayton et al. 2003).

Cognitive abilities are pivotal to the performance of many behavioral traits
in animals and hence they could have evolutionary impact through their effect on
fitness. In this context, the ecology of diverse species strongly suggests that
episodic memory should be present frequently, tied to foraging or reproductive
necessities (Clayton and Dickinson 1998; Emery and Clayton 2001).
Nectarivorous animals, like hummingbirds, experience patches of resources
containing nectar with different characteristics that are not assessable through
visual cues (Irwin 2000). Nectar is dispersed in hundreds of flowers and it varies
in concentration and renewal rate. Therefore, a hummingbird should remember
where, what and when the best nectar will be available in order fo forage most
efficiently. It means to perform the lowest number of visits in order to decrease
the travel cost and predation risk and simuitaneously to obtain the highest
energy reward. Preliminary studies have determined that hummingbirds can
recall the highest sucrose concentration among energetically poorer resources

(i.e., what it was consumed, Blem et al. 2000; Gonzalez-Gomez and Vasquez
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2006). Hummingbirds are able to visit consistently the locations that offer a
reward and to avoid non-rewarding sites (Cole et al. 1982; Healy and Hurly
1998), and to distinguish between visited but not totally drained flowers (Hurly
and Healy 1996)(i.e., hummingbirds are able to remember where to forage).
Moreover, hummingbirds can adjust the visits to a determined renewal nectar
schedule relatively independent of the digestive constraints (Giil 1988;
Hendersson et al. 2006) . Therefore they can remember when the nectar is
available. Thus, different studies suggest that hummingbirds accomplish the
three aspects of learning that fulfill a general definition of episodic memary
(Hendersson et al. 2006).

In addition, hummingbirds are excellent candidates to possess episodic-
like memory due to the complex energetic scenario that they experience. The
energetic cost of hovering demands the consumption of enormous amounts of
nectar, which is scattered among hundreds of flowers (Gass et al. 1999). A
hummingbird returning to a recently emptied flower can experience a lower rate
of energy gain compared to exploiting a renewed flower (Cole et al. 1982).
Consequently, cognitive abilities are expected in hummingbirds in order to avoid
depleted flowers (Cole et al. 1982; Hurly 1896}.

In the present study we carried out a field experiment with males of the
green-backed firecrown hummingbird (Sephanoides sephaniodes). We
evaluated the ability to recall, in novel situations, the location, nectar guality and
renewal rate of the most rewarding flower (i.e., the flower with the highest nectar

concentration) among several less rewarding flowers (i.e., less concentrated
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nectar) with identical visual cues. If hummingbirds can recall the location of the
best flower, the number of visits needed to reach the best nectar in repeated
trials (return phase of experiments) should be significantly lower than the
number of visits in novel trials (search phase of each experiment), and they
should visit the flower position during the period when nectar is available. if
memory has energetic consequences, hummingbirds that can recall the best
nectar location and schedule, should have a higher rate of energy gain than

individuals with poorer performance.

MATERIALS AND METHODS
Study site and subjects
The study was carried out during the Austral winter (2008) in a field station
located in the Andean foothills within the Estacion de Investigaciones Ecolbgicas
Mediterraneas of the Pontificia Universidad Catélica de Chile, San Carlos de
Apoquindo, central Chile (33°23'S, 70°31'W, 1100 m a.s.l.). Subjects were free
living male green-backed firecrown hummingbirds, which had feeding territories
in the study site (see below) and actively defended territories. We randomly
selected 20 territories for our experiments. We identified individuals from
plumage differences as well as their conspicuous territorial behavior. Trials were
run between 8:00-13:00 h. The subjects used for the analysis were those birds
that were visible continuously during the trials. If we lost track of a subject during

a trial, we ended the trial and these data were excluded from the analysis.
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Observations were carried out from hidden places (behind vegetation) at least
10 m from the feeder.

Initial Training

The experiments comprised a fraining period in which the subjects got used to
the feeders, and defended them actively as part of their territories. For the
training period, we placed one feeder containing 200 ml of 25% sucrose in each
of the 20 different territories. Feeders were located 1.5 m above the ground on a
randomly selected branch. Within two days of training, males defended feeders
actively as part of their territories; only one dominant male per feeder was
observed. An artificial feeder consisted of a commercial 100 ml glass water
dispenser for squirrels enveloped with red paper. Each feeder was filled twice a
day in order to prevent for resource depletion and the eventual loss of territorial
defense.

Nectar quality training

On the day of the experiment, we replaced the training feeder for a vertical grid
(see below) with two feeders, one of them with 15% weight/weight sucrose (low
quality) and the other ane with 30% w/w sucrose (high quality). The feeders
were visually identical to training feeders. We maintained this array for 30 min or
until the grid was defended as a part of the territory and the subject had visited
both feeders.

Temporal training

To present hummingbirds with nectar schedules associated with nectar quality,

following the Initial training, we replaced the feeders for two feeders with two

46




\erf

M

artificial flowers in the bottom. An artificial flower was an orange syringe tip with
red paper petals mounted horizontally in an empty training feeder. Each flower
was capable of holding 30 uL. The quality nectar flowers (i.e., 30% sucrose)
were refilled every 10 min after the flowers were drained. Low quality flowers
(i.e., 15% sucrose) were refilled every 5 min, We maintained the temporal
training for one hour or until the subject adjusted the visits to the best nectar

schedule.

Episodic memory protocol
The experiments were designed fo assess the ability of birds to remember the
position and renewal schedule of a rewarding flower among low-rewarding
flowers after a single learning experience (see below). We constructed a 50 x 50
cm wooden frame with a middle vertical axis. We identified nine points in the
grid where feeders were located. During the experiments, only three points in
the grid had feeders. At the beginning of each trial, each flower contained 30 ul
of sucrose liquid. For each trial, three feeders were assigned to three randomly
chosen points among the nine points of the grid. One of them was refilled with
high quality nectar each 10 min and the others were refilled with low quality
nectar each 5 min.

We performed 6 trials with each subject during a given morning. A trial
had two phases; in the first phase (search phase), the hummingbird probed the

feeders until it drained the most rewarding feeder. In order to prevent the bird
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from recognizing the best flower by some uncontrolled visual cue, the target
flower was changed to a similar one with the same sucrose concentration
between phases. In the second phase (returning phase), the hummingbird faced
the same array of feeders. We recorded the position and the time in which
feeders were revisited. After finishing the revisit to the grid, the trial was ended,
and the following trial was initiated after 10 minutes. A new position for the
rewarding feeder in the next trial was randomly selected. In order to prevent
that the subject could recognize the cbserver as a visual cue of nectar
availability, we pretended fo refill the flowers randomly at least three times

during the trials.

Data analysis

To assess spatial memory we evaluated the differences between the averages
of individual number of visits in both phases of the experiment through a
Friedman test with muttiple observations per cell (Zar 1999). To evaluate the
temporal memory performance, we compared the individual means of intermeal
interval with the best nectar schedule through a t test. To integrate the ability to
remember the time (when), the spatial location {(where), and the content of the
feeder or nectar quality (what), we performed a Spearman correlation between
the identity of the first feeder (i.e., 15% or 30%) visited in the second phase of
the experiment, independently of the presence of the reward and the intermeal

time of the visit. To evaluate the energetic consequences of the ability to frack
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nectar quality of best sources, we fransformed the mean of nectar obtained in
the second phase of the experiment to energy units (joules, hereafter, j). The
individuals were assigned to one of three groups depending on the energy
gained in the trials. To assess the differences among group, we performed a
nested analysis of variance for unbalanced samples (Sokal and Rohlf 1985),
Data were tested for autocorrelation and they met the assumptions for each test.
RESULTS

The number of visits in the search phase (2.33 £ 0.14, mean £ SE, n = 10) was
significantly higher than in the return phase (1.1 £ 0.05, n = 10, Friedman Test,
Friedman’s %= 18.03 p<0.001). Individually, in the return phase, eight out of ten
subjects showed the ability to find the best nectar location in fewer visits, in

comparison to the search phase (Fig. 1).
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Figure 1. Number of feeding visits performed by individuals of 8. sephaniodes. Black dots,

search phase and white dots, return phase (mean + SE, n= 6 trials for each subject.

The intermeal interval did not differ significantly from nectar interval for the best

nectar for the same eight individuals (Fig. 2).
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Figure 2. Adjustment of green-backed firecrown hummingbirds to nectar schedules
of the best nectar source {mean + SE, n= 6 trials for each subject). Line interval of the best
nectar source. * Significantly differences from the interval of the best nectar source, t test,

p<0.05.

There is a significant positive association between spatial and temporal
memory (Spearman correlation ts= 3.38, Spearman R=0.60, p<0.05), suggesting
that the individuals that successfully remember the nectar quality and location

can accurate recall the nectar availability schedule as well (Fig. 3).
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Figure 3. Association between spatial and temporal memory of 8. sephaniodes (N=10).

The energy intake was 1.37 times higher in individuals (N=4) that could
remember the location, quality and nectar schedules compared to individuals

(N= 2) that were not able track those characteristics (Table 1).

Source of variation S5 df MS F

Energy intake 635 2 317,56 29.633™
Individuals 75 7 10,714 0122
Error 4383,333 50 87,667

Table 1. Effect of cognitive ability in energy reward of S. sephaniodes. Nested ANOVA. bl

p<0.001.

Furthermore, the individual who had the best performance (individual
number 6, see Fig. 4) obtained 1.5 times more energy than the individual with

the poorest performance (individual number 4, Fig. 4).
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Figure 4. Energy reward obtained by individuals of green-backed hummingbirds as a result of the
combination of the performance of spatial and temporal memory (mean £ SE, n= 6 trials for

each subject). Numbers and fines identify three groups of individuals in ascendant order of

performance.

DISCUSSION

The smaller number of visits in the second phase of the experiment and the
adjustment to nectar schedules; strongly suggest that hummingbirds use
cognitive abilities in order to exploit nectar sources efficiently. As far as we
know, this is the first demonstration that free-living hummingbirds can remember
in a single study, the three components of episodic-like memory. Although we
cannot describe autonoetic consciousness (i.e., conscious experience of self),
since hummingbirds do not have the ability to express their experience verbally

(Tulving and Markowitsch 1998), we showed that hummingbirds can remember
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what, where and when something happened and, more important, that they can
apply this knowledge to new situations like different experiment trails (Schwartz
and Evans 2001; Clayton et al. 2003). Our experiment resembled natural
conditions which hummingbirds experience in natural environments. For
example, if nectar was not eaten, it is reabsorbed by the flower (Nicolson 1995)
or consumed by an intruder. We avoided testing artificial situations like
degraded nectar which is mostly nonexistent in nature, despite losing accuracy
in order to detect the internal mechanism acting in the memory process.

As Henderson et al. (2006) suggested, episodic- like memory should be a
part of the diary life of a nectarivorous territorial individual. [tis supposed that
nectarivorous animals should be able to keep track of the best nectar sources
and to remember the location and nectar availability schedules, in order to
increase the rate of energy gain. In fact, our results integrate in a single study,
numerous previous experiments showing that hummingbirds can recall the
nectar quality (Blem et al. 2000), location (Hurly and Healy 1996) and more
recently, nectar availability schedules (Gill 1988; Henderson et al. 2006) in
Isolation.

We found an important variability in spatial and temporal cognitive
abilities among individuals. Because in hummingbird foraging ecology these
capacities are strongly tied to nectar rewards (Gass and Sutherland 1985; Healy
and Hurly 2003), we suggest that differences in cognitive abilities could be
closely related with differential fitness. Green-backed firecrowns experience

winter temperatures below -5°C, representing an extremely challenging
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energetic scenario. In hummingbirds, foraging success is imperative because,
among vertebrates, these birds display the highest mass specific rates of
aerobic metabalism ( Suarez 1992; Suarez and Gass 2002). High metabolic
rates likely make it difficult for hummingbirds to store energy {Hiebert 1993).
Although hummingbirds have the possibility to use strategies to save energy
(e.g., through torpor), the ability to maintain or increase the body mass is a trait
directly related to fitness, because it can directly affect their survival, especially
in periods of high energetic demand and high thermoregulatory costs
(Hainsworth 1978). If territorial males have the abillity to recall the sugar content
and location of rich flowers, and the ability to predict the time when the flower
will offer the maximum quantity of nectar, they will increase their foraging

opportunities and therefore the chances to surviving a hard winter.
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Ts natural selection promoting sexual dimorphism
in the Green-backed Firecrown Hummingbird

(Sephanoides Sephuniodes)?
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Alstruct  In many hommingbind species there s an
apposite pattem of sexual dimorphism i bill length and
othier morphametric measures of hody size, These differ-
ences seem 1o be closely selated with differences in
forsping ecology directly associated with a different
yesource exploitation stategy, The i of this study was to
assess 1 nateal selection is acting on wing length and bill
size in hemminghimd males and females with different
resource expluitation strategies (Le. wrritorial males and
non-terriorial Temales), 1f competition for resources pro-
motes sexual dimorphism as  selective pressure, males
shonld be subjected to negative directional selection pres-
sure for wing length und no selection pressure over bill
size, while females should uadergo positive directional
selectlon pressure for both bill size and wing length, The
morphometric data we collected suggests tat there s no
selection for wing length and bill slze in male hemming-
Dirds, T contrast, our females exhibited positive directionud
seleetion for both wing length and bill size. Although we
cannot reject sexual selection acilng on sexually dimorphic
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trats, this smdy suggests that natural selection may pro-
mote sexual dimorplism in waits bt are closely related
with hummingbind foraging ceology and resource exploi-
ttion stralegies.

Keywords Humminglirds - Pheootypic sclection -
Sexoql dimezphism

Intraduction

Tn species that exhibit hehavionil and morphologieal sexual
dimorphism associated to different resourve expliitation
strategios, it {s expected that natural selection will uct
differendally in each sex, promeling those key truits of the
resource exploitaion strategy that increase competitive
abilities and, consequestly, the ftness of the imbividuals, In
many hummingbied (Trochilidae) species theve s an
apposite pattern of sexual dimorphism in bill length and
other morphometric measares, such as body nass and sive
{Bleiweiss 1999). These differences seem to be closely
related fo dilferences in foruging ecology and resotrce
exploitation strategies (Temeles et ol, 2000; Temeles and
Krzse 2003}, Tn species where males are temitorial and
fenales arc not, dominant males uspally secure access Lo
dense patches of nectartich llowers, while. suberdinate
females cither perform rapid intrusions into mule tersitories
10 raid the good resources or aie forced te forage i nectar
puor, scuttered resources (Kodric-Brown und Brown 1998
Temeles et al, 2005).

An nlierpative hypothesis, that of wing disc loading (see
bebow). suggests that temritordal bummingbied species (or
sexes) tend to have shorter wings than non-lermitorial spe-
Gies or sexes (Feisinger :nd Chaplin 1975: Feisinger and
Colwell 1978; Kodde-Brown and Brown 1978; Carpenter

£Y springer
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et ul 1993a), Wing disc loading is defined as the rafio
between body ntass and a dise whose dameter is the wing
spen. The relatively shurter wings of tervitorial hinds (Le.,
higher wing disc loading) likely confer higher maneaver-
ability, acecleration, and speed, Simultancously, the power
output required o hover Inerenses with the increment in
wing dise loading (Feinsinger et al. 1579). Therefore, ter-
fitoria] individuals spend mote energy in bovering than
non-tetritogial birds, but they compensate the higher ener-
getie cost of territory defense with o better nccess o nectar-
Tich resources.

Tertitorial behavior likely causes the relaxation of the
handling Lime beeanse of the ralatively unfimited accessto
the fforal vesonrces contained in femitories. In contrast to
temitorial birds, non-teritorial individuals liave developed
fraits that increase resource exploitation, such as longer
bills. Laboratary experiments have shown that individuals
with longer bills are more efficient in exploiting florl
resourees (Temeles and Roberts 1993), These longer-billed
individuals have shorter hundling times and higher maxi-
mum extraclion depths han binds with shorter bills at
fowers having longer comllas (Temeles 1996; Temeles
ef al, 2002).

In hummingbirds, fomging suecess is imperative
because these birds display the highest mass specific rtes
of serobic metabolism among e vertebrates (Suerez etal.
1991; Suarez. 1992). High metubolic rates likely muke it
difficult for hummingbirds to store encrzy (Hafnsworth
1478). The allometric prediction of the daytime fat storage
for 2 3- to 5-g hummingbird is just about 3% of its body
ntass (Calder 1974), which is roughly equivalent to the
amonnt needed 10 meet their pighttime metabolic demands
it they remain normothermic (Powess et al. 2003).
Although hummingbirds have the possibility to use strt-
exles to save energy (e.g., lorpor), the shility to maintadn or
increase body mass (assessed 18 body condition) i a it
directly related to fitness, because it implies the probability
to survive, especially during periods of high energede
demand, such as high thermoregutatory costs or the pre-
migration stage (Corpenter et al, 1993b; Hiebert 1993).

Sephanoides  sephaniodes (Green-backed  Firecrown
Hummingbird) is a specles tlat lives in central and
southern Chile, where they can experience field winter
temperatures below -35°C. This temperature rpresents an
extremely challenging scenatio for hummingbinds, This
species exhibits morphological and behavioml sexval
dimorphism, Males have a significantly greater body mass
and body size 2nd a smaller bill size thun females, Male
twmminghicds of this species also netively defend feeding
emitorics, while females do not (Gonzdlez-Gomez and
Vidsquez 2006): in an experiment with 28 antificial nectr
feeders, male birds actively defended the feeders while
females did not. The same pattern seems. to oveur under

! Springer

patgal conditions (authurs, personal observations). In
addition, the foraging bebavior of Ranales consists of in
fust intrusions into male termtosdes until they wre aggres-
sively chased by the male temritory owner (P, L Guazlez-
Gimez, unpublished data). An indireet source of evidenco
indicating tat female 8. sephaniodes may be much more
mobile than males comes from the capture rates for both
sexes in mist mets. When nets were digtributed in the
landseape in @ pattern unrelated to the Tocation of flowess,
females were captured in a much higher proportion than
males {approximately 3:1; see sample sizes in Methods).
This difference can be partially explained by the Fact that
more mebile birds bave a higher probabiliiy of being
captured jn mist trels (Remsen and Good 1996). In contrast,
when the pets were placed close o flowering patches in
order (v maximize the chances of capturing Firccrowns
{ic., Tor studeat trining), the captures of males signifi-
canfly outnumbered those of femules (C.F. Estudes,
pemonal observation).

The aim of the study reported here wos to analyze
whether morphometric data indicate the presence of dif-
ferential plenotypiv selection pressure on wing length and
bill size for female and male 5. sephaniodes, We tested the
prediction that, if competition for resourves prostotes
sextial dimorphism as » selective pressure, males should be
under fiegative directional selecdon for wing length and
show no selection for bill size, while females should
mdergo positive directionat selection For bill size and wing
lengtls, Tn onr analysis we used body condition as # fitness

PrOXY.

Methods

We worked with §. sephaniodes o the coastal Mauline
forest region of central Chile [rom 1999 until 2606, We
caugly binds using mist nets as pant of a larger project
aimed at sdying the entre avifauna of the arew. For each
bird, we measured folded wing length (distance from carpal
jotnt to the tip of the Jongest primary), bill length (ie.,
exposed culmen), tarsus Jength, total length, tail length, and
body weight. We sampled a total of 106 males and 344
females. Folded wing Jength was messured to the nearest
millimeter with a ruler, while bill and trsus length were
measured to the nearest 0.1 mm with Vernier calipers.
Wing disc londing and power hovering were caleulated
following Feisinger ond Chaplin (1975}, Differences
between males and females were assessed through a Hest.

Assesstent of phenotypic selection

The ideal approzch fo assessing phenotypic selection is the
use of a direct measure of ftness, such s reproduetion or
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survival, However, lesting the association of wing and bill
length and direet moasures of ftness in free-living Green-
backed Firecrowns is a formidable task due to their
migratory character, non-variable clutch size, and polyga-
mous reproductive system with no panticipation of males in
rearing tasks, among others, Therefore, we wsed a body
condition index as 1 suogate for individual fitness due to
the close relation between the probabifity of surviving high
thermoregulaory demands and the bedy conditions of
individuals.

To aveid the sampling bius dee w interannual varistion
in selective pressures, we performed a phenotypic selection
unalysis on wing length and bill sizs for males (# = 47) and
females (n = 150) using dara from Juntary 1999 until
November 2000. To evaluate the patential of the traits Gi.e.,
wing and bill lengil)) to evolve wnder solection, we used
multivariate sttistical techaiques, eslimating the finear wnd
nonlinear selection coefficients by following the method-
ology of Lande and Amold (1983). Multipke sclection
analyses enabled us 1o estimate direct linear and nonlinear
selection pradients as 1 measure of direet selection acting
on a tait, while holding the effects of other traits constant.
This provides information en the swength, dircction, and
form of the within-generation selseton surface (Lande and
Arnold 1983: Lynch and Walsh 1998),

Ta describe the dineet force of selection acting on the
phenutypie character 4, excluding indirect selection, we
applied the molivariste model of Lande and Amold
(1983):

”
=0+ frte 0]
=]
where « is & constant, ff; represents the averape slope of the
selection surface in the plane of the character /, and & is an
eror term. In Eq. 1, the Tinear gradient of selection, f,
provides information on e directlon and magnitude of the
cliange expecied afier cumren selection. The nonfinear
selection  gradients, 7 {Hq.2), deseribe the mature of
selection on quadratic deviations from the mean for both
single and pairwlse combinations of chargcters. Nonlinear
grdients were estimated from the second-onder coefficients
ol the following model:

T n 1 L]
w= H‘FE Bz +7|,'Z ik ZZ'}?}EIZJ‘H 163

Tl “iel il 1=}

where %y tepresents the curvatwe of the relationship
between the character 7 and relative fimess, A value of
¢ < 0 implics downward voncavity und stabilizing selec-
tion acting upon the chusactes, while 7 > 0, reflects upwand
concavity, implying disruptive selection. The correfational
selection gradient, vy, reflects the extent to which selection
acts upon thecomrelntion of wraits fand f, The significance of

f# and 7 in Bgs. 1 and 2, respectively, was detenmined
direcily from the regression coefficients afier the effeets of
all ofhier panuneters had been removed (Medel et al. 2003),
Tndividual measures of fitness {body condition index—ie.,
bady mass/tarsus Tength) were converted to relative fness,
with a mean valueof 1within apopulation. Wing lengthand
bill size were standardized to o mean of zero and unit vari-
ance. Thus, the selection coelficionts presented here are
standordized selection coeflicients.

Results
Mogphometric data

Total bedy lengil and wing leagth were significantly higher
for males {males were F25-fold heavier thun females:
Tuble 1}.Tncontrast, females had bills 1.11-fold longer than
those of males. Tarsus fength wos independent of ather
morpholugical measares, suchas tofal body length and body
mass for males (R = 0.020, Fa = 046, P =0.64) and
females (RY = 0.019, Faygy = 146, P = 024). Wing disc
foading and power hovering were significandly higher in
males than in females (Tuble 1).

Selection analysis

For ferales, the multiple linear regression mode] of relutive
body condition index on wing Jength and bill size, including
e interactions between the truits, was significant, sug-
gesting that at Teast one of the traits might be signiicandy
related to fitness (Fsyas = 3701, P = 0.003, B = 0.11}.
The linear selection gradient was positlve und significant for
wing length and culmen size (Table 2, Fig. 1). The multiple
wont-linear regression model of rwlative fimess (body con-
dition index} on wing and bill lenzth wus nok significant,
indicating that there is na evidence of stabilizing, diswuptive
or correlational selection ot the traits. In this contexy,

“Fable ¥ Morphumetsic data froem maales 1md femades of Sephanoides
sephaniodes

Measure Maled Females tradny
{8 = 106) =31

Weight (g) 5935 20068 4736 0433 16997
Redy size {cm) ML152 £ 0028 G758 L0018 —)1.330=
Wing kergth (sm} 6239 20025 5670 & G015 1873+
Bk fengh (em) 1426 £ 0016 L5 20008  FEEP
Tusus kngth (em) 0,691 20010 0667 20018 0658
Wing dise Toading (W31 £ 0000 00X 0000 —2.221*
Power hovering L35 L0089 12124 H0MME 22267
* P < 005 ¥ P ilind
Values ace the mnean & standard eemor (SE}

£) Springer
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Tulle? Linear (f; & SE), monfinear (ya & 85), and cecrelatons] (g = SE) seleelion mrudientt on wing Tength ted bill siee in mdex O = 47)

and femiles (m = 150 hummingbirds

Traits [ B £SE P i & SE P yiyk SH P
Fenudes
Wing length 0260 £ 0.084 04x02* 0033 % 0081 0.687 0067 = LK) [1R]:]
Bilt Jength 0228 4 0.083 {3006% 0433 & G083 0.687
Mudes
Wing lengih -(053 & 0.166 0752 0266 % .52 GOS8 0023 £ 0,187 (9
Bilf dength 126 £ 0.182 049t ~{1314 & 0160 [
Significars at * P < 005
a defermined foraging strateay. In fact, for female hum-
- ; mingbirds (i.e., non-tersitorial), the results olour phenotypic
t . 1} sclection analysis showed that wing and bill length are
@ % 2 ] T 1 subjected to positive directional selection pressure. Longes
g Ss1s bills in female humminglirds imply shoter hundling times
l-: Eua and higher maximum necter extraction depehs (Temeles and
25k Roberts 1993; Temelts 1995; Temeles et al. 2002). Thus,
% g g 10 becanse of their Tonger bills, fermales have the potential lo
38 5 o feedd from Jonger flowers than males, and cun do 50 niore
BHE s quickly (Temeles and Roberts 1993). Tuking into consid-
EST 0a eration the fact that females frequently gre intruders in mele
[ tervitaries, longer bills represent un advantageous trait, In
& comast, the positive directional selection on wing length in
‘:?p females could be explained by the pusitive effect of longer

Fig 1 Sufuce of selection of relative body index condifion
(k.. fitress) on wing and culmen Jengih in hemmingbind fomales

females with longer bills and wings have higher a body
condition index (Table 2}, our surrogate [or fitness.

For males, althovgh the model of relajive fitness on
swing and bill size was significant {(Fxap = 2.49, F = 0.05,
R = 0:.23), the lincar selection gradient model was nefther
significant for wing length or eulmen size nor for their
interactions, shggesting that dircctional selection pressure
is not acting on these traits (Table 1), Nonlinear selection
gradients on wing and culman size and their interactions
were also nonsignificant, suggesting thot stabilizing, dis-
suptive, and correlational selection pressures are nat aeting
on wing and bill length in mafes (Table 2).

Discussion

Natural selection should favor phenotypes that increase the
abilities of individuals to exploit resourees efficiently given

4 springer

wings on energy saving during the long tips between dil-
ferent male territories. Additionally, S, sephaniodes is a
partially migratory species. moving northwards during the
austral winter (Ortiz-Crespo 1986), Namral selection tends
to favor Tong wings. thereby reducing the energetic costsof
the Jong trips of migratory species (Hainsworth und Wall
1972 Feisinger and Chaplin 1973). Thus, there may be tvo
selective forces acting in the some direction (i.e., comge-
tion and migration). This fact could explin why beta
gradients are sinificantly higher for wing length than bill
length (fa9g = 260, P < 0.01). The Tatter sheds Tight on
why there are greas, in the selective Jundscape, where we
found females with long bills, short wings, und low fitness
vahues, indieoting that wing Jength is 4 more preponderant
fuctor for fermale fimess.

In contmast, in males, neither bill nor wing lengths were
subijeet to selection. Territorial behavior likely couses the
relaxation of the handling Gime as a seleeive pressure on
males because of the relatively unlimited aveess that they
have o the floral nesourves contained in their territorics. On
the other hand, we had expected to find evidence of u neg-
afive seleciive pressure on male wing length due 1o the
importance of acceleration pawer on the ability to defend the
territory by chasing ind fighting intuders, We suggest two
possible explasations for the lackof such an effect. Altshuler
and his colleagues (2004 conducted a pooted analysis with
broad taxonemic sampling through an elevational mnge of
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3500 m and concluded that wing dise loading is n poor
predietor of the competitive ability of hummingbirds ut high
elevativas; however. at low elevations, this conclusion is
Tessabsolute {Altshuler et al. 2004; Alishuler 2008). For two
species efterritorial hunmingbizds in the Colorade Rockies,
success at dominnting the preferred resource shifted across
elevations. Long-winged §, platscercus males were subor-
dinate to short-winged §. mfhs males at low elevations but
were dontinant at high elevations (Alshuler 2006). There-
fore, the fact that nawml selection does not favor
proportionately shorter wings In 5. sephaniodes could con-
fism that wing disc Joading is not 2 good indicator of
competitive ability, even at low altitudes, Second, as men-
tioned easlier, natural selection tends 1 favar long wings in
migratory species (Feisinger and Chaplin 1975; Hainsworth
and Wall 1972). Therefore, the absence of phenotypic
selection on male wing length cauld be the result of two
opposite selective pressuns {negative effect of compelition
and positive effeet of migration) acting on this wait,

Since the time of Durwin, sexual selection has been
considered ns one of the main forces promoting sexual
dimorphism, either through mate competidon or mate
ehoice (Darwiny 1871). We cannot reject sexual seleetion
acting on sexvally dimorphic wuits in 5. sephaniodes;
wevertheless, i our assemption that o body conditon index
is 2 good sumogate variable for fitness, this study strongly
suppests that nuural selection may be promoting sexual
dimomphivm in trits that are. closely related to forging
ecology and resomrce exploftation struegy in order 1o
optimize the resource exploitation and diminish the costs of
direct eompetition.

Zusanmmenfnssung

Fordert natiicliche Selektion Geschilechtsdimorphismus
beim Chilekolibri?

Bei vielen Kolibriarten gibt cs ein enfgegengescizies
Muster von Gesehlechtsdimorphismus in der Schna-
bellinge und anderen morphometrischen Maben der
Kimpergrife, Diesc Unterschiede scheinen eng mit Un-
terschieden in der Nuhrungstkologic und dementsprechiend
mit unterschiedlichen Strategien der Ressourcennutzung
msammenzubingen, Das Ziel dieser Swdie wor es,
abzuschiitzen, ob natdlrliche Selektion ilber Fliigelliinge und
Sclinabelgrole aul Kolibrimiinnchen und -weibchen mit
unterschisdlichen Ressourcennutzungsstrategien {dh. ter-
titeriale Minnchen und nicht-territoriale Weibehen) wirkt,
Falls Ressourcenkenkurrenz als  Selekdonsfoktor Ge-
schilechusdimorphismus fiirdert, scllten Minnchen negativer
gerichteter Selektion iiber die Fliigelkinge, nicht jedoch
die Schmbelprife avsgesetzt sein, wiliend Weibchen

pusitiver gerichteter Selektion tber Fiiigellinge und
SehnabelgriBe unterworfen sein sollten. Movphometrische
Daten tilr Mainachen Jassen daraul sehlieBen, doss keine
Selektivn Gher Fligellinge und Schnubelgribe erfolgt. Tn
Gegeusaiz dazn worde bei Weibclen positive gerichtete
Selektion ber beide Mabe [estgestelll, Obwohl wir nicht
ausschlieBen kinnen, dass bier sexuelle Selektion ouf
gesehlechisdimorphe Merkmale wirkt, deutet diese Studie
duraul bin, dass natfiriche Selekiion Geschlechtsdimor-
phismus in Merkmalen [rdemn kdnnte, die eng mit der
Nalrungsikologie und den Ressourcennutzungssirilegien
von Kolibrs zusammenhidngen,

Ackniledpruents  The data upon which this stwdy was bused were
chigired with the help af & Fondeeyt gramt (1990786} to C. Estedes.
We tlunk R, Medel and L. Edon for comments on the manseript.
The experinents comply with Chilesn currentJaws.
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SUMMARY

Episodic memory involves the ability to recall individual past events, involving what,
where and when an event has been experienced. Sexual differences in episodic-
like memory in non-human animals have not been described up to the present. In
the Green-backed firecrown hummingbird, which has territorial males and
opportunistic females, we evaluated the ability to recall the location, quality, and
renewal rate of nectar of the most rewarding flowers among several less rewarding
flowers with identical visual cues. The significantly higher cognitive performance
observed in males appears to be closely related both to different resource
exploitation strategies and to different selective pressures acting upon males and
females. The different cognitive performance observed among individuals and
sexes produced dramatic differences in the energy gained. Our results strongly
suggest that complex cognitive traits can be modified by selective forces from the
environment inhabited by individuals, and therefore are potentially tied fo thelr

survival probabilities.
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INTRODUCTION

The ability to recall individual past events, involving what, when and where an
individual event has been experienced, has been called episodic memory(Tulving
1972, Tulving 2002). This kind of memory must be flexible to the acquisition of new
information in novel situations(Clayton et al. 2003, Clayton et al. 2005).
Additionally, the integrated representation of its elements implies that when one
element is recalled (i.e., answering the when question), automatically the others
are recalled as well (what and where). The ecology of different species strongly
suggests that episodic memory should be frequently present {Clayton and
Dickinson 1998, Emery and Clayton 2001). Nectivorous animals such as
hummingbirds experience flowers containing nectar with different characteristics
that are not evaluable through visual cues {Irwin 2000). Nectar varies in spatial
location, concentration and renewal rate, therefore a hummingbird that remembers
where, what and when the nectar will be available will obtain the highest quantity of
nectar. Numerous experiments have demonstrated the ability of hummingbirds to
recall the highest sucrose concentration among energetically poorer food sources
(Blem et al. 2000, Gonzalez-Gémez and Vasquez 2006) and their ability to visit
consistently the locations that offer a reward and avoid non rewarding sites in the
absence of visual cues (Cole at gl. 1982, Healy and Huriy 1998). Additionally,
hummingbirds can adjust their flower visits to a determined nectar renewal
schedule (Gill 1988, Henderson et al. 2008). Therefore they are able to remember
what, where and when the nectar is available. Recently, we showed that free-living
hummingbirds can remember in a single event the three components of episodic-

like memory (see Chapter number 3), using the obtained information in novel
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situations. However, that study was carried out exclusively with territorial males.
Many hummingbird species (Trochilidae) have morphological and behavioral
sexual dimorphism (Bleiweiss 1999, Gonzélez-Gomez and Estades 2009). These
differences seem to be closely related to differences in foraging ecology and
resource exploitation strategies (Temeles et al. 2000, Temeles and Kress 2003). In
species where males are territorial and females are not, usually dominant males
secure access to dense patches of nectar-rich flowers while subordinate females
perform rapld intrusions into male territories to raid the good resources, or they are
forced to forage in nectar-poor, scattered resources (Kodrick-Brown and Brown
1978, Temeles et al. 2005). Despite widespread evidence of morphological and
behavioral sexual dimorphism, no experimental studies have empirically evaluated
sexual differences in cognitive abilities to track the availability of high quality
nectar. Sephanoides sephaniodes (green-backed firecrown), a species which
inhabits central and southern Chile, exhibits morphological and behavioral sexual
dimorphism. Males have significantly higher body mass and smaller bill size than
females, and they actively defend feeding territories while females do not.
Gonzalez-Gémez & Vasquez (2006) conducted an experiment with 28 artificial
nectar feeders, which were defended actively by male birds but not by females.
The same pattern seems to oceur in natural conditions (Authors, pers. obs.). In
addition, foraging behavior of females consists of fast intrusions into male
territories until the territory owner chases them aggressively (Authors, pers. obs)
In the present study we evaluated the ability of males and females of the green-
backed firecrown hummingbird to track and recall both the best reward location

(i.e., the flower with the highest nectar conceniration) among several less

68




rewarding flowers (with less concentrated nectar) and the temporal availability of
the best quality nectar. If episodic memory is a sexual dimorphic trait, we expected
that males would retain the location of the best quality flower and they should visit
this position in the period when the best nectar is available. On the other hand, we
expected females to exhibit poorer cognitive performance.

METHODS

The study was carried out during the Austral winter (2008) in-the Andean foothills
in central Chile (33°23'S, 70°31'W, 1100 m a.s.l.). Subjects were six male
(6.8320.2 g, mean * se) and six female (5.420.17 g) of Sephanoides
sephaniodes. The experiment was carried out in a 6.0x6.0x5.0 m aviary. After a
training period of 24h we presented hummingbirds with different nectar qualities.
We offered a feeder with 100ml of 15% weight/weight sucrose (low quality) and an
identical feeder with 30% w/w sucrose (high quality) for 1h. In order to show
hummingbirds the nectar schedules associated with nectar availability and quality,
we replaced the feeders with two artificial flowers capable of holding 80 pL. The
high quality nectar flower was refilled every 10 min after the flower was drained.
The low quality flower was refilled every 5 min. We maintained the temporal
training for one hour or until the subject adjusted its visits to the nectar renewal
rate.

For each trial, in the episodic memory protocol three feeders were assigned to
three randomly chosen points among the nine points of the grid. At the beginning
of each trial, each flower contained 60 ul of sucrose liquid. One flower was refilled
with high quality nectar every 10 min and the other two were refilled with low

quality nectar every 5 min. We performed 6 trials with each subject during a given
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morning. A trial had two phases; in the first phase (search phase), the
hummingbird probed the flowers until it discovered the most rewarding one. In the
second phase (returning phase), the hummingbird faced the same array of flowers.
We recorded the position and the time in which flowers were revisited. After
finishing the revisit to the grid, the trial was ended, and the following trial was
initiated after 10 minutes.

RESULTS

The accuracy of spatial memory was assessed by recording the nectar quality
(high or low) of the first flower visited in the second phase of the experiment. Males
could remember significantly better the position of the best quality flower (Nested
ANOVA,.F1,10=11.37, p<0.001). There were no significant differences among
individuals (Nested ANOVA, F10,55=0.589, p=0.81).The ability to track the interval
when the best nectar was available (i.e., temporal memory performance) was
significantly greater in males than in females (Nested ANOVA, Fq,10=11.16,

p<0.001, Fig 1, Fig 2).
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Figure 1. Adjustment of males green-hacked firecrown hummingbirds to nectar availability
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Figure 2. Adjustment of females green-backed firecrown humminghbirds to nectar availability
schedules of the best nectar source (mean * SE, n= 6 trials for each subject). (*} Significantly
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However, there were significant differences in individua! performances (Nested
ANOVA, F1o56=4.66, p<<0.001, Fig 1, Fig 2).

To assess the ability to remember simultaneously the three elements of episodic
memary, namely, time (when}, spatial location {(where), and the content of the
feeders (what), we performed a Spearman correlation between the identity of the
first feeder (15% or 30%) visited in the second phase of the experiment,
independently of the presence of the reward, and the inter-meal time of the visit.
Males had a significantly better cognitive performance than females {Slope test
ts=14.41, p<<0.001). Males who could successfully remember the nectar quality
and location could accurately recall the timing of nectar availability (Spearman
correlation, t4= 4.1, Spearman R=0.90, p<0.01). In contrast, females could not
recall simultaneously these elements (Spearman correlation, 4= 0.06, Spearman

R=0.12, p=0.91, Fig. 3}.
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Figure 3. Association between spatial and temporal memory of S. sephaniodes. Black dots, males;

white dots, females.

The energetic consequences of the abllity to keep track of the best nectar sources
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was assessed by transforming the mean of nectar obtained to energy units {joules,
hereinatter, j), cotrected for body mass. The energy intake of females was 0.40
times lower than in males, consistent with females being unable to keep track of
the location, quality, and nectar availability intervals in the best flowers (Nested

ANOVA, Table 1).

Source of variation 85 df MS F

Sex 6992 1 6992 10.884***
Sex (Individuals) 14588 10 1459 2271 ~
Error 35974 56 642

Table 1. Effect of cognitive ability in energy reward in males and females of S. sephaniodes. Nested

ANOVA, *** p<0.001, "p<0.05.

As an example of this marked dimorphism, the male who had the best
performance (individual number 1) obtained 10 times more energy than the female
with the poorest performance (individual number 5, Fig. 4), while the male with the

worst performance obtained 2.6 times more energy than this female.
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Figure 4. Energy reward obtained by individuals of green-backed hummingbirds as a result of the
combination of the performance of spalial and temporal memory (mean + SE, n= 6 trials for
each subject), corrected by body mass for males {6.6£0.19 g, meanx se, N=6) in black dots

and for females (5.4220.16 g N=6) in white dols.

DISCUSSION

Sexual dimorphism in cognitive abilities has been recorded in several species of
birds (Clayton et al. 1997, Healy et al. 2009) and mammals (Gaulin and Fitzgeral
1986, Galea et al. 1996). However, those studies have been focused on spatial
cognition and not on complex cognitive abilities such as episodic-like memory.
Cognitive traits such as morphological and physiolegical traits may be shaped by
selective forces of the environment (Balda et al. 1996, Dunlap et al. 2006). The
significantly higher spatial and temporal memory performances of males, and their
ability to remember simultaneously the three elements that define episodic

memory, that is, time (when), spatial location (where), and the content of the feeder
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(what), seem to be closely related to different resource exploitation strategies, with
different selective pressures acting on males and females. This suggests that in
males of the Green-backed firecrown hummingbird, spatial and temporal abilities
have co-evolved linked with their territorial condition. This condition would have
acted as a selective pressure improving memory abilities supported by regular
feeding events, based on remembering the exact location, quality, and time
availability of potential resources. Additionally, we suggest that the increase in
gained energy simultaneously stimulated the territorial defense. For females, in
contrast, a phenotypic selection analysis showed that they possess adaptations
such as a longer bill and wings that make them abte to forage as intruders within
male territories (Gonzalez-Gémez and Estades 2009). Longer bills represent an
advantageous trait, implying that females have the potential to feed from longer
flowers than males, and that they can do so more quickly (Temeles et al. 2002,
Temeles and Roberts 1993). Furthermore, longer wings can allow females to save
energy during the trips between different male territories (Feisinger and Chaplin
1975, Hainsworth and Wolf 1972). The opportunistic strategy observed in females
appears to be consistent with their poor cognitive performance, although we cannot
reject the possibility that females could remember resources at a higher spatial
scale rather than recalling individual flower characteristics.

In the extremely challenging scenario faced by Green-backed firecrowns
composed of cold field winter temperatures (i.e., below -5° C), high metabolism
(Lopez-Calleja and Bozinovic 1995), and low capacity to store energy (Hiebert
1993), differential fitness would be enhanced by superior cognitive abilities in

males, and foraging-selected morphalogical traits in females . For males, the ability
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to keep track of the best nectar sources in order to increase the energy gain rate
may improve survival probability, especially in periods of high thermoregulatory
costs (Hainsworth 1978). in fact, we found individual variability in the ability to recall
the nectar characteristics, which was translated in dramatic differences in energy
intake. Even though females have lower energy requirements due to their lighter
body mass, thelr poor performance strongly suggests that they are using a foraging
strategy that does not involve the tracking of flowers at small scales. In this sense,
individual differences in episodic-like memory performance probably are a sign of
the ability to use an alternative resource exploitation strategy. Although males
showed a significantly better performance than females, their cognitive abilities
showed important individual differences and they were significantly poorer than the
performance recorded for the same experiment in the field with territorial males
(see Chapter 3). Free-living hummingbirds gained 1.33 times more energy than
laboratory individuals (Nested anova F1,14=9.13, p<0.01). One possible
explanation is that in the present study we captured subordinate males to use in
the laboratory. In fact, ten feeders were located immediately next to the mist net,
and during the experiments we observed individuals sharing the feeders (4.33x1.1
birds/15 min™ mean  se), and we did not record any territorial individual defending
the area in 120 min of observation. This hypothesis is consistent with the idea that
cognitive traits can be modified by selective forces from the environment inhabited
by individuals (Balda et al. 1996) but also influenced by their social context (Dally et
al. 2005, Dally et al. 2006). In this scenario, future research is needed to explore

how plastic are complex cognitive abilities faced in contrasting social contexts.
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DISCUSION

La ecologia del forrajeo de animales nectarivoros como picaflores
(Trochilidae) se encuentra estrechamente ligada a las dindmicas del néctar
en las flores y por ello es esperable que habilidades cognitivas les permitan
explotar el néctar eficientemente {Cole et al. 1982; Wolf and Hainsworth
1990). En este contexto una pregunta central es cual es el margen en que
aspectos conductuales como preferencias dietarias o el conocimiento a
cerca del ambiente, puede expresarse dado un escenario de limitantes
fisioldgicas. En fa ecologia del forrajeo de picaflores estas limitaciones estan
dadas por el tiempo de procesamiento intestinal de alimento y la tasa de
vaciamiento del buche, entre otros (Karasov et al. 1986; Hainsworth 1989,
Fernandez et al. 2002). Si bien la fisiologia digestiva de los picafiores impone
un marco en el que se desarrolla la conducta, nuestros resultados sugieren
fuertemente que los picaflores pueden modular, al menos parcialmente la
frecuencia de forrajeo para maximizar fa energia obtenida.

La obtencién de la mayor cantidad de energia derivada del néctar esta
relacionada a la habilidad de recordar, como primer elemento, la ubicacion
de los recursos de mejor calidad. Los experimentos realizados con
Sephanoides sephaniodes en campo muestran que ellos son capaces de
recordar la ubicacién det mejor néctar en ausencia de pistas visuales. Estos
resultados son consistentes con estudios similares en Selasphorus rufus

los que son capaces de revisitar sitios con recompensay evitar los que no la
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eniregan (Cole et al. 1982) y recordar las flores que han visitado pero no
vaciado por completo, en ausencia de pistas visuales (Hurly & Healy 1996).
Estos resultados son también consistentes con otros estudios que muestran
que los sujetos prestan mas atencion a la ubicacién espacial de los recursos
que a sus pistas visuales (Healy & Hearly 1998, Healy & Hurly 2003).

Ademas del componente espacial la dieta nectarivora de los picaflores
impone la necesidad de recordar caracteristicas de jas flores como el tiempo
en que se encuentra disponible el mayor néctar acumulado y la calidad de
éste (Henderson et al 2006). La representacion integrada de estos tres
componentes i) donde se encuentra el néctar, i} a qué calidades de néctar
es posible acceder y iii) cudndo se obtendrd la mayor cantidad de néctar
acumulado ha sido denominada memoria episddica (Tulving 2002; Schwartz
and Evans 2001; Clayton et al. 2003;). Nuestros experimentos, simulando
condiciones naturales, son la primera evidencia a cerca de que nectarivoros
de vida libre que son capaces de recordar los tres componentes de la
memoria episédica de forma integrada y aplicar este conccimiento en
nuevas situaciones, otro de los requisitos de esta categoria de memoria
(Tulving 1972).

Como Henderson et al. (2008) sugirieron, la memoria episddica
debiera ser parte de la vida diaria de nectarivoros territoriales. Aquellos
individuos que logren recordar de mejor manera e incorporar este
conocimiento a su experiencia, aseguran no solo la obtencion de la mayor
cantidad de energia posible dado un parche de flores si no también la

oportunidad de explorar nuevas fuentes de recursos y volver a las de mejor
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calidad (Healy & Hurly 2003). Se encontré una importante variabilidad a nivel
individual en las habilidades espaciales y temporales lo que se tradujo en la
energia obtenida por cada sujeto. El picaflor chico experimenta temperaturas
invernales bajo los -5°C en su rango de distribucion, lo que representa un
escenario extremadamente demandante en términos termorregulatorios
(Lopez-Calleja & Bozinovic 1995). Sumado a lo anterior, las altas tasas
metabdlicas y baja masa corporal de estos animales reducen sus
posibilidades de almacenar energia (Hiebert 1993; Suarez and Gass 2002).
A partir de lo anterior es posible sugerir que diferencias en el éxito de
forrajeo, derivado de diferencias en habllidades cognitivas afectan la
posibilidad de sobrevivencia y por lo fanto, la adecuacion biolégica de los
individuos.

En este contexto la seleccion natural debiera favorecer fenotipos que
incrementen las habilidades de los individuos para explotar los recursos
eficientemente, dado una estrategia de forrajeo. En el picaflor chico, machos
y hembras resultaron tener diferentes estrategias de forrajeo. Las hembras
tienen una estrategia de forrajea no territorial sino principaimente oporiunista
que involucra rapidas intrusiones en los territorios de los machos. De hecho,
presentan picos y alas mas largos que los machos y estan sujetas a
seleccion direccional positiva en estos rasgos lo que les confiere la
posibilidad de acceder a mas recursos, mas rapido y ahorrar energia en
vuelos entre los territorios de machos (Feinsinger and Chaplin 1975;
Temeles and Roberts 1993; Temeles 1996; Temeles et al. 2002). Mas adn,

dado que esta es una especie migratoria, alas mas largas proveerian de un
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ahorro energético durante la migracion (Hainsworth and Wolf 1972). Asi
podrian haber dos presiones selectivas actuando en la misma direccion (i.e.,
competencia y migracion). En contraste, ni alas ni picos de los machos
fueron sujetos de seleccion. El tiempo de manipulaciéon del alimento como
presién selectiva, podria haberse relajado dado que machos territoriales
tienen acceso ilimitado a las flores dentro de su territorio. Por el contrario, se
esperaba encontrar una fuerte seleccion hacia alas mas cortas (i.e., mayores
cargas alares) las que producen mayor poder de aceleracion y por lo tanto
mejor defensa del territorio (Feinsinger and Chaplin 1975). La ausencia de
seleccién sobre las alas podria deberse a dos alternativas. La carga alar es
un pobre predictor de las habilidades competitivas (Altshuler et al. 2004;
Altshuler 2006) o las alas son sujeto de dos presiones selectivas al mismo
tiempo, direccional positiva para ahorrar energia durante la migracion y otra
direccional negativa para defensa territorial.

En términos de habilidades cognitivas el dimorfismo sexual en ha sido
registrado en diversas especies de aves y mamiferos (Gaulin & Fitzgerald
1986; Galea et al. 1996; Jones et al.2003). Sin embargo, estos estudios se
han enfocado principalmente en memoria espacial mas que en habilidades
complejas como memoria episddica. Los rasgos cognitivos tanto como los
morfoldgicos v fisiolégicos pueden ser moldeados por presiones selectivas
(Balda et al. 1996; Dunlap et al. 2006). Nuestros resultados muestran que los
machos recordaron significativamente mejor los tres elementos de la
memoria episodica, es decir, la ubicacién, calidad y tiempo al que estaba

disponible el mejor néctar. La significativa diferencia entre machos y
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hembras en cuanto la habilidad de recordar parece cercanamente
relacionada a diferencias en la estrategia de explotacion de recursos y
presiones selectivas diferenciales actuando sobre ellos. En machos de
picaflor chico, las habilidades temporales y espaciales habrian co-
evolucionado con la condicién territorial. La capacidad de recordar
ubicaciones y tiempos de los recursos en un territorio se habria visto
reforzada por la energia ganada debido a la defensa territorial. Por ofra
parte, la baja habilidad cognitiva de las hembras es coincidenie con
adaptaciones al forrajeo como oportunistas (Hainsworth & Wolf 1972;
Feisinger & Chaplin 1975). Las diferencias en habilidades cognitivas entre
machos y hembras se tradujeron en diferencias altamente significativas en
energia ganada, aun cuando ello se corrigid por masa corporal, lo que
sugiere que las hembras habrian desarrollado rasgos cognitivos distintos a
los machos los que, por ejemplo, les permitieran recordar a escalas
espaciales mas amplias, mas que recordar caracteristicas de flores
individuales.

El desarrollo de habilidades cognitivas complejas hasta ahora solo
habia sido descrito para pocos organismos (Crystal 2009) y alin sin
contemplar los efectos de estos rasgos en la adecuacion biolégica de los
individuos. A través de los experimentos desarrollados, se propone un
contexto evolutivo para explicar la aparicién de la memoria episodica y el

desempefio cognitivo diferencial tanto intra como intersexualmente.
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