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RESUMEN

Es sabido que los patrones y estrategias de dispersién de una especie pueden variar entre
ambientes y evidencia reciente sugiere que rasgos fenotipicos de los individuos
correlacionados con la conducta dispersiva (i.e., sindromes dispersivos) también varian

en funcién del contexto ambiental. Es por ello que los estudios centrados en una sola

poblacién proveen una visién limitada de los efectos de variacidn! ambiental sobre los
patrones y los sindromes dispersivos en una especie. Debido a su rango geografico
extenso con poblaciones establecidas en dreas ecolégicamente disimiles, este trabajo
utiliza al rayadito (dphrastura spinicauda) como modelo para evaluar una posible
covariacién inter-poblacional entre la conducta dispersiva y condiciones ambientales.
Para ello, se consider6 una poblacion aislada en el Parque Nacional Fray Jorge, centro-
norte de Chile, caracterizada por un ambiente fragmentado, densamente poblado y con
altos niveles de estrés fisiologico, y una poblacién menos densa y con menores niveles
de estrés en isla Navarino, sur de Chile, la cual habita un ambiente relativamente
continuo. Combinando datos de captura-marcaje-recaptura (CMR), analisis genéticos y
experimentos conductuales, se determiné que la sobrevivencia, la dingmica espacial
local, la estructura genética a fina escala y las causas y consecuencias de la dispersion
natal y reproductiva varfan de forma predecible .de acuerdo al contexto ambiental. La
di,spersiiﬁn natal en Navarino mostr6 un patr6n aleatorio y no afect6 la condicién fisica o

la reproduccién de hembras y machos dispersantes, lo que explicaria la ausencia de




diferencias en los patrones de dispersi6n entre sexos. Por el contrario, la dispersion natal
en Fray Jorge exhibi6 un marcado sesgo hacia las hembras, con machos filopatricos que
conformaron agrupaciones de individuos relativamente emparentados, probablemente
debido a los altos costos asociados con dispersar. La dispersién reproductiva fiie menos
frecuente en ambas poblaciones, pero implicé mayores costos en Fray Jorge, con un
incremento en la mortalidad de las aves que dispersaron con mayor frecuencia durante
su vida, adem;is de una disminucién en el éxito reproductivo de los machos. Los
sindromes dispersivos también variaron en funcién del contexto ambiental,
observandose una relacién entre rasgos de personalidad y dispersién reproductiva
tGnicamente en Fray Jorge, lo que podria haber surgido como una estrategia para reducir
los costos de la dispersion en dicha localidad. Los resultados de este estudio indican que
los patrones, estrategias y sindromes de dispersién varian conjuntamente en funcién del
ambiente local y no son caracteristicas necesariamente compartidas entre poblaciones,

resaltando la importancia del contexto ambiental en la determinacién de la conducta

dispersiva de los organismos, como ocurriria con cualquier rasgo de historia de vida.




SUMMARY

It is known that dispersal patterns and strategies can vary in distinct environments, and
recent evidence suggest that phenotypic traits that are correlated with dispersal behavior
(i-e., dispersal syndromes) also show context-dependent variation. Therefore, studies
focused on single populations provide a limited insight into the effects of environmental
variation on species dispersal behavior. Given its wide geographic distribution with
populations occurring along ecologically differing localities, this study uses the Thorn-
tailed Rayadito (dphrastura spinicauda) as a study model to assess a potential
interpopulation covariation between dispersal behavior and environmental conditions.
Two contrasting environments were considered for this, including an isolated population
in Fray Jorge National Park, north-central Chile, which represented a fragmented and
densely populated environment with high levels of physiological stress, and an
uncrowded population with lower stress levels in Navarino Island, southern Chile, which
inhabits a relatively continuous environment. Combining capture-mark-recapture data
(CMR), genetic analyses and behavioral experiments, it was observed that survival rates,
local spatial dynamics, fine-scale genetic structure and the causes and consequences of
natal and breeding dispersal predictably vary according to the environmental context.
Natal dispersal in Navarino showed a random pattern and did not affected the physical
condition or the breeding performance of dispersed females and males, which would be

in accordance with the absence of sex-biased dispersal. On the contrary, natal dispersal




in Fray Jorge was female-biased, with highly philopatric males conforming clusters of
genetic relatives, probably due to the higher costs of dispersal. Breeding dispersal was
far less frequent in both populations, but implied higher costs for birds in Fray Jorge,
with an increase in mortality rates for those individuals frequently engaging in dispersal
throughout their lives, and also a decrease of males’ breeding success. Dispersal
syndromes also varied according to the énvironmental context, and a relationship
" between personality traits and breeding dispersal was observed only in Fray Jorge,
which could have arisen as a strategy to reduce dispersal costs in this locality. Results
from this study suggest that dispersal patterns, strategies and syndromes covary as a
function of the local environment and are traits not necessarily shared between

populations, highlighting the importance of the environmental context as a causal factor
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of dispersal behavior, as should occur with any life history trait.




INTRODUCCION

La dispersién es considerada como un atributo conductual de los individuos y un rasgo
de historia de vida con multiples consecuencias a distintas escalas espaciales y
temporales, desde la colonizacién de un ambiente nuevo por unos pocos individuos hasta
la estructuracién espacial de poblaciones y la dindmica de los rangos de distribucién de
las especies (Duckworth y Badyaev 2007, Cote et al. 2010, Clobert et al. 2012). Esta
conducta puede involucrar el movimiento de un individuo desde su area natal hacie; una
eventual drea reproductiva (i.e., dispersién natal), o el desplazamiento entre 4reas
reproductivas sucesivas (i.e., dispersin reproductiva). La dispersién implica numerosos
riesgos, ya que los dispersantes incurren en una serie de costos que pueden deberse a una
conformacién del paisaje que desfavorezca el desplazamiento y asentamiento, a un alto
gasto energético en la busqueda de un parche de hsbitat adecuado, a la inadecuada
seleccion de un 4rea y/o a la falta de familiaridad con el habitat, entre otros (Clobert et
al. 2001, 2012, Bowler y Benton 2005). Dados los miiltiples costos, se ha propuesto que
la dispersién evolucionaria en las poblaciones como una estrategia que permitiria )]
evitar las interacciones competitivas entre parientes o co-especificos, (ii) evitar los
efectos adversos generados por la endogamia y (iii) responder de forma adaptativa a
ambientes variables espacial o temporalmente (Bowler y Benton 2005, Matthysen 2012,
Starrfelt y Kokko 2012). Una vez que la dispersién ha evolucionado, multiples factores

proximos podrian generar que los individuos dispersen de un lugar a otro, incluyendo las
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interacciones intra e inter-especificas, la razén de sexos poblacional, el grado de
parentesco entre individuos, la calidad del hébitat, las caracteristicas del paisaje, entre
otras (Bowler y Benton 2005, Clobert et al. 2004, 2009).

Los patrones (i.e., frecuencia, distancias y sesgos en la dispersion) y estrategias
de dispersién en poblaciones naturales suelen ser el producto de una compleja
interaccién entre multiples factores ambientales (i.e., extrinsecos) y rasgos de historia de
vida de las especies (i.e., intrinsecos). Dicha interaccién puede afectar los costos y
beneficios asociados conlla dispersion, generando en ultima instancia diferencias inter-
individuales en la propensién a dispersar, ademés de variaciones inter-poblacionales
(Matthysen 2012). La dispersién sesgada al sexo, por ejemplo, dependerad de las
diferencias entre hembras y machos en las presiones ecolégicas y sociales que afectan el
comportamiento dispersivo, las que a su vez variardn en funcién del tiempo/energia
invertidos en la competencia por territorios o parejas versus el esfuerzo parental
individual (hipotesis de sistemas de apareamiento; Arcese 1989). Esto quiere decir que
las diferencias observables entre poblaciones o especies en la dispersién sesgada al sexo
pueden ser producto de la estacionalidad en la formacién de parejas, los roles sexuales
en la defensa territorial y la seleccion de é4reas para la reproduccién, la contribucion
relativa de ambos sexos al esfuerzo parental, la saturacién del habitat, y las
oportunidades para reproducirse (Wolff y Plissner 1998, Arlt y Pért 2008). En especies
socialmente‘ monogamas, por ejemplo, la presencia de un leve sesgo hacia las hembras o
la ausencia cie diferencias entre sexos es el patrén dominante (e.g., Clarke et al. 1997), lo
que se explicaria por una relativa simetrfa en los roles de cada sexo en la competencia

por territorios reproductivos y/o en el cuidado parental.




En general, la dispersién natal es més comun que la dispersién reproductiva en
las poblaciones, ademds de involucrar un mayor ntimero de individuos y abarcar
mayores extensiones geograficas (Greenwood y Harvey 1982). La fidelidad al lugar
natal es menor que a los sitios reproductivos en varias especies de aves y mamiferos
(Greenwood 1980), y al menos en aves, el grado de filopatria parece incremen%ar con la
edad (Greenwood y Harvey 1982, Clarke et al. 1997). La dispersién natal ocurre como
respuesta a numerosas causas (véase arriba) y su preponderancia se explicaria por la
mayor movilidad, mayor propensi6n al riesgo y carencia de territorios y/o recursos para
defender por parte de los individuos jévenes (principio de Dproteccion de recursos; Clark
1994). La dispersién reproductiva, en cambio, estd més ligada a la calidad del habitat
seleccionado para la reproduccidn, al éxito reproductivo de los individuos o de sus
\
vecinos y a la sobrevivencia de los miembros de las parejas sociales/reproductivas
(Greenwood y Harvey 1982). El hecho de no responder necesariamente a los mismos
factores implica que la dispersién natal y reproductiva podrian estar sujetas a distintas
presiones en una misma poblacién, mostrando patrones contrastantes (Hinde 1956).

Ademas de la conocida influencia de Ia edad y el sexo sobre la propensién a
dispersar (Bowler y Benton 2005, Matthysen 2012), es sabido que otros aspectos afectan
la probabilidad de dispersion de los individuos, incluyendo rasgos fenotipicos variados
(Ronce y Clobert 2012), la condicién fisica y las condiciones ambientales (Bowler y
Benton 2005, Matthysen 2012). La asociacién entre rasgos fenotipicos y dispersion ha
sido observada en varios organismos y es denominada dispersién Jenotipo-dependiente
(Bowler y Benton 2005, Clobert et al. 2009). A su vez, al conjunto de rasgos fenotipicos

consistentemente asociados con la conducta dispersiva de los individuos se les denomina




sindromes dispersivos (Cote y Clobert 2012, Ronce y Clobert 2012). La asociacion entre
la dispersi6n y la morfologia ha sido muy bien documentada en plantas e invertebrados,
pero en vertebrados existe poca evidencia de ello (e.g., la rata-topo desnuda
Heterocephalus glaber; O’Riain et al. 1996). En contraste, la co-variacién con rasgos
fisioldgicos o de historia de vida ha sido descrita en estos tres grupos (Bonte et al. 2012,
Ronce y Clobert 2012). En cuanto a los rasgos conductuales, varios autores sugieren que
la dispersion est4 relacionada con la variabilidad conductual de los individuos (Ronce y
Clobert 2012); los individuos no dispersantes suelen ser menos agresivos (Duckworth y
Badyaev 2007, Duckworth 2008), més sociales (Cote y Clobert 2007), mas propensos a
colaborar (Sinervo y Clobert 2003), menos exploradores (Dingemanse et al. 2003), mas
aversos al riesgo (Dingemanse y de Goede 2004) y menos audaces (Fraser et al. 2001)
que los dispersantes.

Los estudios sobre dispersién fenotipo-depenciiente estan restringidos a pocas
especies y/o poblaciones de una misma especie, lo que limita la generalidad de sus
c;nclusiones (Cote et al. 2010). En aves, solo dos especies han sido estudiadas con
relativo detalle, habiéndose descrito la existencia de sindromes dispersivos en ambas
(Cote et al. 2010, Ronce y Clobert 2012). Estudios en el carbonero comtin Parus major
en Europa indican que las distancias de dispersién estan relacionadas con la conducta
exploratoria de los individuos, donde individuos con mayores indices de exploracién en
aviarios experimentales recorren mayores distancias durante la dispersion natal
(Dingemanse et al. 2003). En el azulejo de garganta azul Sialia mexicana en

Norteamérica, los machos dispersantes que inmigran a un 4rea para establecer un

territorio muestran mayores niveles de agresividad que aquellos que eclosionaron o se
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han reproducido anteriormente alli (i.e., residentes; Duckworth 2006, 2008, 2009,
Duckworth y Badyaev 2007). En ésta tltima especie se ha enc;)ntrado, ademas, que la
variacién en algunos rasgos morfolégicos (e.g., longitud del tarso y del ala) entre
residentes y dispersantes se asocia con sus patrones de uso del espacio y su éxito
reproductivo en los tipos de hébitat seleccionados (Duckworth 2006a). La teoria y
evidencia empirica asociada no solo sugiere que la propensién a dispersar es heredable
(Hansson et al. 2003, Sinervo et al. 2006, Doliguez et al. 2009), sino que al estar
correlacionada con la habilidad para dispersar (Verhulst et al. 1997), los sindromes
dispersivos también serfan heredables, dada la integracién genética y funcional entre
dispersién y algunos rasgos morfologicos y conductuales (e.g., agresividad, conducta
exploratoria; Duckworth y Kruuk 2009, Duckworth 2012, Korsten et al. 2013). Sin
embargo, también es sabido que las condiciones ambientales experimentadas por un
individuo a lo largo de su ontogenia influencian su propensién a dispersar, un fenémeno
denominado dispersion condicién-dependiente (I;ns y Hjermann 2001). Algunos
trabajos en reptiles (Sinervo et al. 2006) y aves (Le Galliard et al. 2003, Tschirren et al.
2007, Duckworth 2009, Duckworth et al. 2015) han mostrado que las condiciones
ambientales experimentadas por hembras reproductivas afectan el fenotipo de su
progenie a través de efectos maternos, regulando la expresién de los rasgos asociados
con la dispersién y su probabilidad de dispersar. La informacién que un individuo
obtiene de su hébitat (i.e., informacién externa) y su condicion fisica (i-e., informacién
interna) también pueden tener efectos sobre subsecuentes decisiones relacionadas con

dispersar, flexibilizando las estrategias individuales (Ims y Hjermann 2001).




Si bien la dispersién ha sido tradicionalmente concebida como un rasgo fijo de
poblaciones y especies, evidencia creciente sugiere que se trata de una respuesta flexible
a las condiciones ecoldgicas y sociales imperantes (Bowler y Benton 2005, Cote y.
Clobert 2012, Duckworth et al. 2015). Por ejemplo, diferencias en los niveles. de
competencia o heterogeneidad ambiental entre poblaciones pueden incrementar la
variabilidad en los costos asociados a la dispersion (Wheelwright y Mauck 1998, Ward y
Weatherhead 2005). Ademds, ambientes més competitivos podrian promover la
expresién de mayores diferencias fenotipicas entre dispersantes y no dispersantes,
mientras que dichas diferencias se cancelarian si las presiones sobre la dispersién son
menores (Spinks et al. 2000, Aragén et al. 2006). Por ende, la variabilidad ambiental
puede afectar las causas y consecuencias asociadas a la dispersién (Verhulst et al. 1997,
Eeva et al. 2008, Terraube et al. 2014), las caracteristicas de los individuos dispersantes
y la variacién en la expresion de los sindromes dispersivos (Cote y Clobert 2012), y
consecuentemente, los patrones de dispersion local (Hawkes 2009, Matthysen 2012).
Esta variacion asociada al ambiente se conoce como dispersién contexto-dependiente
(Clobert et al. 2012).

Dada esta aparente flexibilidad en la conducta dispersiva (véase Clarke et al.
1997), los estudios centrados en una sola poblacién proveen una visién limitada de los
efectos de un ambiente cambiante sobre los patrones y los sindromes dispersivos en una
especie (Spinks et al. 2000, Bonte y Saastamoinen 2012). Algunos trabajos han
mostrado como condiciones ambientales variables afectan las causas y consecuencias de
la dispersion (e.g., Eeva et al. 2008, Terraube et al. 2014), pero las comparaciones inter-

poblacionales en respuesta a la calidad del ambiente local y la densidad poblacional atin
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son escasas (e.g., Verhulst et al. 1997, Spinks et al. 2000). Adicionalmente, no hay
evidencia concreta sobre co-variacion de patrones, estrategias y sindromes de dispersién
en distintas poblaciones, lo cual proveerfa un visién tUnica para (i) inferir si las
diferencias entre poblaciones implican la variacién conjunta de mltiples rasgos
fenotipicos (Matthysen 2012); (ii) determinar la prevalencia de distintos patrones bajo
escenarios contrastantes (Clarke et al. 1997); (iii) entender las bases ecoldgicas y
conductuales de las decisiones individuales respecto a la dispersién (Bowler y Benton
2005); (iv) comprender cémo la variabilidad ambiental mantiene el polimorfismo en
estos rasgos a lo largo de la distribucién de una especie (Matthysen 2012); y (v) predecir
la respuesta de las poblaciones a variaciones en las fuentes de estrés ambiental que
pueden encontrarse en el espacio o el tiempo (Le Galliard et al. 2012). Debido a su
amplio rango geografico con poblaciones establecidas en 4reas ecologica e
histéricamente disimiles (Gonzalez y Wink 2010, Quirici et al. 2014), el rayadito
Aphrastura spinicauda (Furnariidae) es un excelente modelo para comparar la
dispersion natal y dispersion reproductiva en localidades cgntréstantes.

El rayadito es un ave distribuida en los bosques templados del centro y sur de
Chile y el sur-occidente de Argentina, llegando hasta las islas Malvinas, el archipiélago
de Cabo de Hornos y la isla Diego Ramirez (Figura 1). Esta aparente capacidad de
colonizar hébitats remotos son caracteristicas poco comunes en los miembros de la
familia Furnariidae (Remsen 2003). Algunas de las poblaciones del borde norte del
rango de distribucién continental experimentan aislamiento con respecto a las demés
poblaciones (Gonzélez y Wink 2010, Yafiez 2013), habitando remanentes de bosques

hiimedos completamente rodeados de matorral sub-xerofitico, como es el caso de la
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poblacién del Parque Nacional Bosque Fray Jorge (Villagran et al. 2004, del Val et al.
2006). Si bien la vegetacién de bosque exhibe altos grados de fragmentaci6n al ’sur de
Fray Jorge, hasta la VI y VII regién, las poblaciones més australes, desde las zonas
cordilleranas de la VII regién hasta la regién de Magallanes, incluyendo las islas

cercanas al continente como Tierra del Fuego y Navarino, se ubican en 4reas con mayor

continuidad de la vegetacion boscosa nativa (véase Luebert y Pliscoff 2006).
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Figura 1. Distribucion del Rayadito Aphrastura spinicauda a lo largo de Chile, el occidente de
Argentina y las islas Malvinas. Basado en Jaramillo (2003).
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Similar a otras aves socialmente mondgamas, el rayadito carece de dimorfismo
sexual evidente y los roles parentales son compartidos (Moreno et al. 2007). La conducta
territorial se presenta solo durante la temporada reproductiva, ya que durante las
semanas posteriores conforman bandadas familiares (véase Moreno et al. 2005, Vergara
et al. 2010, Ippi et al. 2011); durante el resto del afio, se observan en bandadas de co-
especificos de hasta 15 individuos o bandadas mixtas (Ippi y Trejo 2003). Debido a que
los machos reproductivos deben establecer su territorio anualmente, es probable que la
compete;mia entre ellos se centre en la blisqueda de 4reas de alta calidad y el rapido
establecimiento de territorios; las hembras por su parte, podrian competir por cavidades
de alta caliélad y un rapido inicio de la reproducciéon (véase Greenwood 1980,
Greenwood y Harvey 1982). Por ende, los costos en los que incurrirfa un individuo
dispersante pueden ir desde el desconocimiento de la ubicacién de zonas de
alimentacion y nidificacion en un territorio nuevo hasta un retardo .en el inicio de la
reproduccién (véase Greenwood y Harvey 1982).

Se ha sugerido que las distancias de dispersién en poblaciones del rayadito del
centro de Chile serfan de ca. 300m (Vergara et al. 2010), por lo que la fragment-acic’)n del
hébitat parece actuar como un importante filiro para su desplazamiento, afectando
ademas su éxito reproductivo (Vergara et al. 2013). Su densidad poblacional parece estar
limitada por la disponibilidad de cavidades (Tomasevic y Estades 2006), siendo la
calidad de las mismas y la conectividad del paisaje los factores mas relevantes para la

seleccion de los sitios de nidificacion (Cornelius 2008, Vergara et al. 2010).

Aparentemente, la fragmentacion del paisaje boscoso implica una mayor exposicién de
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los rayaditos a la escasez de alimento, depredacién de nidos y ¢ostos mas elevados para
dispersar (Vergara y Marquet 2007, Vergara et al. 2010).

Un monitoreo a largo plazo de la biologia reproductiva del rayadito ha permitido
estudiar la variacion intra-especifica de aspectos tan variados como el repertorio vocal
(Ippi et al. 2011), la conducta anti-depredatoria (Ippi et al. 2013) y el estrés fisiologico
en respuesta al contexto ambiental (Quirici et al. 2014). Algunas de las localidades de
estudio cuentan con informacién de captura/recaptura de individuos de ocho afios y se
encuentran ubicadas en los bordes norte y sur de su distribucién geografica (véase
Quirici et al. 2014). Esto brinda una oportunidad tinica para documentar y comparar las
estrategias y patrones de dispersion natal/reproductiva a escala local y determinar la
existencia de sindromes dispersivos en el rayadito. Este trabajo plantea examinar la
variacién inter-poblacional de la conducta dispersiva y sus correlatos en dos ambientes
contrastantes en el centro y sur de Chile: el Parque Nacional Bosque Fray Jorge
(30°38°S, 71°40°W), en la IV regidn y la isla Navarino (55°4°S, 67°40°W), en la XII
region. Fray Jorge corresponde al borde norte del rango geogréfico y representa una
discontinuidad climitica y vegetacional con fespecto a las demés poblaciones
continentales (Luebert y Pliscoff 2006; Figura 2A), en tanto Navarino, se encuentra al
sur de la poblacién continental més austral, pero la variacién espacial de la vegetacién y
el clima es mds homogénea en toda la regién (Gonzalez y Wink 2010, Ippi et al. 2013,
Quirici et al. 2014; Figura 2B). La extension de vegetacién boscosa disponible en las dos
areas de estudio (FJ: 2.4 km? o ca. 45% del 4rea estudiada; Nav: 3.3 km? o ca. 77%;
véase Capitulo 1) y estimaciones de densidad de individuos reproductivos (FJ: 8.2

parejas’ha, véase Vergara y Marquet, 2007; Nav: 2.9 parejas/ha, Botero-Delgadillo,
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datos sin publicar) sugieren que Fray Jorge albergaria una poblacién més hacinada
respecto a Navarino. Las tasas de ocupacion de cajas nido entre 2008 y 2015 (FJ: 17%;
Nav: 10%; Botero-Delgadillo, obs. pers.), aunque deben ser interpretadas con cautela,

podrian reflejar una mayor disponibilidad de cavidades naturales en Navarino.
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Figura 2. Poblaciones de Rayadito Aphrastura spinicauda consideradas en este estudio: (A)
Parque Nacional Fray Jorge; (B) isla Navarino. El area gris representa la distribucién de la
especie en Chile. Basado en Jaramillo (2003).

Ademds, estimaciones de la concentracion plasmatica de corticosterona para adultos y
pollos (FJ: 0.79, 0.92 ng/ml; Nav: 0.49, 0.83 ng/ml; valores Log reportados para
corticosterona) y su relacion negativa con la longitud telomérica sugieren que los niveles
de estrés son mayores en Fray Jorge que en Navarino (Quirici et al. 2014, 2016). De

hecho, se ha propuesto que Fray Jorge seria un ambiente estresante debido a una
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eventual saturacién poblacional (Quirici et al. 2014). En conjunto, los antecedentes
sugieren que ambas poblaciones ofrecen dos contextos ambientales contrastantes, siendo
Fray Jorge una poblacion més aislada y un ambiente mas fragmentado, densamente

poblado y con mayores niveles de estrés que Navarino.

Objetivos
Objetivo General: Evaluar las estrategias, patrones y sindromes de dispersion en el
rayadito Aphrastura spinicauda y su variacién inter-poblacional en dos localidades

ambiental y ecologicamente contrastantes en el centro-norte y sur de Chile.

Objetivos especificos:

1. Determinar y contrastar los patrones locales de dispersion natal y dispersion
reproductiva en dos poblaciones de rayadito expuestas a ambientes contrastantes
en los limites norte y sur de su distribucién.

2. Identificar y contrastar las potenciales causas y consecuencias de la dispersion
natal y dispersién reproductiva a escala local en dos poblaciones de rayadito
expuestas a ambientes contrastantes en los limites norte y sur de su distribucion.

3. Determinar la asociacién entre dispersién reproductiva local y el fenotipo
conductual en el rayadito y contrastar estos sindromes. en dos poblaciones

expuestas a un contexto ambiental contrastante.
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Hipétesis y predicciones

Las hipdtesis y predicciones fueron formuladas de acuerdo a los patrones esperados para
aves socialmente monogamas, de acuerdo a la teoria y evidencia asociada relevante
(Greenwood y Harvey 1982, Clarke et al. 1997, Wolff y Plissner 1998, Arlt y Part
2008), y teniendo en cuenta los antecedentes antes descritos sobre la biologia

reproductiva y ecologia espacial del rayadito.

Hipétesis 1. Los patrones locales de dispersion natal y dispersiéon reproductiva de
hembras y machos son dependientes del contexto ambiental local y son mas
contrastantes en poblaciones que ocupan paisajes mas heterogéneos o habitan ambientes
densamente poblados.

Predicciones:

a. En un ambiente continuo y menor densidad poblacional (Navarino), la
dispersion natal no estard sesgada al sexo y la distribucién de distancias
de dispersion seguird un patrén aleatorio; por el contrario, se espera un
marcado sesgo hacia las hembras y movin'nientos no aleatorios en un
ambiente fragmentado y densamente habitado (Fray Jorge).

b. Los movimientos asociados a dispersién reproductiva seran més
restringidos que la dispersion natal en ambas poblaciones, pero con un
sesgo hacia las hembras més marcado en un ambiente fragmentado.

c. La estructura genética a escala fina en cada poblacién reflejard los
patrones locales de dispersion natal, esperandose una distribucién

espacial de genotipos no aleatoria en un ambiente fragmentado.
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Hipétesis 2. La importancia de los factores que determinan la dispersion y sus
consecuencias a escala local son contexto-dependientes y reflejan diferencias en las
presiones ecoldgicas y sociales sobre la conducta dispersiva entre poblaciones ubicadas
en 4reas expuestas a ambientes contrastantes.

Predicciones:

a. Factores como la evitacién de la endogamia y/o la evitacién de competencia
intra-especifica serdn las causas mdés probables de dispersion natal en un
ambiente fragmentado y densamente habitado (Fray Jorge), pero no en un
ambiente continuo y con menor densidad poblacional (Navarino), donde la
informaci6n puiblica es probablemente un mejor predictor.

b. La consecuencias negativas en el éxito reproductivo o la condicién fisica de los
individuos después de la dispersion natal son esperables en un ambiente
fragmentado y densamente ocupado, pero no en un ambiente continuo donde la
densidad poblacional es menor.

c. Independiente del contexto ambiental, la probabilidad de que un individuo
incurra en dispersion reproductiva serd mayor luego de un fracaso reproductivo
(o bajo éxito reproductivo) o posterior a la pérdida de su anterior pareja social.

d. Las consecuencias negativas de la dispersion reproductiva sobre los componentes
de la adecuacion biolégica (éxito reproductivo y sobrevivencia) serdan mayores
en un ambiente fragmentado y densamente ocupado que en un hébitat continuo y

con menor densidad poblacional.
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Hipdtesis 3. La relacion entre la conducta dispersiva individual y el fenotipo conductual
(i.e., personalidad) depende del contexto ambiental local y las diferencias entre
dispersantes y no dispersantes se incrementan en ambientes mas heterogéneos o
densamente habitados.

Predicciones:

a. Los individuos de un ambiente continuo y con menor densidad poblacional
(Navarino) seran en promedio més exploradores, mds agresivos y mas audaces
que individuos en un ambiente fragmentaéo y densamente ocupado (Fray Jorge).

b. En un ambiente con menores restricciones a la dispersién, es decir, mas
homogéneo y con menor densidad poblacional, no se esperan diferencias
marcadas entre individuos dispersantes y no dispersantes; no obstante, en un
ambiente fragmentado y densamente habitado, donde los costos de la dispersién
son presumiblemente mayores, los dispersantes debiesen exhibir una conducta
mas exploratoria, mayor agresividad y mayor properision al riesgo en relacién a

los no dispersantes.
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ABSTRACT

Dispersal is considered a plastic response to the local ecological and social environment.
Given its facultative nature, it is surprising the lack of studies testing for predictable
differences in dispersal patterns in contrasting environments. Here, we combine capturé-
mark-recapture data from eight years (2008-2015) and molecular genetics to examine local
natal and breeding dispersal patterns of a passerine bird, the Thom-tailed Rayadito
(Aphrastura spinicauda), in two localities of Chile: Navarino Island, a continuous and
uncrowded habitat, and Fray Jorge National Park, a fragmented, densely populated and
more stressful environment. Natal dispersal in Navarino showed no sex bias and birds
exhibited a random pattern of territory settlement. In contrast, female-biased natal dispersal
and restricted male movement was observed in Fray Jorge, where delayed breeding also
appeared to occur. Spatial genetic autocorrelation analyses using 13 polymorphic
microsatellite loci confirmed this pattern, as fine-scale genetic structure was detectable for
male birds in Fray Jorge for a distance up to 450 m. Furthermore, two-dimensional
autocorrelation analyses and estimates of genetic relatedness indicated that genetically
related males tended to be spatially clustered. Breeding dispersal was restricted in both
populations and showed no sex bias, although nesting-site fidelity was more frequent for
breeding adults in Fray Jorge. Taken together, our results indicated that apparent survival,
local spatial dynamics, and within population. genetic structure can predictably vary in
localities with contrasting conditions. Our data also suggested that local dispersal patterns
in this passerine bird are context-dependent.

Keywords: Breeding dispersal; capture-mark-recapture; fine-scale genetic structure;

interpopulation differences; natal dispersal; Thorn-tailed Rayadito
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INTRODUCTION
The patterns of dispersal behaviour have been studied in a wide variety of species (Clobert,
Baguette, Benton, & Bullock, 2012). Among birds, the frequency and extent of dispersal is
usually sex-biased (see Clarke, Swther, & Reskaft, 1997; Greenwood, 1980), depending on the
timing of pair formation, the sex roles in territory establishment and selection of the breeding
site, asymmetries in parental effort, habitat saturation, breeding site availability, and reproductive
opportunity (Arlt & Part, 2008; Wolff & Plissner, 1998). Most of the socially monogamous birds
studied up to date exhibit female-biased dispersal, whereas polygynous, colonial breeding and
cooperative breeding birds tend to show male-biased dispersal (Greenwood & Harvey, 1982;
Clarke et al. 1997). The interplay between sex differences in the amount of time/energy invested
in competition for territories and/or mates versus the amount of parental effort is the most
invoked explanation for the extent and direction of such biases (‘Mating system hypotheses’
sensu Arcese, 1989). Other hypotheses piopose that population demography, social dominance,
and inbreeding avoidance could also act as causal factors of sex-biased dispersal (Arcese, 1989;
Szulkin & Sheldon, 2008). |

Dispersal was traditionally considered a fixed trait of populations or species, despite
marked intra-specific variation, but most recent studies suggest it is a plastic response to the local
ecological and social environment (Bowler & Benton, 2005; Cote & Clobert, 2012; Duckworth,
Belloni, & Andersson, 2015). As a result, interpopulation differences in dispersal patterns are
expected under distinct environmental contexts (Matthysen, 2012; Hawkes, 2009). Some
capture-mark-recapture studies have documented temporal variation in the frequency and the
intensity or even the direction of sex-biased dispersal in populations of passerine birds (Eikenaar,

Brouwer, Komdeur, & Richardson, 2010; Komdeur et al. 1995). Moreover, recent studies using
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molecular approaches also show intra-specific differences in dispersal patterns that depend on
habitat availability and/or connectivity (Banks & Peakall, 2012). Documenting variation in
dispersal behaviour and determining the prevalence of distinct patterns under variable scenarios
is necessary to understand the ecological and evolutionary pressures driving such variation
(Clarke et al., 1997), and to predict how populations will respond to specific environmental
changes (Le Galliard, Massdt, & Clobert, 2012). Despite the available studies describing
interpopulation differences in avian dispersal (e.g. Payne & Payne, 1993), comparisons of
dispersal patterns between populations differing in key factors remain rare. Given the apparent
facultative nature of dispersal (Clarke et al. 1997), the lack of studies testing for predictable
differences in dispersal behaviour between populations under distinct contexts (e.g. comparing
populations inhabiting contrasting environments) is surprising.

Here, we combine capture-mark-recapture (CMR) data and molecular genetics to
examine local dispersal patterns of a South American bird, the Thom-tailed Rayadito
(Aphrastura spinicauda), a secondary-cavity nester distributed along an extensive latitudinal
gradient (30°S-55°S) in Chile and Argentina (Remsen, 2003). Given the vast environmental
variation covered by its breeding range, this bird offers an excellent opportunity to assess if
dispersal patterns vary predictably between contrasting environments. As other members of the
family Furnariidae, rayaditos are socially monogamous and lack obvious sexual dimorphism
(Moreno, Merino, Lobato, Rodriguez-Gironés, & Véasquez, 2007). Both sexes incubate the eggs
and almost equally share nestling provisioning (Moreno, Merino, Vasquez, & Armesto, 2005).
There is no information regarding sex differences in territory establishment and nest-site
selection, but it is expected that both sexes are involved, as seems to be the case in other

furnariids (see Remsen, 2003). Rayaditos appear to be limited by the availability of natural
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cavities in secondary-growth and human-altered landscapes (Cornelius, 2008; Tomasevic &
Estades, 2006), and also are negatively affected by forest fragmentation at the local scaie
(Vergara & Marquet, 2007). Although able to colonize distant islands located up to 80-100 km
from the continent, rayaditos seldom fly distances longer than 300 m to cross open areas or
unsuitable habitat (Vergara, Hahn, Zeballos, & Armesto, 2010).

In this study, we focused on two populations of Rayadito located on opposite ends of its
breeding range and differing in habitat heterogeneity, population density and levels of stress. The
first population was located in Navarino Island (55°4’S, 67°40°W), southern Chile (hereafter
Navarino or Nav), which represents a continuous and less populated environment; the second
population, located in Fray Jorge National Park (30°38’S, 71°40°W), north-central Chile
(hereafter Fray Jorge\or FJ), represents a fragmented and densely occupied habitat (sée Methods
for a detailed description of each locality). Taking advantage of the differing conditions present
in these populations, we used eight-year data on individually marked birds to address the
hypothesis that the patterns of local natal and breeding dispersal vary predictably between two
contrasting environments. Although natal and breeding dispersal do not necessarily respond to
the same factors (Greenwood & Harvey, 1982), several studies report how they would be
affected by environmental variability (see below), allowing us to make explicit predictions. Sex-
biased natal dispersal is expected to be absent in socially monogamous birds with similar
parental roles (Clarke et al., 1997; Greenwood, 1980), especially in continuous environments and
uncrowded populations, because dispersal will not be restricted by habitat structure (Winkler et
al., 2005) and the costs of movement may be similar for both sexes as breeding opportunities are
abundant (Weatherhead & Boak, 1986). In contrast, heterogeneous environments and crowded

populations can exert opposite effects, as the first factor can promote longer natal dispersal
{
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distances (Matthysen, Adriaensen, & Dhondt, 1995), while the second would favour natal site
fidelity (Ward & Weather(head, 2005; Wheelwright & Mauck, 1998). This could result in female-
biased dispersal, because selection may favour male philopatry when breeding opportunities are
scarce or when territory quality is highly variable (Ward and Weatherhead 2005). We therefore
predicted (i) no sex-biased and unrestricted (i.e. random distribution of dispersal distances) natal
dispersal in a continuous and less occupied environment (i.e. Navarino); on the contrary, we
expected pronounced female-biased natal dispersal and non-random movement patterns in a
fragmented and densely populated environment (i.e. Fray Jorge). Increased territory fidelity in
adult monogamous birds commonly result in moderately female-biased or unbiasedwbreeding
dispersal (Clarke et al., 1997; Greenwood & Harvey, 1982), although increased male philopatry
can be anticipated under crowded conditions and low territory quality (Bensch & Hasselquist,
1991; Ward & Weatherhead, 2005). Accordingly, we predicted (ii) more restricted movements in
comparison to natal dispersal in both populations, but with moderately female-biased or unbiased
breeding dispersal in the continuous habitat, and more accentuated differences among the sexes
in the fragmented environment, with highly philopatric males and dispersing females. Given the
expected longer distances resulting from natal dispersal events and the limited effect that
breeding dispersal can have on population structure (see Payne & Payne, 1993), we predicted
(i1i) that the fine-scale genetic structure in each population reflects local natal dispersal patterns
(e.g. Beck, Peakall, & Heinsohn, 2008; Double, Peakall, Beck,' & Cockburn, 2005), but not

movements related to breeding dispersal.

METHODS

Study areas
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This study is part of a long-term research on the breeding ecology of the Thorn-tailed Rayadito
in Navarino and Fray Jorge, where 171-222 and 101-157 nest boxes have been offered for
occupation during 2006-2015 in each locality, respectively. Nest boxes were systematically
distributed at regular distances in second-growth forests in Navarino (24 + 0.6 m between nearest
nest boxes; mean + SE) and fo‘rest relicts in Fray Jorge (21 + 2.6 m), and their position was
georeferenced with a 2 m measurement error. The spatial arrangement of nest boxes was defined
after considering previous density estimates of breeding birds (e.g. Vergara & Marquet, 2007).
The study area plot at Navarino covers ca. 4.3 km? in a landscape dominated by sub-Antarctic
forests (Rozzi & Jiménez, 2014; see Supplementary Fig. S1), with woodland habitats comprising
ca. 3.3 km?. The study area plot at Fray Jorge covers ca. 5.3 km®* in a predominantly semiarid
landscape, dominated by matorral steppe (Luebert & Pliscoff, 2006; see Supplementary Fig. S1),
with a relict forest composed of several fragments located in a coastal mountain range reaching
up to 630 m as.l. (del Val et al., 2006; Villagran et al., 2004). Forest fragments range in size
between 0.5-22.5 ha and have a combined area of 2.4 km? (Cornelius; Cofré, & Marquet, 2000).
While birds from Navarino have maintained recurrent gene flow with other rayadito
populations, the Fray Jorge population is isolated (Gonzélez & Wink, 2010; Yéafiez, 2013). Bird
density estimates during the breeding season suggest that Fray Jorge harbours a more crowded
population (FJ: 8.2 pairs/ha, see Vergara & Marquet, 2007; Nav: 2.9 pairs/ha, Botero-Delgadillo,
in prep.), whereas mean rates of nest box use during 2008-2015 indicate there could be a higher
availability of natural cavities for nesting in Navarino (FJ: 18%; Nav: 10%; data from this study).
These data along with recent estimates of baseline CORT levels for 2010-2011 (FJ: 0.79, 0.92

ng/ml; Nav: 0.49, 0.83 ng/ml; reported Log values for CORT by Quirici et al., 2014) and their
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negative relation with telomere length (Quirici, Guerrero, Krause, Wingfield, & Vasquez, 2016)

suggest that Fray Jorge is a competitive and stressful environment.

Field methods !

Data for our study were obtained from eight consecutive breeding seasons (2008-2015) in both
localities. Breeding adults were captured inside the nest boxes when nestlings were 12-14 days
old (see details in Moreno et al., 2005). For this, we used a manually triggered trap when nestling
provisioning took place (Quirici et al., 2014). Adults and nestlings were marked with a
' lightweight, uniquely numbered, metal ring, and a blood sample was obtained afterwards (ca. 17
ul) by puncturing the brachial vein with a sterile needle (Quirici et al., 2014). Blood samples
were stored on FTA™ Classic Cards (Whatman") for subsequent genetic analyses. Dispersal

events were identified based on recaptures of individuals in subsequent years.

Genetic analyses

DNA was extracted from blood éamples using a QIAamp® DNA Micro Kit (QIAGEN® #563 04).
Given the absence of evident sexual dimorphism in rayaditos (Moreno et al., 2007), sex was
determined using one chromosome-linked marker (P2/P8; Griffiths, Double, Orr, & Dawson,
1998). All individuals were genotyped at 13 polymorphic microsatellite loci (Supplementary
Table S1): species-specific markers Asl, As7, As18, As25-1, As25-5, As25-8, As25-10, and
As25-14 (Yéfiez, Quirici, Castafio-Villa, Poulin, & Vésquez, 2015), and the cross-species
amplifying markers Aspl5_ZEST, CcaTgu23 (Olano-Marin et al., 2010), Tgu06 (=CK307697),
Tgu05 (=DV946651) (Slate, Hale, & Birkhead, 2007), and marker ZF_AC138573 (van Oosten,

Mueller, Ottenburghs, Both, & Kempenaers 2016).
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Microsatellite amplifications were performed in multiplex PCR reactions using the Type-
it® Microsatellite PCR Kit (QIAGEN® #206246) and primer mixes containing four to five primer
pairs (mix 1, 2, and 3; Supplementary Table S1). The forward primer of each pair was
fluorescently labelled with é-FAMTM, VIC®, PET® or NED™ (Dye Set GS5; Thermo Fisher
Scientific). Primer concentrations in these mixes were adapte;i due to differences in
amplification efficiency and dye strength (see Supplementary Table S1). Each 10 pl multiplex
PCR contained 15-80 ng DNA, 5 pl of the 2x Type-it® Microsatellite PCR Master Mix, and 1 pl
of one of a primer mix. Cycling conditions were: 5 min initial denaturation at 95°C, 23 (mix1
and 2) or 28 cycles (mix 3) of 30 s denaturation at 94°C, 90 s annealing at the temperature given
in Table S1, and 1 min extension at 72°C, followed by a 30 min completing final extension at
60°C. After amplification, 1.5 ul of the PCR products were added to 13 pl formamide containing
the GeneScan" 500 LIZ® Size Standard, heat denatured and resolved in POP4 polymer on an
ABI™ 3130 Genetic Analyzer (Thermo Fisher Scientific, Darmstadt, Germany). Raw data were

analysed and alleles assigned using the GENEMAPPER 4.0 software (Applied Biosystems).

Data analysis - dispersal estimates and CMR data

All analyses of natal and breeding dispersal were based on CMR data obtained during 2008-
2015. Natal dispersal was defined as the movement between the natal nest box and the first
recorded breeding box, while breeding dispersal comprised movements between consecutive
breeding seasons. The frequency of dispersal (% of dispersing individuals) and the distance
moved (m) by recaptured birds were both used as descriptors of dispersal behaviour (Clarke et
al., 1997). For calculating dispersal frequency, we first applied Dirichlet tessellation

(Aurenhammer, 1991) to model the territories of all breeding pairs in both localities for every

J

[
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year (2008-2015), using the spatial patterns of nest box occupation as input data (Adams, 2001;
Valcu & Kempenaers, 2008). Mean territory diameters were subsequently calculated for each
year/population, and individuals were considered as ‘dispersed’ if they moved over a distance
equal or longer than the upper limit of the 95% confidence interval (CI) of the annual mean
territory diameter (see Valcu & Kempenaers, 2008); shorter movements were defined as
‘natal/nesting-site shifts’, while the absence of movement was referred as ‘natal/nesting-site
fidelity’. Dirichlet tessellation and estimation of territory diameters were performed in the
Analysis tools in ArcGIS 9.3 (ESRI, 2008).

All descriptive analyses and statistical tests were performed with R version 3.3.1(R Core
Team, 2016), using a = 0.05 for hypothesis testing. Within-population comparisons between the
sexes were made for the frequency of dispersal and the distance moved. Fisher-Freeman-Halton
tests of independence were used to assess sex and/or age-related differences in the proportions of
dispersers/non-dispersers (see Eden, 1987), while Kolmogorov-Smirnov tests were employed to
compare the distribution of dispersal distances during natal or breeding dispersal events (Harvey,
Greenwood, & Perrins, 1979; Harvey, Greenwood, Campbell, & Stenning, 1984). Because some
breeding adults were recaptured more than once, K-S tests for breeding dispersal were performed
on two datasets: a first reduced set comprising only the first breeding dispersal distance recorded
for every individual, and a second, expanded set, including all distances from some repeatedly
recaptured birds (Montalvo & Potti, 1992). We used randomization tests to evaluate the spatial
patterns of natal and breeding dispersal for each sex and population, comparing the observed
median dispersal distances against null distributions of medians generated by 1000 Monte Carlo
simulations to calculate exact probabilities (Wheelwright & Mauck, 1998). Simulated distances

were obtained by assigning each breeding individual to any of the ‘available’ nest boxes during
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the year of its recapture, with none of them being assigned more than once in every run (see
Wheelwright & Mauck, 1998). We tested two null models that varied in the probability of
assignment of the ‘available’ nest boxes for each individual: the first was used for testing if
median distances departed from a completely random pattern, using a null uniform distribution
for the probability of assignment (i.e. probability of assignment was equal for all nest boxes); the
second was used to fest if median distances departed from a random-walk search, using an
exponential distribution for the probability of assignment that varied as a function of the distance
from the natal site (Waser, 1985; Winkler et al., 2005). Exponential null distributions were
simulated for each locality based on the regression of the probability of recapture on distance
(Winkler et al, 1995). None of these models assumed age-related social dominance (see
Wheelwright & Mauck, 1998). All randomization tests were run with the coin package in R
(Hothorn, Homnik, van de Wiel, & Zeileis, 2008).

Among-population comparisons were performed to assess if sex-differences in
natal/breeding dispersal distances varied between localities, using generalized linear mixed
models (GLMM; Bolker et al., 2008). Because density of breeding pairs, and therefore, territory
size, can vary between populations and years, the distance moved (m) by dispersing birds frlight
not be directly comparable. Thus, we transformed distances into territory units (Arcese, 1989),
using the mean territory diameter estimated for every year and for each study site. For the natal
dispersal analysis, the full model included bird sex, population of origin and their interaction as
fixed effects, and the natal year and the time interval for recapture (not all nestlings were
recaptured the following year as adults) as random effects. The full model for breeding dispersal
included the same fixed effects, and as random effects we added year.of recapture, bird age

(Montalvo & Potti, 1992), and bird identity, given that some birds were recaptured in multiple
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years (see Ward & Weatherhead, 2005). We fitted negative binomial models with a Log link
function using the Ime4 (Bates, Maechler, Bolker, & Walker, 2015) package in R. We assessed
gooc‘iness of fit of a set of candidate models with AICc values using the MuMIn package (Bartori,
2014), generating a minimum most adequate model by manually removing non-significant
parameters (Crawley, 1993).

Finally, to test the critical assumption that dispersal patterns were not affected by sex-
differences in mortality rates or probability of recapture (Ward & Weatherhead, 2004), we used
two different approaches. For adult birds, we used CMR data to calculate apparent survival
probability (@) and recapture rate (p) using the Cormack-Jolly-Seber model (Sandereock, 2003)
as implemented in MARK 5.1 (Cooch & White, 2008; White & Burnham, 1999). We generated
different candidate models with different restrictions on the parameters (Lebreton, Burnham,
Clobert, & Anderson, 1992), and used AICc values for model selection (Supplementary Table
S2). For fledgling survival, we had to use sex-specific recovery rates as an approximation of
survival given the low recapture rates (see Results). We corroborated the validity of this
approach by calculating the percentage of fledglings recaptured during our study in relation to an
estimation of all surviving post-fledging birds in each locality. This was done by first building a
static life table (see Gotelli, 2008): using CMR data to compute age-specific survival and
fecundity (Supplementary Table S3). Subsequently, assuming no population increase/decrease
during the study period, we calculated fledgling survival rates needed to maintain both
populations constant (i.e. » = 0; Supplementary Table S3). The ratio of recaptured/surviving

nestlings was interpreted as a rough estimate of how representative the recapture rates were.

Data analysis — spatial genetic structure
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All genetic analyses were based on genotyped breeding adults that were captured during 2010-
2015. We tested for linkage disequilibrium separately on datasets for each sex and population,
using exact tests in GENEPOP 4.0 (Raymond & Rousset, 1995). Tests for deviations from
Hardy-Weinberg equilibrium (HWE) and estimation of frequency of null alleles were applied on
the same datasets in CERVUS 3.0.7 (Kalinowski, Taper, & Marshall, 2007). Details on genetic
diversity measures are addressed elsewhere (Yafiez et al., 2015; Botero-Delgadillo, in prep.).

We evaluated sex-differences in dispersal patterns in three ways: (i) spatial
autocorrelation analyses and heterogeneity tests were applied to investigate if local spatial
genetic structure in each population corresponded to dispersal patterns observed with CMR data;
(i) two-dimensional autocorrelation analyses (2D LSA) were implemented to explore how
spatial genetic autocorrelation was distributed in a two-dimensional landscape; and (iii) Mantel
tests (Mantel, 1967) of matrix correspondence were used to evaluate if patterns of isolation by
distance were present at the local scale. Separated spatial autocorrelation analyses were
performed for each sex/population (Nav: 82 females, 79 males; FJ: 69 females, 66 males) based
on all genotyped individuals for 2010-2015 (e.g. van Dijk, Covas, Doutrelant, Spottiswoode, &
Hatchell, 2015). We repeated the same analyses on ‘snapshot’ years to check for possible
temporal sampling effects due to demographic processes (Foerster, Valcu, Johnsen, &
Kempen)aers, 2006; van Dijk et al. 2015), selecting the year with the largest number of
captured/recaptured adults (Nav: 2014; FJ: 2013). Spatial autocorrelation analyses were
conducted in GENALEX 6.5 (Peakall & Smouse, 2012) following the methods described in
Peakall, Ruibal, and Lindenmayer (2003), and Banks and Peakall (2012). For calculating genetic

correlation coefficients (), GENALEX uses pairwise squared genetic and pairwise geographic

- distance matrices, and then plots » values as a function of distance across different distance class




intervals (Peakall, Smouse, & Hubb, 1995). For the geographic distance matrix, UTM
coordinates from nest boxes were entered as input data. Given the difficulties to define a
representative distance that could reveal the extent of non-random genetic structure, we
calculated r for increasing distance classes using the Multiple Dclass option in GENALEX to
define the first distance interval for traditional correlograms (Peakall et al., 2003). We explored
several distance classes ranging from the overall mean territory diameters in Navarino and Fray
Jorge (100 and 50 m, respectively) to the maximum distance between nest boxes in each locality
(2.9 and 4.2 km). The minimum distance class size for which » was significant (150 m; see
Results) was subsequently used as the distance interval for traditional correlograms (Peakall et
al., 2003). Significance of positive/negative autocorrelation values for traditional and Multi
Dclass analyses were assessed by estimating the 95% CI about  using bootstrap reésampling, and
also through 1000 random permutations of bird genotypes to generate estimates of  that would
be obtained by random (rp). We rejected the null hypothesis of no autocorrelation when both
estimations indicated significant non-random genetic structure (i.e. the 95% CI around-r # 0 and
r > 95% CI around rp). Although this is a conservative approach, it is highly recommended when
sample sizes are relatively small (Peakall et al., 2003). Nonparametric heterogeneity tests were
applied for testing sex-differences in the correlograms by computing the # statistic for each
distance class and the correlogram wide ‘Omega’ (o) (see Banks & Peakall, 2012; Smouse,
Peakall, & Gonzalez, 2008).

The 2D LSAs were performed separately for each sex/population, estimating the local
genetic correlation (Ir) based on pairwise comparisons between every individual and its N
nearest neighbours. Calculation of /r and standard permutation tests (1000 permutations/run) for

significance were conducted in GENALEX as described in Double et al. (2005). We used multiple
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runs calculating Ir for four, nine, and 14 nearest neighbours (i.e. subsets of five, 10 and 15
individuals), but only presented results for 14 nearest neighbours, as such subsets comprised an
equivalent linear distance to the distance class size used for spatial autocorrelation analyses (see
results). Mantel tests were also implemented in GENALEX, using permutation tests (1000
permutations) to assess the significance of correlation between matrices of genetic similarity and

geographic distances (Peakall et al., 2003).

Ethical Note
All birds were captured and marked under the authority of Servicio Agricola y Ganadero (SAG;
permits 5193/6295) and Corporacién Nacional Forestal (CONAF), Chile. Research was carried

with the supervision of the Ethics Committee of the Sciences Faculty, Universidad de Chile.

RESULTS

Natal dispersal patterns

From a total of 565 fledglings marked in Navarino (southern population) up to 2014, 17 (3%)
were recaptured at least once as breeding adults, of which eight were females and nine were
males. Twelve individuals were recaptured the year after hatching, the remainder after two N=
3) or three years (N = 2). Based on the distance moved from their natal nest box, all 17
recaptured birds were defined as dispersers. The median distance moved by females (480 m,
range: 180-760) and males (420 m, 190-840) were similar, and there were no sex-differences in
the distribution of travelled distances (Kolmogorov-Smirnov test: Z= 0.66, N=17, P = 0.52; see

Fig. 1A). Monte Carlo simulations revealed that the median distance moved by either sex was
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not significantly different from median distances generated by the completely random (females:

P =0.44; males: P = 0.49) and random-walk models (females: P = 0.21; males: P = 0.28).
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Figure 1. Natal dispersal patterns in two populations of Thorn-tailed Rayadito based on capture-mark-
recapture data obtained during 2008-2015. A total of 17 (females: 8, males: 9) and 29 (females: 14, males:
15) post-fledging birds were recaptured in Navarino and Fray Jorge, respectively. Frequency distribution
of natal dispersal distances travelled by female and male birds in Navarino Island (A) and Fray Jorge
National Park (B). Natal dispersal was compared between both populations after transforming distances
into territory units based on Dirichlet tessellation for each breeding season (C).
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From 491 marked fledglings in Fray Jorge (northern population) up to 2014, 29 (6%)
were recaptured as breeding adults, including 14 females and 15 males. Individuals were
recaptured after one (V = 1), two (N = 19), three (N = 8), or four (N = 1) years after hatching.
Three males were recaptured in their natal box (natal-site fidelity); all other cases were defined
as dispersal events. Females travelled longer median distances (740 m, range: 40-27003 than
males (100 m, 0-1800), and the distribution of movement distances differed significantly
between the sexes (Kolmogorov-Smirnov test: Z=1.95, N = 29, P < 0.001; see Fig. 1B). Monte
Carlo simulations showed that female median distances were not different from values generated
by the completely random model, but distances moved by males were shorter than expected
(females: P = 0.35; males: P = 0.041); on the other hand, the random-walk model showed that
females moved significantly longer distances than expected, but male movements were not
different from values generated under the null hypothesis (females: P = 0.045; males: P = 0.58).

As expected based on differences in breeding density, adult birds in Navarino occupied
larger territories (Dirichlet tiles) than those in Fray Jorge. The upper limit of the 95% CI of the
mean territory diameter in Navarino ranged from 63 to 110 m across breeding seasons, while in
Fray Jorge it ranged from 29 to 39 m. Comparing natal dispersal distances as territory units (tU),
we observed that movements of females (median: 5 tU, range: 3-8) and males (4 tU, 3-9) were
similar in Navarino, whilst there was a marked difference between females (25 tU, 1-94) and
males (3 tU, 0-60) in Fray Jorge (Fig. 1C). After correcting for random effects (natal year and
interval of recapture), the best-fitting model showed a significant sex x population effect on the

number of territories moved by natal dispersers (Table 1).
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Table 1. Minimal adequate GLMM to test for sex-differences in natal dispersal distances of Thorn-tailed
Rayadito in two populations, Navarino Island and Fray Jorge National Park. Main effects were not
reported when interactions were significant.

Fixed effects  Estimate” SE’ Test™ P Variance”
Intercept 331 0.39
Sex*Population 1.34 0.65 Z4p =2.05 0.04

Random effects
Natal year 7.66 %
Recap. Interval 28.65 %

*Parameter estimates and SE (Standard errors) were estimated relative to ‘Female’ level in variable ‘Sex’ and ‘Fray
Jorge’ level for variable ‘Population’.

"'z statistic corresponds to the Wald-test.

"The proportion of random variance explained by each random effect.

Breeding dispersal patterns

Within-population patterns of breeding dispersal were similar between the reduced and expanded
datasets (see Methods), and therefore, we report descriptive and statistical analyses including all
distances, including those from adults that were recaptured more than once (see Montalvo &
Potti, 1992).

From a total of 210 captured adults in Navarino, we obtained 127 recapture events of 69
individuals between consecutive breeding seasons (57 recaptures of 35 females, 70 recaptures of
33 males). Of these, 24% were cases of nesting-site fidelity (females: 17%, males: 28%; Fisher-
Freeman-Halton exact test of independence P = 0.21). Nesting site-shifts (i.e. small movements
to adjacent nest boxes) where observed in 59% of all cases, while 17% of recaptures
corresponded to breeding dispersal events, which tended to be more frequent in females than in
males (females: 24%, males: 11%; F-F-H exact test: P = 0.07). The distribution of travelled

distances did not differ significantly between the sexes, even though females moved somewhat
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farther (females: median: 45 m, range: 0-390; males: 30 m, 0-90; Kolmogorov-Smirnov test: Z =
1.23, N =127, P = 0.07; see Fig. 2A). Monte Carlo simulations suggested that median distances
for females and males were shorter than expected under the completely random model (females:
P = 0.039; males: P = 0.033), albeit not different from values taken from a random-walk
distribution (females: P = 0.64; males: P = 0.68). Recaptured adults had a minimum age of 2-8
years old (exact ages were not always certain), but there was neither a decreasing trend in
travelled distances as bird age increased, nor a difference in the frequency of dispersal between
age classes (F-F-H exact test, P = 0.21; Fig. 2C, 2E).

From the 197 captured adults in Fray Jorge, 133 recaptures of 81 individuals were
obtained between consecutive breeding seasons (67 recaptures of 42 females, 66 recaptures of 39
males). Of these, 57% corresponded to nesting-site fidelity (females: 59%, males: 56%; F-F-H
exact te.st: P =0.85). Small movements (nesting site-shifts) comprised 27% of all cases, whereas
breeding dispersal events were observed in 16% of recaptures and showed no differences
between the sexes (females: 17%, males: 14%; F-F-H exact test: P = 0.79), as also did the
distribution of travelled distances (females: median: 11 m, 0-270; males: 7 m, 0-270;
Kolmogorov-Smirnov test: Z = 0.45, N = 133, P = 0.77\; see Fig. 2B). As in the Navarino
population, Monte Carlo simulations suggested that median dispersal distances were shorter than
randomly generated distances in the two sexes (females, P = 0.028; males, P = 0.012), but not
differing from values generated under the random-walk model (females, P = 0.28; males, P =
0.37). Recaptured birds were at least 2-7 years old, and the travelled distances by both sexes
tended to be lower in older animals, particularly in males (Fig. 2D). Data also evidenced a
difference in the relative frequency of breeding dispersal between age classes (F-F-H exact test,

P =0.03), with an apparent decrease for 4-7 year-old birds (Fig. 2F).
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Figure 2. Breeding dispersal patterns in two populations of Thorn-tailed Rayadito based on capture-mark-
recapture data obtained during 2008-2015. A total of 127 (females: 57, males: 70) and 133 (females: 67,
males: 68) recapture events were obtained in Navarino and Fray Jorge, respectively. Frequency
distribution of distances travelled by birds between consecutive breeding seasons in Navarino Island (A)
and Fray Jorge National Park (B). Mean travelled distances (error bars are + 2 standard errors) between
consecutive breeding seasons by birds in Navarino (C) and Fray Jorge (D) according to their sex and
minimum estimated age (exact ages for adult birds were not always known). Frequency of breeding
dispersal events for female and male birds in Navarino (E) and Fray Jorge (F) according to their
minimum estimated age.
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Overall, females (Navarino: 0.6 tU, 0-4; Fray Jorge: 0.01 tU, 0-46) and males (Navarino:
0.4 tU, 0-1; Fray Jorge: 0.0 tU, 0-9) from both populations tended to move Very short distances
between consecutive breeding seasons, usually not crossing an entire territory. According to the
best model for the among-population comparison, most of the total random variance was
attributed to intrinsic differences between individuals, and there was no effect of sex or

population on breeding dispersal distances (Table 2).

Table 2. Minimal adequate GLMM to test for sex-differences in breeding dispersal distances of Thorn-
tailed Rayadito in two populations, Navarino Island and Fray Jorge National Park. Main effects were not
reported when interactions were significant.

Fixed effects Estimate SE Test P Variance”
Intercept -0.83 0.26
Rejected terms
Sex -0.35 0.35 Zys3 =-0.99 0.32
Population -0.18 0.37 Zys7 = -0.49 0.62
Sex*Population 0.47 0.54 Zy56 = 0.88 0.38

Random effects

Age 0.00 %
Recap. year 0.05%
Bird identity 49.62 %

"Parameter estimates and SE (Standard errors) were estimated relative to ‘Female’ level in variable ‘Sex’ and ‘Fray
Jorge’ level for variable ‘Population’.

**z statistic corresponds to the Wald-test.

"The proportion of random variance explained by each random effect.

Apparent survival
For adult birds, the best model only included six parameters and considered temporally-varying
values for apparent survival (mean + SE: ¢ 1: 0.69 £ 0.04, ¢ 5: 0.43 + 0.09, 0 3: 0.47 + 0.06, @ 4:

0.61 = 0.08) and recapture rate (p1: 0.59 £ 0.04, py: 0.77 & 0.07). According to this model, there
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were no sex-differences in survival probabilities or recapture rates in each population
(Supplementary Table S2), although mean apparent between-year survival was higher in Fray
Jorge (0.68 = 0.0002 SE, N = 197) than in Navarino (0.55 = 0.0008, N = 210). Recapture rates
for post-fledging individuals were almost equal between sexes (see Natal dispersal patterns),
and also suggested higher survival in Fray Jorge. Vital rates calculated with static life tables
indicated that fledgling survival should approximately be 17% in Navarino and 23% in Fray
Jorge to maintain both populations constant (Supplementary Table S3). Assuming that the
contribution of long-distance immigrants and emigrants to population dynamics is relatively low
in comparison to mortality and fecundity (i.e..closed populations), this gave us a rough recovery
rate of 18 and 26% of all surviving fledglings that were marked during this study in Navarino

and Fray Jorge, respectively.

Spatial genetic structure
There was no evidence of linkage disequilibrium between any pair of loci. With the exception of
marker Asl (not included in further analyses), no significant deviations from HWE were
detected after applying Bonferroni correction for multiple comparisons (all P > 0.1), and
frequency of null alleles never exceeded 0.05.

Genetic autocorrelation for increasing distance class sizes for the 2010-2015 dataset
(MultiDclass analyses) showed that neither of the sexes in Navarino departed from a random
distribution of genotypes at any of the assessed distance intervals (Fig. 3A). Although females in
Fray Jorge showed a similar pattern, males exhibited positive genetic structure beyond 300 m

(Fig. 3B). Furthermore, 7 values were above the 95% CI around »p beyond 600 m, but the 95%

CI around r was significantly different from 0 only up to 450 m (Fig. 3). Analyses for ‘snapshot’




years showed similar results, without detectable genetic structure in Navarino (females, N = 32;
males, N = 31), and contrasting patterns in Fray Jorge, where males showed a positive structure,

but only beyond 150 m (females, N = 25; males, N = 25; details not shown).
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Figure 3. Spatial genetic autocorrelation coefficients () for increasing distance classes for female and
male thorn-tailed rayaditos in Navarino Island (A) and Fray Jorge National Park (B). Squares represent
correlation coefficients (7) with 95% confidence error bars determined by bootstrapping; white and black
squares represent females and males, respectively. Solid horizontal dashes represent the 95% CI
generated by 1000 random permutations assuming a random distribution of genotypes (» not different
from rp).

Traditional correlograms indicated, again, no detectable genetic structure in Navarino,
H
with correlations for both sexes oscillating between positive and negative values (Fig. 4A, 4B).

The nonparametric heterogeneity test revealed no significant differences between the r values for

both sexes at any particular interval (Single-class #, all P > 0.05), and also no sex-differences
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when comparing the whole correlograms (o = 5.39, P = 0.86). Similarly to Multi Dclass
analyses, correlograms for Fray Jorge suggested no genetic structure for females (Fig. 4C), but
positive and significant r values for males (Fig. 4D). The correlograms for females oscillated
between high and low autocorrelation, whereas for males they showed a positive structure at 150
m. The heterogeneity test showed that » values differed only significantly at the 150 m interval
(7 =3.03, P = 0.04), but the autocorrelation patterns did not reveal significant sex-differences (o
=12.31, P = 0.17). Analyses for ‘snapshot’ years confirmed the same patterns as obtained with

the whole 2010-2015 dataset (details not shown).
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Figure 4. Correlograms showing the genetic correlation (r) as a function of spatial distance for Thorn-
tailed Rayadito. Autocorrelation for distance class sizes of 150 m for females (A) and males (B) in
Navarino Island, and females (C) and males (D) in Fray Jorge National Park. Dotted lines represent the
95% CI assuming a random distribution of genotypes (Hy: 7 not different from rp ). The 95% confidence
error bars about » were determined by bootstrapping.

Results of the two-dimensional autocorrelation analyses revealed that for Navarino only
5% and 1% of the Ir values were significantly positive for the 89 females (P values for one-tailed

tests: 0.006-0.029) and the 72 males (P = 0.047) sampled, respectively. Positively-correlated

subsets of individuals were not clustered, and there were no significant negative Ir values (Fig.

52




5A, 5B). Although analyses for Fray Jorge suggested a similar pattern for the 69 sampled
females (Fig. 5C), with only 4% of positive Ir values (P = 0.012-0.021), 17% of all Ir values
were significant and positive for the 66 males (P = 0.002-0.048), and three small clusters of

correlated subsets of males were distinguishable (Fig. 5D). Again, there were no significant

negative Ir values.
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Figure 5. Two-dimensional autocorrelation analyses for Thorn-tailed Rayadito. Local autocorrelation (/)
values were estimated for females (A) and males (B) in Navarino Island, and females (C) and males (D)
in Fray Jorge National Park. Only positive and significant /» values are surrounded by bubbles. Relative
bubble size is proportional to the magnitude of /r, which ranged from 0.04 to 0.13. All negative Ir values

were non-significant.

Although Mantel tests are less 'powerful than autocorrelation analyses, the observed

relationships between pairwise geographic and pairwise genetic distance matrices were
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consistent with autocorrelation results. Random permutation tests indicated that correlation
coefficients were not different from 0 for females (rxy = 0.033, P = 0.28) and males (rxy = 0.009,
P =0.41) in Navarino, and for females in Fray Jorge (rxy = 0.035, P = 0.26); however, there was

a weak, but significantly positive correlation for males in Fray Jorge (rxy = 0.1, P = 0.046).

DISCUSSION

In this study, we compared natal and breeding dispersal between two populations of Thorn-tailed
Rayadito to investigate the differences between a continuous, uncrowded and less stressful
habitat and a fragmented, densely populated and presumably saturated environment. Overall, we
observed that rayaditos travelled relatively short distances during dispersal events, and the
combined results from CMR data and population genetic analyses consistently showed that local
natal dispersal patterns and sex-specific fine-scale genetic structure varied between the two
populations. Local breeding dispersal was far less frequent than natal dispersal, although
exhibited a similar pattern in both sites.

Most of our predictions about local dispersal patterns were supported by both CMR and
genetic data (see below), indicating that our results were robust. Nevertheless, the observed
patterns of natal dispersal should be interpreted cautiously given the reduced dataset (especially
in Navarino). However, this does not mean that the dispersal distances reported here are
underestimations of the actual dispersal distances, or that the spatial scale of our study was not
appropriate. In general, low recovery rates of post-fledging individuals are a common issue in
dispersal studies regardless of the spatial scale involved. For instance, nestling recapture rates in
studies encompassing smaller (e.g. Payne, 1991) or larger areas (e.g. Matthysen & Schmidt,

1987; Winkler et al., 2005) than ours, ranged between 3 and 5% (but see Potti & Montalvo,

<
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1991). Furthermore, because mortality in altricial birds is much higher for juveniles than for
adults (Naef-Daenzer, & Griiebler, 2016), it is likely that most fledglings have died instead of
having dispersed long distances (see Birkhead, Eden, Clarkson, Goodburn, & Pellat, 1986; Eden,
1986). Our data support this assumption, with estimated fledgling survival rates (assuming no
population growth) being three to four times lower than the rates of adult apparent survival.
Despite the impossibility to estimate the distance moved by missed dispersers, we do consider
unlikely that the majority of surviving juveniles have moved longer distances than those
described here. For example, missed dispersers in Navarino could have moved to nearby forest
patches without the need of travelling long distances, and in the case that most of them were
moving farther away (e.g. > 1 km), this could have been noticed with genetic analyses given the
high polymorphism of microsatellite markers in this population (Yafiez et al., 2015). In the case
of missed dispersers in Fray Jorge, they could also have moved to other patches around the study
area, but none of these were farther apart than the longest distances between nest boxes.
Although long-distance movements outside the study sites do occur, they are infrequent (Botero-

Delgadillo et al., in prep.).

Interpopulation differences in natal dispersal

It has been proposed that the costs and benefits of natal dispersal will be relatively similar for
males and females when both sexes select a nesting site or establish and defend a territory
(Clarke et al., 1997; Greenwood, 1980), leading to no sex-biased dispersal (e.g. Arcese, 1989;
Eden, 1986; Enokson, 1987; Kélds and Lefaldli, 1987; Matthysen & Schmidt, 1987).
Furthermore, this pattern should hold when there are no differences in sex-specific survival rates

(Murray, 1967; Waser & Jones, 1983; Waser, 1985), and when movement is not limited by
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nesting site availability or habitat saturation (Arlt & Pirt, 2008; Weatherhead & Boak, 1986).
However, a saturated and fragmented habitat could increase social competition (see Payne, 1991)
and dispersal frequency/extent (Matthysen, Adriaensen, & Dhondt, 1995), generating potentially
different responses in each sex depending on the costs and benefits related to dispersal under
such conditions (Matthysen, 2012; Starrfelt & Kokko, 2012). Supporting prediction (i), the
observed distribution of natal dispersal distances did not differ between the sexes in the more
continuous environment (i.e. Navarino), while females moved longer distances than males in the
fragmented and saturated environment (i.e. Fray Jorge).

The mechanisms underlying sexual asymmetries in natal dispersal under a more
heterogeﬁeous and saturated habitat could be manifold, but some authors propose that dispersing
males run higher risks of losing all breeding opportunities due to difficulties of finding and
defending suitable breeding sites, and also due to the increased uncertainty regarding the quality
of those sites (Bensch & Hasselquist, 1991; Winkler et al., 2005). Females, on the other hand,
usually find breeding opportunities as they depend on the presence of an already settled male in a
territory, regardless of the female’s role in subsequent nest-site selection (Arlt & Pirt, 2008).
Once a subtle sex bias in dispersal behaviour has arisen, the social environment could reinforce
the asymmetries in dispersal-related costs experienced by each sex (Payne & Payne, 1993),
particularly if adult survival is high, as it is the case in Fray Jorge. Because levels of aggression
may increase in saturated and stressful environments, dispersal costs for males will also increase
due to the difficulty of establishing a territory in an area with unfamiliar neighbours of the same
sex (Payne & Payne, 1993). On the contrary, the social incentive for females returning to the
natal area will be low, as their already higher dispersal tendency will decrease the probability of

encountering a socially familiar place (Payne & Payne, 1993).
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We did not find direct evidence for more restricted breeding opportunities in Fray Jorge
compared to Navarino, but CMR data and analyses of movement patterns support this idea.
While most recaptured fledglings from Navarino were yearlings (70%), nearly all recaptures in
Fray Jorge were 2-3 year-old birds (93%), suggesting that both females and males could be
delaying their first breeding attempt in the fragmented and densely populated environment (Potti
& Montalvo, 1991). Although these birds could have remained undetected while breeding in
natural cavities inside the study area during their first year, this is unlikely, because bird counts
and searches for marked individuals around the nest boxes were carried out on a weekly basis
during all years. We cannot rule out the possibility that these birds bred in nearby forest patches
beyond the extent of the study area, but limited breeding dispersal suggests that this is unlikely.
Regarding the movement patterns, results from Monte Carlo simulations indicated that unlike
Navarino, birds from Fray Jorge would have more restricted options for finding and establishing
a breeding territory. A completely random null model assumes that birds are aware of the
breeding opportunities in the entire study area, and that the probability of establishing is uniform
across the study site; in contrast, the random-walk model assumes that birds search for any
available breeding site starting at their natal nest box and moving outwards until an unoccupied
area is found (Waser, 1985; Winkler et al., 2005). Natal dispersal in Navarino seemed to follow a
combination of both processes, suggesting that birds could be establishing almost anywhere but

1

also could search for a breeding area near their natal site (Payne, 1991; Winkler et al., 2005). On
the other hand, the data suggest that females in Fray Jorge did not occupy the first available
vacant site, but travelled longer distances following a more random pattern, possibly resulting

from trying to find an unpaired territorial male (Arlt & Part, 2008; Wolff & Plissner, 1998);
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meanwhile, movements of males in Fray Jorge appeared to be restricted to the nearest available

area to their natal site (Payne, 1991).

Interpopulation differences in breeding dispersal
Theoretical and empirical studies suggest that adult birds, once they established a territory, may
pay higher costs of dispersal than younger birds, who have not yet invested in finding and
defending a suitable breeding site (Greenwood & Harvey, 1982; Wheelwright & Mauck, 1998)
and thus may have less to lose (‘asset-protection’ principle; Clark 1994). Compared to natal
dispersal, less frequent and shorter movements during breeding dispersal would then be
expected. The observed frequency/extent of breeding dispersal in both populations support this.
The expected contrast in breeding dispersal between the two studied populations, as
stated in prediction (ii), received partial support. The observed pattern in both localities suggests
no sex-biased breeding dispersal, with median dispersal distances being shorter than expected by
chance, albeit not significantly different from a random-walk process. There were also no
differences between the populations when the uncorrected distances were transformed into
territory units. Nonetheless, nesting-site fidelity was twice as frequent in Fray Jorge than in
Navarino, and only birds in Fray Jorge apparently decreased the frequency of breeding dispersal
as they aged (particularly the males). Taken together, these results indicate that despite high
philopatry in breeding adults from both sites, mature birds in Fray Jorge rarely moved away from
an established breeding territory (‘social constraint’ hypothesis; Payne & Payne, 1993),
suggesting that habitat fragmentation and saturation also imposes restrictions to breeding

dispersal (Bensch & Hasselquist, 1991; Ward & Weatherhead, 2005).
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The number of travelled territories during breeding dispersal did not differ between the
sexes regardless of the environmental context, and only individual identity seemed to explain
some of the observed variation. This points at breeding dispersal as an individually determined
trait, which might depend on, for example, genetic variation or differences in breeding
experience or phenotypic quality (Matthysen, 2012). However, other factors not considered in
this study could also influence breeding dispersal, particularly interactions within the breeding
pair. It is well known that pairing status affects breeding dispersal probability, such that in
faithful pairs males and females will show a similar degree of philopatry, whereas divorce
induces sex-specific (typically female-biased) dispersal (e.g. Calabuig, Ortego, Cordero, &
Aparicio, 2008; Harvey et al., 1979, 1984; Payne & Payne, 1993; Valcu & Kempenaers, 2008;
Ward & Weatherhead, 2005). This should be considered in future studies intended to assess the

costs and benefits of breeding dispersal.

Genetic consequences of dispersal

Spatial genetic structure usually reflects a complex interaction of population demography, social
and mating systems, and dispersal behaviour (Double et al., 2005). In contrast to other studies
focused on polygynous (Double et al., 2005) or cooperatively breeding birds (Beck et al., 2008;
Temple, Hoffman, & Amos, 2006; van Dijk et al., 2015), social interactions are not expected to
influence the genetic structure in species with mating systems such as social monogamy (Banks
& Peakall, 2012; Peakall et al., 2003). We found no sex-related differences in apparent survival,
so potential effects of differences in mortality can also be discarded. Therefore, differences in
population genetic patterns can be attributed to different natal dispersal patterns with relative

confidence (Banks & Peakall, 2012).
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Both analyses with a complete 2010-2015 dataset and those based on ‘snapshot’ years
were consistent with prediction (iii). Results from Navarino supported the hypothesis of non-
restricted, perhaps nearly random, natal dispersal in both sexes. Similarly, females in Fray J orge
also showed no fine-scale genetic structure, confirming that despite dispersing over much longer
distances than males, their movements were not different from a random pattern. Although
rayaditos moved relatively short distances, we still expected no local genetic structure in the
aforementioned cases, because positive or negative genetic autocorrelation may only be
detectable under strong restricted or exacerbated dispersal, respectively (Goudet et al., 2002).

Males in Fray Jorge showed a pattern of isolation by distance according to Mantel tests,
and a positive genetic structure extending not much beyond 450 m (Fig. 3; see Peakall et al.,
2003; Double et al., 2005). Considering these results along with the distribution of dispersal
distances, it seems that male natal dispersal in Fray Jorge is restricted to within-fragment
movements, given that diameters of the largest forest patches in this locality are 150-500 m
(Botero-Delgadillo, pers. obs.).

The 2D LSA allowed us to confirm that positive genetic structure for males in Fray J orge
was the result of a patchy signal (Peakall et al., 2003; Double et al., 2005), as would be expected
if habitat fragmentation is restricting male natal dispersal. Males were grouped in clusters of
local genetic autocorrelation. Moreover, a closer look at the pairwise genetic distances of males
composing such clusters revealed that in several cases, half sibs or even full sibs and
fathers/offspring tended to be at distances no longer than 100-200 m away from each other (see
Supplementary Table S4). Despite a risk of potentially deleterious inbreeding, the higher rate of
female movement could override any negative effect (see van Dijk et al., 2015). Whether

inbreeding avoidance is a major cause of female natal dispersal in Fray Jorge is beyond the scope
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of this work, but this would be interesting to study, given the apparent isolation of this

population of rayaditos and its relatively low genetic diversity (Yafiez, 2013).

Concluding remarks

Non-migratory movements of passerine birds are usually reported as being < 1 km (see Eden,
1986; Paradis, Baillie, Sutherland, & Gregory, 1998), and in forest-dwelling species occurring in
fragmented landscapes these distances can be even shorter (50-600 m; Harris & Reed, 2002).
With the exception of females in Fray Jorge, distances travelled by rayaditos seem to follow this
pattern, and even dispersal distances transformed into territory units were comparable tol
distances described for other species showing high site fidelity (see Arcese, 1989). Previous
evidence already suggested that movements of rayaditos at the local scale rarely exceed 900 m
(Vergara et al., 2010), and that forest fragmentation has consequences for breeding behaviour
(Cornelius, 2008) and population density (Vergara & Marquet, 2007). Our results support these
findings, and ‘show that apparent survival, local spatial dynamics, and within-population genetic
structure varied predictably in areas with contrasting local conditions. It seems that natal
dispersal patterns of rayaditos are context-dependent: in a non-isolated, less stressful ar}d
continuous-habitat environment, their spatial dynamics re’semb;ed the patterns described for
other socially monogamous birds. In contrast, in an isolated, crowded, more stressful and
fragmented environment, rayaditos showed female-biased natal dispersal and restricted male
movements. Although breeding dispersal did not vary markedly between the populations, adult

birds from the more crowded environment were also more faithful to their previously established

territory.
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Further studie(s should test the effects of habitat fragmentation, population density, and
social interactions separately. It would also be interesting to include additional study areas to
better represent environmental variation along the distributional range of this bird. We suggest
that studies looking at context-dependent dispersal patterns are still needed to fully understand
the evolution of distinct dispersal strategies in different taxa (Clarke et al., 1997), ideally

focusing on species with varying mating and social systems.
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Supplementary Material Figure S1. Details of two study areas for comparing dispersal patterns in two
populations of Thorn-tailed Rayadito. Forest relict fragments on the coastal mountain range (grey areas at
the left and darker areas at the right) in Fray Jorge National Park (A), north-central Chile (IV Region).
Sub-Antarctic forest and secondary forest (grey area) in lowland areas of Navarino Island, southern Chile

(XII Region).
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Supplementary Materijal Table S1. Details of 13 polymorphic microsatellite loci and one chromosome-
linked marker (Ps/P) for Thorn-tailed Rayadito. The first eight loci are species-specific markers. M:
primer mixes containing four to five primer pairs. T,: annealing temperature. C: primer concentration in
mix. Size range is in base pairs (bp).

Locus Fluorescent dye M T,(C) C@M) Sizerange (bp)

Asl NED-TTTCCAGTTGTATCTCTCAGCA 1 " 0.4 917045
GAAGAATGGGATCTAAGAAGTC ' i

A7 6FAM-GCTGGGCTTGCATATTCTTC s s 036 213-253
TCTTGTTTTGAAGGGAAGTGGA - ' .

VIC-GGAAGCCATCTTAGGCTGTG

Asl8 2 55 0.6 22
s GGGCATAGATGGTTGCTGAT 212-220
PET-GGAGGGTATTTGGCAAGGTT
25-1 2 55 03 176-208
As AGGATGGCTTGCTAGCTGTG 7620
NED-TGGGTTCAGTATCCTGGAAGA
AS25-5 2 55 04 172-210
s GAGTTGCTCTTCTCTCCCTCA 7
PET-AAGAAGCTCACCCGCTACCT ‘
] 1 54 . 224-
As25-8 TGTTGTCGTGCCTGAAGAAG 0.5 4-230
VIC-GGAGTTATACCAGITATAAAGG
As25- 1 54 04 202
210 rGeTGTTGTCTGGCTAGCA 142
6FAM-TTTCTGCTGCTGGAAAGGTT o
As25- 1 54 03 2
214 G TTCATCCAGGGAGAGTCCA 177239
Asul5 6FAM-AATAGATTCAGGTGCTTITICC o o113
ZEST GGTTTTTGAGAAAATTATACTTTCAG . |
PET-CAAGGMYCATGCCAAAATAA
Teu2 3 5] 0.8 20-
Cealgu23 o CTYCCTCCCTTCAGTTTT 120-161
NED-CACAGAAAAGTGAGTGCATTCC
Teu05 ¢ 3 5] 0.42 252-260

TGGGAAAACATCTTTACCATCA
VIC-CGAGTAGCGTATTTGTAGCGA

Tgu06 3 51 34 -

& AGGAGCGGTGATTGTTCAGT 0 189219
ZF AC138 NED-ATGYCAACTGAAATGTCAAGGT 3 51 05 134192
573 ATGAGGTCACTGAAAGKTWTAATA :

6FAM-CTCCCAAGGA TGAGRAAYTG

2 2 5 ) -
P2/p8 TCTGCATCGC TAAATCCTTT > 06 356-382
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Supplementary Material Table S3. Static life tables for Thorn-tailed Rayadito assuming no population
increase/decrease (» = 0) in two localities during 2008-2015. Approximated per capita rates of population
growth (7) were calculated as In(R,)/G (Stearns, 1992). All survival and fecundity rates for ages 2-8 were
estimated from capture-mark-recapture (CMR) data. Numbers in bold represent adjusted vital rates
calculated by trial and error until obtaining » = 0. a,= surviving individuals; /. = age-specific survival
rate; m, = age-specific fecundity (mean number of fledglings produced by a female); R, = number of
fledglings produced by a female during its entire lifetime (X Lm,); G = generation time (X x [m./R,).

Population Age ax Ly my Lm, x (lamy)
Navarino Island
0 8076 1.000 0.0 0.000 0.000
1 1400 0.173 4.4 0.763 0.763
2 110 0.014 5.1 0.071 0.142
3 71 0.009 54 0.047 0.142
4 50 0.006 54 0.033 0.134
5 34 0.004 5.3 0.022 0.112
6 9 0.001 52 0.006 0.035
7 6 0.001 5.1 0.004 0.027
8 2 0.000 5.0 0.001 0.010
R,=0.95 G=140
Fray Jorge NP
0 3788 1.000 0.0 0.000 0.000
1 880 0.232 3.0 0.697 0.697
2 124 0.033 3.1 0.101 0.203
3 83 0.022 32 0.070 0.210
4 51 0.013 3.1 0.042 0.167
5 24 0.006 3.1 0.020 0.098
6 11 0.003 3.0 0.009 0.052
) 7 8 0.002 3.0 0.006 0.038
8 3 0.001 2.9 0.002 0.014
R, =0.95 G=1.51
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ABSTRACT

Populations exhibit contrasting dispersal patterns in specific environmental contexts, but
intraspecific comparisons of dispersal causes and consequences are necessary to gain key
insights into the variation of environmental effects on dispersal. Combining capture-mark-
recapture (CMR) data from eight years with molecular genetics, we tested for predictable
differences in factors promoting local natal and breeding dispersal and their fitness consequences
in two populations of a forest passerine bird, the thorn-tailed rayadito (dphrastura spinicauda).
Comparisons were made between populations facing contrasting local conditions in north-central
and southern Chile. A northern population represented a fragmented, densely populated and
more stressful environment, while the southern population corresponded to a continuous forest-
dominated landscape and a less occupied and less stressful habitat. A set of 24 variables was
selected for representing breeding success and apparent survival, and GLMMs were used to
predict the main drivers and the benefits/costs of local dispersal. None of the assessed factors
explained variation in the causes and consequences of natal dispersal in the southern population.
By contrast, density-dependence and kin competition avoidance predicted natal dispersal
distances of females and males in the northern locality, respectively. In addition, a reproductive
cost for males was also evident in this population. Breeding dispersal might be an adaptive
response of females to bad breeding experiences in previous years, but it appeared costly for
males and for newly formed breeding pairs in both localities. High reproductive costs and
decreased long-term survival were only detected for adult birds in the northern population. We
found sex-specific consequences despite the absence of sex-biased breeding dispersal, which can
be explained by sex-specific trade-offs between social and ecological pressures. The

correspondence between results and predictions in this study supports our hypothesis that
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population-specific dispersal patterns can be explained by context-dependent costs and benefits
of local natal and breeding dispersal. .
Keywords:  Breeding performance; Chile; contrasting environments; inbreeding avoidance;

intraspecific variation; kin competition; long-term mortality; mate and site choice; public

information, thorn-tailed rayadito.
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INTRODUCTION

Determining the causes and consequences of dispersal is critical to increase our understanding of
the evolution and preponderance of dispersal behavior, but also to predict population responses
to spatial and temporal environmental variation (Bowler and Benton 2005, Clobert et al. 2012).
However, given the differences in dispersal propensity between pre-reproductive and adult
individuals and the proximate factors and fitness consequences of their dispersal decisions
(Matthysen 2012, Starrfelt and Kokko 2012), natal and breeding dispersal are often studied as
separated phenomena by vertebrate ecologists (Johst and Brandl 2000).

Among birds, natal dispersal is not only more frequent than breeding dispersal, but
involves more extensive movements with different effects on population spatial dynamics
(Greenwood and Harvey 1982, Clarke et al. 1997, Paradis et al. 1998). Natal dispersal (i.e., the
movement from the natal site to that of first breeding) is often viewed as a strategy to reduce
mating between closély related individuals, or simply to avoid competition among kin
(‘inbreeding avoidance’ and ‘kin competition’ hypotheses, respectively; see Arcese 1989). Also,
natal dispersal can be forced by interactions with older and/or socially dominant conspecifics, or
by a decrease in the quality of the natal site as a consequence of high population density (‘social
dominance’ and ‘population demography’ hypotheses, respectively; see Arcese 1989, Byholm et
al. 2003). On the other hand, breeding dispersal (i.e., subsequent move between breeding sites)is
commonly regarded as a strategy to increase breeding success by adult individuals (Greenwood
and Harvey 1982), particularly after mate loss through divorce or death of one member of a
breeding pair, or after breeding failure (‘mate choice’ and ‘site choice® hypotheses; Payne and
Payne 1993, Daniels and Walters 2000). Breeding dispersal decisions can also be affected by the

quality of an individual’s breeding territory in comparison to nearby patches, for which the
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density and/or breeding productivity of conspecific neighbors can be used as a proxy of habitat
quality (‘public information’ hypothesis; Danchin et al. 2004). Despite the aforementioned
differences in their proximate factors, natal and breeding dispersal can have the same potential
fitness consequences, as both can affect individual survival rates (Eden 1987, Cilimburg et al.
2002), physical condition (see Calabuig et al. 2008), or breeding success (Part 1990, Ward and
Weatherhead 2005).

Although the scientific literature is plenty of detailed assessments of the potential costs
and benefits of natal and breeding dispersal for numerous bird species (see Clobert et al. 2012),
the influence of local environmental variation and the context-dependence of their causes and
consequences are still poorly understood, as relevant factors related to dispersal have been
mostly studied in specific populations under a particular environmental context (but see Verhulst
et al. 1997, Eeva et al. 2008, Terraube et al. 2015). Considering that populations can exhibit
differing dispersal patterns in contrasting environments (Lidicker and Stenseth 1992, Spinks
2000), interpopulation comparisons of dispersal strategies may prove valuable to determine how
the direction and magnitude of the causes and consequences of natal/breeding dispersal vary
depending on local conditions.

In this study, we explicitly test for differences in the factors promoting natal and breeding
dispersal and their fitness consequences at a local scale in two peripheral populations of a forest
passerine bird, the thorn-tailed rayadito (dphrastura spinicauda). The thorn-tailed rayadito is a
secondary-cavity nesting bird that occupies the temperate forests of Chile and western Arger;tina,
covering a long latitudinal gradient (30° S—55° S; Remsen 2003). This species is negatively

affected by forest clearance and fragmentation, probably due to the subsequent decrease in the

availability/quality of nesting cavities (Cornelius 2008), and also to its reluctance to use
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relatively small gaps of non-suitable habitat (>300 m; Vergara et al. 2010). A long-term research
has revealed differences in relevant ecological facto;s between two peripheral populations of this
bird, which are located in contrasting environments near the northern (Fray Jorge National Park,
north-central Chile; 30.63 S, 71.67° W) and southern (Navarino Island, southern Chile; 55.06° S,
67.67° W) limits of its distribution. The northern population occurs in a highly fragmented forest
relict surrounded by a vast semiarid matrix-(del-Val et al. 2006), resembling an isolated oceanic
archipielago (Cornelius et al. 2000), whereas the southern population inhabits a continuous
forest-dominated landscape (Luebert and Pliscoff 2006). In addition to this difference in
landscape configuration, the northern locality appears as a densely populated.and more stressful
environment than the southern locality, as suggested by estimates of population density (Vergara
and Marquet 2007, see also Chapter 1), baseline CORT levels (Quirici et al. 2014), and
telomere lengths (Quirici et al. 2016).

As would be expected under these different environmental contexts, a comparison of
dispersal behavior between these two populations showed contrasting patterns (see Chapter 1):
natal dispersal in the northern population is female-biased and male movement is highly
restricted, whereas bird movements in the southern locality follows a random pattern with no sex
bias; breeding dispersal distances are more restricted than natal dispersal and nesting-site fidelity
is more frequent among adult males in both populations, although age-related increased fidelity
is only observed in males in the northern locality. These patterns might imply that the costs of
dispersal are higher for birds in the northern population relative to those from the southern one
and for males compared to females (Chapter 1). Combining capture-mark-recapture (CMR) data
from eight years and molecular genetics, we address the hypothesis that the causes and

consequences of local natal and breeding dispersal for thorn-tailed rayaditos are context-
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dependent and that local differences in the pressures on dispersal underlie the contrasting
interpopulation variation in dispersal patterns. We assessed how kin interactions, density-
dependence, habitat quality, mate choice, public information, breeding success and apparent
survival are linked to dispersal strategies and how they interact with individual condition (i.e.,
age and sex) and the local environment (see Table 1).

As restrictions to dispersal and its related costs are expected to be lower in homogeneous
environments and uncrowded populations (see Weatherhead and Boak 1986, Wotton et al. 1986,
Wheelwright and Mauck 1998, Ward and Weatherhead 2005, Winkler et al. 2005), we predicted
density-dependence and relatedness (inbreeding avoidance and/or kin competition avoidance;
Bowler and Benton 2005) to be the proximal factors explaining variation in natal dispersal in the
fragmented and densely populated environment (northern population), whereas habitat quality
would better reflect natal dispersal in the continuous and less occupied habitat (southern
population; see prediction 1 in Table 1). Following the same reasoning, adverse consequences on
the breeding success or physical condition after natal dispersal were expected in the northern, but
not in the southern population, especially in males (prediction 2). Given that most breeding
dispersal events take place after mate loss and/or after breeding failure (Greenwood and Harvey
1982), we predicted increased breeding dispersal in both localities for widowed birds and after a
poor breeding season (prediction 3), or if neighbor density/breeding productivity was higher in
other patches (prediction 4). However, we did expect higher reproductive and/or mortality costs
after breeding dispersal in the northem population compared to the southern population,

particularly in males (prediction 5).
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METHODS

Study areas

The northern study area was located in Fray Jorge National Park (Coquimbo Region), with an
extension of ~4.3 km® in a semiarid landscape dominated by matorral steppe (Luebert and
Pliscoff 2006). A total of 101~157 nest boxes have been installed between 2006 and 2015 in
naturally fragmented remnants of temperate forest that occur at the top of the coastal mountain
range at 630 m a.s.l. (del-Val et al. 2006). The southern study area was located in Navarino
Island (Magallanes and Chilean Antarctic Region), comprising ~3.3 km® of a relatively
continuous cover of sub-Antarctic forest and secondary growth (Rozzi and Jiménez 2014). Here,
171-222 nest boxes have been provided for occupation during the same time period. Nest boxes
were regularly distributed in both sites after considering density estimates of breeding birds (e.g.,

Vergara and Marquet 2007), and their position was geo-referenced with 2 m measurement error.

Field procedures

Field data was gathered as part of a long-term monitoring of the breeding ecology of thorn-tailed
rayaditos between 2008 and 2015 in both study areas. During each year, nest box occupants
(adults and nestlings) were captured and marked with numbered aluminum bands when nestlings
were 12-14 days old (Quirici €t al. 2014). After capture, birds were measured and weighted
(tarsus length, wing chord and tail length, = 0.05 mm; body mass, + 0.1 g; see Moreno et al.
2005, 2007), and a ~17 pl blood sample was obtained by puncturing the brachial vein with a
sterile needle (Quirici et al. 2014), which were subsequently stored on FTA™ Classic Cards

(Whatman') for subsequent genetic analyses. Nest boxes were checked regularly until fledging,
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recording in detail the breeding phenology (egg-laying, hatching day, fledging day) and breeding

success (clutch size, egg volume, hatching success, fledglings produced) for all occupant birds.

Genetic analyses

A detailed description of DNA extraction and microsatellite amplification analyses is given
elsewhere (Chapter 1). Briefly, molecular sexing was carried using one chromosome-linked
marker (P2/P8; Griffiths et al. 1998), given the lack of obvious sexual dimorphism in rayaditos
(Moreno et al. 2007). Individuals were genotyped at 13 polymorphic microsatellite loci, using
eight species-specific markers (see Yéfiez et al. 2015), and five cross-species amplifying
markers: Aspl5 ZEST, CcaTgu23 (Olano-Marin et al., 2010), Tgu06 (=CK307697), Tgu05
(=DV946651) (Slate et al. 2007), and marker ZF_AC138573 (van Osoten et al. 2016). All but
one microsatellite marker were included for further estimation of genetic relatedness and
parentage analyses (see below), as they showed no significant deviations from Hardy-Weinberg

equilibrium (HWE; all P > 0.1) and the frequencies of null alleles were below 0.05.

Estimation of natal and breeding dispersal

Estimates of the distance and probability of dispersal were based on capture-mark-recapture
(CMR) data obtained during 2008-2015. Local natal dispersal was defined as the distance
between the natal nest box and the first recorded breeding nest box. We measured natal dispersal
as the linear distance (m) between natal and breeding sites, but it was not treated as a categorical
variable, given that movements of post-fledging birds were larger than the threshold values used
to categorize them as ‘dispersed’ or ‘non-dispersed’ (see below). Natal dispersal analyses were

based on 29 recaptures from a total of 491 marked nestlings in the northern population (6%), and

88




17 out of 565 marked nestlings in the southern population (3%). Although such recovery rates
could imply that our dataset was biased towards the less dispersive individuals, this bias was
probably low, as estimated mortality rates of juvenile birds in both populations (North: 77%;)
South: 83%) indicate that our sample comprised ~26% of all surviving fledglings in the northern
population and 18% in the southern population (Chapter 1). Moreover, local movements
reported for rayaditos rarely exceed 900 m long (Vergara et al. 2010), which are far below the
maximum distance between nest boxes in the two study plots (North: 4.2 km; South: 2.9 km).
Local breeding dispersal was defined as the distance from one nest box to another
between consecutive breeding seasons. Following Forero et al. (1999), we analyzed breeding
dispersal both as a continuous (linear distance) and as a dummy variable (‘dispersed’/‘n(;n—
dispersed’), based on 95 (43 females, 52 males) and 133 (67 females, 66 males) adult recaptures
in Navarino and Fray Jorge, respectively. To categorize recaptures as dispersed or non-dispersed,
we used a measure of territory size as a threshold value (Valcu and Kempenaers 2008). We used
Dirichlet tessellation (Aurenhammer 1991) to model and measure breeding territories for all
captured adults during each year (Adams iOOl). We then calculated the mean territory diameter
in each population for every breeding season, in order to obtain a measurement of territory size
that was independent of the yearly variation of bird density (Valcu and Kempenaers 2008).
Linear distances that were equal or higher than the upper limit of the 95% confidence interval
(CD) of the annual mean territory diameter were defined as dispersal events. Tesellation and

estimation of territory diameters were performed in ArcGIS 9.3 (ESRI 2008).

Measuring the causes and consequences
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To assess the causes and consequences of dispersal, we defined 24 variables that were extracted
from the yearly monitoring of breeding success/phenology. These variables are related to a
number of factors commonly invoked to explain the costs and benefits of dispersal, and were
measured either a year before (year x) or after (year x+1) dispersal occurred (see Table 1).

The causes of natal dispersal considered five variables that did not discriminate between
sexes (Table 1), and included the standard deviation, SD, of nestling weight in the natal nest in
year x (e.g., Rabenold et al. 1991), the sex ratio in the natal nest in year x, the genetic relatedness
with adult female/male neighbors established in the natal site in year x+1 (e.g., Wheelwright and
Mauck 1998), and the density of adult neighbors in the natal site in year x+1 (measured as the
mean distance from the three nearest breeding pairs). Maximum likelihood coefficients of
pairwise genetic relatedness (r) between all sampled birds were calculated using the ML-Relate
software (Kalinowski et al. 2006), and then a distance-weighted mean relatedness coefficient was
computed between every breeding adult and the nearest three female/male neighbors around its
natal site, using the linear distances between them as relative weights.

The consequences of natal dispersal included general and sex-specific variables (Table 1).
While the influence of habitat quality in the first breeding territory was tested for both sexes
(physical condition index for each bird in year x+1, calculated as the residuals from the
regression of weight on tarsus lenght®; see Montalvo and Potti 1992), the effect of dispersal on
breeding success was assessed separately for females (confirmed sexual partners in year x+1,
categorized as ‘one’ or ‘two or more mates’) and males (paternity loss in year x+1, measured as
the percentage of extra-pair young, EPY; e.g., Valcu and Kempenaers 2008). The number of
mates per breeding female and estimates of paternity loss were obtained after performing

parentage analyses, combining assignment and exclusion approaches (sensu Jones et al. 2010).
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We first performed parentage analyses as implemented in CERVUS 3.0.7 (Kalinowski et al.
2007) based on 12 microsatellite loci (combined probability of exclusion in both populations, P
> 0.999), using the logarithm of odds (LOD score) and critical Delta for assigning paternity.
Results from these analyses were subsequently checked to confirm/exclude paternity.
Assignment was confirmed whenever the most likely parent showed no loci mismatches with
putative offspring and there was 95% confidence around the assignment based on LOD or Delta
scores (i.e., strict confidence; Kalinowski et al. 2007). If the social father was the most likely
candidate and showed no mismatches, assignment was still confirmed regardless of the
confidence around it. If a set of candidates that did not include the social father showed no
mismatches and positive LOD scores, but certainty around the assignment was below 80%
(relaxed confidence), the whole set was excluded. Because EPY were not always confidently
assigned to any of the sampled males, paternity gain was not certain in several cases, and thus we
did not include this variable.

The causes of breeding dispersal comprised six variables focused on both sexes (Table 1),
including the potential effects of “past breeding performance’ (brood size/clutch size*100 in year
x), the SD of brood weight during the last breeding attempt (i.e., year x), timing of breeding
during the last year (hatching date in year x, estimated as the number of days after the first
recorded hatching date in the season; see Montalvo and Potti 1992), the density of adult
neighbors in year x+1 and their ‘past breeding performance’ (e.g., Calabuig et al. 2008), and
pairing status in year x+1 (e.g., Harvey et al. 1979, 1984, Blakesley et al. 2006). Due to the low
frequency of divorce (Nav: 2%; FJ: 6%), we excluded these cases from further analyses and only

considered two categories of pairing status: ‘reunited pairs’ and ‘widowed birds’.

91




Similar to natal dispersal analyses, we used the same three variables for assessing the
consequences of breeding dispersal on individual physical condition and breeding success in year
x+1 (Table 1), but also considered rates of adult apparent survival as an estimation of the
potential long term mortality costs (e.g., Pakanen et al. 2016; see details in Statistical analysis).
Additionally, six variables were used to evaluate the effects of dispersal on reproductive success
and settlement decisions of breeding pairs (Table 1), including timing of breeding in year x+1,
‘breeding performance’ in year x+1, clutch volume in year x+1 (calculated as the sum of egg
volumes for the entire clutch; see Moreno et al. 2005), a territory quality index for year x+1
(percentage of years of successful occupation of a nest box corrected by the total number of
years monitored; Forero et al. 1999), the SD of brood weight in year x+1, and nest volume in
year x+1 (cm®), a potentially adaptive trait of nest architecture for rayaditos (Botero-Delgadillo et
al. 2017) linked to habitat quality for birds in general (Mainwaring et al. 2014). Given the
difficulties to separate the potentially combined effect of both members of the breeding pair on
these variables (e.g., clutch size, brood size, brood weight; Clutton-Brock 1988), we first tried to
include female and male identity as crossed random factors in the analyses (see Valcu and
Kempenaers 2008), but this prevented mixed models to converge. We thus decided to analyze
these factors E'It the pair level, for which we categorized breeding pairs in two levels according to
the number of dispersed members (‘none’/“at least one”). Although discriminating between pairs
with one and two dispersers would be ideal, this was not possible due to the difficulty to confirm
the dispersal history of all pair members, for example in cases were recaptures with known

dispersal status paired with new birds entering into the study plots.

Statistical analyses
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With the exception of adult-apparent survival (see below), the causes and consequences of
dispersal were assessed by fitting generalized linear mixed models (GLMM; Bolker et al. 2008),
using different error distributions and link functions depending on the response variable (see
Results). All GLMMs were performed in R version 3.3.1 (R Core Team, 2016), using the
packages Ime4 (Bates et al. 2008), MASS (Venables and Ripley 2002), pscl (Jackman 2015), and
MuMIn (Barton 2014).

For modeling the potential causes of natal dispersal, we considered individual travelled
distances (log transformed) as the response variable and sex and locality as interacting factors,
while the hatching year of every individual (Winkler et al. 2005) and age at recapture were
inci.llded as random effects. A full model included all the measured variables as fixed effects (see
Table 1), from which non-significant factors were removed by a backward stepwise procedure,
subsequently obtaining a minimal most adequate model that was selected based on values of the
corrected Akaike’s Information Criterion AICc (Crawley 1993). To test the consequences of
natal dispersal, we fitted separated GLMMs for each sex to assess the effects of travelled
distances on birds’ physical condition and sex-specific variables of breeding success (Table 1).
These models also included locality as interacting factor and the aforementioned random effects.

In general, model building and selection for breeding dispersal followed the same logic
applied to natal dispersal analyses. We preliminarily assessed the relationship between dispersal
distances (log transformed) and probability of dispersal (dummy variable) with the pairing status
of individual birds through linear and log-linear models (Christensen 1997), respectively. Both
lbcality and pairing status were introduced as cofactors in all GLMM:s to assess their interaction
with predictor variables and potential effects on dispersal behavior. Analyses were carried out

separately for female and male birds, mainly to avoid both members of reunited pairs to
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contribute twice (see Calabuig et al. 2008). For those variables related to breeding success (i.e.,
‘breeding performance’; SD of brood weight; ‘past breeding performance’ of neighbor adults;
clutch volume; nest volume), we used relativized values in order to reduce heteroscedasticity,
calculating the proportional value of each data point in relation to the population annual modal
value. Only variables that were a relative measure per se (e.g., hatching date) were not
transformed. Since ail observations from every recaptured bird were entered in the models at the
individual level, individual identity was included as a random factor, along with birds’ estimated
age and year of recapture. Analyses at the breeding pair level included pairing status as a
cofactor (see above), and year of recapture and nest box identity as random effects.

For testing long-term mortality costs, we used CMR data to calculate adult apparent
survival (@) and recapture rate (p) using the Cormack-Jolly-Seber model (Sandercock 2003) in
MARK 5.1 (White and Burnham 1999). We fitted different candidate models with variable
restrictions on the parameters (Lebreton et al. 1992), including the individual cumulative linear
distance across years and the number of breeding dispersal events as covariates. Given the
difficulties to obtain parameter estimates and calculate effect sizes from a model using discrete
individual covariates (Cooch and White 2017), we used separate models for females and males
in each population instead of grouping individuals by ‘Sex’ and ‘Locality’. Covariates were
corrected by the total number of individual recaptures before performing the analyses. The most

adequate models were selected based on AICc (Appendix S1: Table S1).

RESULTS
Proximate causes of natal dispersal
In the northern population, females moved longer linear distances (739.9 m, 875.9; median,

interquartile range IQR) than did males (95.5 m, 121.1), whilst in the south, distances of females
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(485.7 m, 452.7) and males (417.5, 239.1) were relatively similar (see Chapter 1 for a detailed
comparison of dispersal patterns). Only two predictor variables explained the variation in natal
dispersal distances for post-fledging birds, although in interaction with locality and sex (Table
2). In the northern population, females dispersed longer distances when the natal patch was more
densely occupied by breeding adults during the year of establishment (year x+1; Table 2, Fig.
la), whereas males moved farther from their natal site as relatedness with adult neighbors of the
same sex increased (Table 2, Fig. 1b). No such effects were detected for birds in the southern

population (Fig. 1a, 1b).

Fitness consequences of natal dispersal

Dispersal distances did not explained variation in the physical condition of post-fledging birds in
any of the populations studied (Table 4). Because all tested females had one sexual partner
during their first breeding attempt, this variable was not assessed (Table 4). However, a
significant interaction effect of natal dispersal and locality on paternity loss was detected: while
the percentage of extra-pair young (EPY) in year x+1 increased as a function of dispersal
distance for post-fledging males in the northern population, paternity loss was almost negligible

in the southern population (Table 4, Fig. 1c¢).

Proximate causes of breeding dispersal

Dispersal events (i.e., movements longer than the upper limit of the 95% CI of the annual mean
territory diameter) represented 32% from all recapture events in the northern population, and
42% in the south. Territory diameters in the north ranged from 29 to 33 m during the study

period, and 25% of all movements between breeding seasons were above that range. In the
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southern population, only 8% of all movements were longer than the estimated territory
diameters, which ranged from 63 to 110 m. Because linear distances above the range of
estimated territory diameters exhibited low variability, models using breeding dispersal as a
continuous or as a dummy variable yielded similar results (but see Forero et al. 1999). Therefore,
we only present analyses on the categorical predictor/response.

The relationship between breeding dispersal and social status differed between both sexes
(see Table 3). The minimal most adequate log-linear model for females (Log-likelihood ratio
test: xzz = 0.96, P = 0.61) indicated that despite the relative frequency of non-dispersers was
higher in the northern population, widows were more prone to leave their previous breeding
territory than remated females regardless of the locality (Table 3). The most adequate model for
males (Log-likelihood ratio test: ¥% = 4.23, P = 0.37) showed that dispersal and pairing status
varied independently, and more importantly, that non-dispersers were more frequent than
dispersing individuals in both populations (Table 3).

According to GLMMs, all responses to potential causes of breeding dispersal were
dependent on the pairing status of adult birds (Table 2). Although variation in the probability of
dispersal among reunited pairs was not predicted by any of the independent variables, widowed
birds of each sex exhibited variable responses. Overall, widowed females were more prone to
disperse in year x+1 when breeding productivity of local neighbors during the last breeding
season was low (Table 2, Fig. 2a). Significant interaction effects also indicated that dispersal
probability of widowed females in the northern population increased after a late start of the last
breeding attempt (not shown), and also following a poor breeding performance in year x (Table

~

2, Fig. 2b).
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In both populations, widowed males tended to disperse after a late breeding attempt in year x
(Table 2, Fig. 2c), but there was an opposite response to the local density of adult neighbors:
males in the north were more likely to move towards denser areas, whilst in the south, they

tended to disperse to patches with lower density of adult neighbors (Table 2, Fig. 2d).
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Figure 1. Causes and consequences of natal dispersal in a northern population (Fray Jorge National Park)
of thorn-tailed rayadito. Variation in female natal dispersal distances as a function of density of adult
neighbors in year x+1 (a), and relationship of male dispersal and mean genetic relatedness (#) with male
neighbors in year x+1 (b). Paternity loss as a function of dispersal distance in post-fledging males (c).
Levels of significance are marked for first and/or second order interactions: * P < 0.05; ** P < (.01; *#*
P <0.001.

Fitness consequences of breeding dispersal

Analyses of the fitness consequences of breeding dispersal revealed that the number of mates per
breeding female in year x+1 increased for dispersers, although this relationship was dependent on
the locality and pairing status of birds (Table 4, Fig. 2¢). In the southern population, dispersal
lea(\i to an increase of sexual partners of both widowed and remated females, but such apparent
benefit was only evident for widowed females in the northern locality (Fig. 2e). In the case of

males, breeding dispersal represented a reproductive cost that also interacted with pairing status

and locality (Table 4).
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Although in the southern population the costs of paternity loss after dispersal were only evident
for widowed males, dispersers in the northern population had higher percentage of EPY in their

own nests, independent of their pairing status (Fig. 2h).
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Figure 2. Causes and consequences of breeding dispersal in two populations of thorn-tailed rayadito in
the northern and southern part of its distribution. The first four panels (a-d) depict proximate factors
affecting breeding dispersal in females (a, b) and males (c, d). Reproductive consequences for females (¢)
and males (f) are also shown. Levels of significance are marked for first and/or second order interactions:
* P<0.05; ** P<0.01; *** P <0.001.
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The analyses for mortality costs of breeding dispersal showed contrasting results between
populations. The most adequate models for both sexes in the southern population suggested that
values of apparent survival varied temporally, but none of the two covariates of breeding
dispersal were included (Appendix S1: Table S1). Individual mean apparent survival rates in this
locality during years 2008—2015 were 0.65 + 0.1 for females and 0.66 + 0.2 for males (mean +
SE). By contrast, the best models for both sexes in the northern population included apparent
survival as a constant term, and included the number of breeding dispersal events (BDE) as a
covariate (Appendix S1: Table S1). The negative effect of dispersal was expressed by the
following equations: logit () = 1.27 — 0.57 x (BDE), for females, and logit (¢) = 1.29 — 0.45 x
(BDE), for males. Individual mean apparent survival rates estimated for females and males in the
northern locality corresponded to 0.78 + 0.04 and 0.78 £ 0.05, respectively.

A total of 67 breeding pairs from the northern population and 55 from the south were
analyzed, from which 51 and 54% consisted of reunited pairs in each locality, including cases
with none (North: N = 175 South: N = 26) or at least one dispersed adults (North: N = 13; South:
N = 8). The remainder cases corresponded to pairs formed by widowed females and males, also
with none (North: N = 8; South: N = 16) or at least one confirmed disperser (North: N = 25;
South: N = 9). Results from GLMMs suggested no negative consequences of dispersal in the
southern population, other than a decrease in the territory quality occupied by widowed pairs in
year x+1 (Table 5, Fig 3a). In the north, a}ll dispersed pairs settled in less productive territories in
year x+1 (Table 5, Fig. 3a), and pairs formed by widowed birds had lower breeding

performances and broods with more variable weights after dispersal (Table 5, Fig. 3b, 3c).
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Table 5. Minimal adequate GLMM:s for fitness consequences of breeding dispersal for breeding pairs
from two populations of thorn-tailed rayadito. Main effects or first order interactions were not tested
when second order interactions were significant. Response variables are in bold.

Models by factors Estimate = SE Test* P
Time of breeding x+1
Intercept 0.84 0.11
PairStatus 0.17 0.16 t113=1.06 0.29
Dispersal 0.02 0.17  113=-0.75 0.45
Breeding performance x+1
Intercept 0.87 0.07
PairStatus 0.04 0.10 Not tested
Dispersal -0.05 0.10 Not tested
Locality*PairStatus*Dispersal -0.79 037  r113=-4.48 0.034
Clutech volume #+1
Intercept 855.54 136.94
PairStatus -101.68 103.59  ¢77=-0.98 0.32
Dispersal -61.36  94.45 135=-0.65 0.52
Locality*PairStatus*Dispersal -53.95 20648  159=-0.26 0.79
Territory quality index x+1
Intercept 2.01 0.08
PairStatus -0.12 0.13 Not tested
Dispersal -0.14 0.13 Not tested
Locality*PairStatus 0.35 0.18 Not tested
PairStatus*Dispersal -0.82 026 Not tested
Locality*PairStatus*Dispersal 0.96 0.34 z114=2.77 0.005
SD of brood weight x+1
Intercept 1.34 0.26
PairStatus -0.08 0.37 Not tested
Dispersal -0.44 038 Not tested
Locality*PairStatus 1.08 0.57 Not tested
Locality*PairStatus*Dispersal -2.01 0.83 1101=-2.38 0.018
Nest volume #+1
Intercept 689.54 455.64
PairStatus -226.69 161.85  186=-1.40 0.165
Dispersal -116.95 160.61  166=-0.72 0.46
Locality*PairStatus*Dispersal -131.10  333.60  784=-0.39 0.69

Models for territory quality used a binomial distribution and a log link. The remainder models used a Gaussian
distribution and identity link, excepting breeding performance, which used a log link. Nest box identity was included
as a random factor.

YParameter estimates and SE (Standard errors) were estimated relative to “Navarino’ (southern population)
in variable ‘Locality’, ‘reunited’ in variable ‘Pairing status’, and ‘none’ in variable ‘Dispersal’.
I statistic corresponds to the Wald-test (H,: parameter/SE = 0).
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Figure 3. Reproductive consequences of breeding dispersal for breeding pairs of thorn-tailed rayadito in
two populations near the northern and southern limits of its distribution. Variation of territory quality (a),
breeding performance (b), and variation of brood weight (c) and their relationship with dispersal and
pairing status of members of breeding pairs. Levels of significance are marked for first and/or second
order interactions: * P < 0.05; ** P <0.01; *** P <0.001. '

DISCUSSION

Context-dependent strategies of local natal dispersal

Interpopulation differences in natal dispersal strategies are expected when environmental
heterogeneity exerts varying ecological, genetic and/or social pressures on dispersal (Matthysen
2012, Starrfelt and Kokko 2012). Although limited by a reduced sample size, our results suggest
that in two populations of thorn-tailed rayaditos, differences in the causes and consequences of
natal dispersal can be understood in light of the local environmental context. In the homogeneous
and less densely occupied environment (southern population), none of the assessed factors
explained variability in natal dispersal distances for either sex, even though habitat quality was
expected to predict dispersal behavior. In the fragmented and densely populated environment
(northern population), density-dependence and kin competition apparently affected female and
male natal dispersal, respectively, but the expected influence of inbreeding avoidance was not

detected. No apparent consequences of natal dispersal were evidenced for post-fledging
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dispersers, excepting male birds in the northern population, for which a reproductive cost in
terms of paternity loss was apparent.

The lack of a relationship between natal dispersal and inbreeding avoidance was not
surprising for a continuous environment like the southern locality, where random settlement after
natal dispersal and no fine-scale genetic structure have been described previously (Chapter 1).
Nonetheless, we expected this relationship to partially explain the long dispersal distances of
females in the north, which frequently left their natal forest patch, presumably as a response to
the spatially restricted movements of males and their tendency to form clusters of more
genetically related individuals within forest fragments (Chapter 1). Although we did not find
evidence of active inbreeding avoidance (see e.g., Szulkin and Sheldon 2008), females may
already be decreasing the probability of mating with relatives by moving away from their natal
sites where male offspring usually remain. In fact, a number of studies have shown that
demographic processes and random dispersal may suffice to account for low levels of inbreeding
1in natural populations (e.g., Arcese 1989, Gibbs and Grant 1989), also hindering the detection of
active avoidance mechanisms (Wheelwright and Mauck 1998).

Many studies have shown that high population densities and habitat heterogeneity could
lead to increasing dispersal via intraspecific competition (Matthysen 2012). Despite males in the
north are more philopatric than females (Chapter 1), we still expected kin competition to
explain the variability in male dispersal distances, which indeed occurred. Adult males that were
more genetically related to local occupants around its natal site dispersed farther to establish their
first breeding territory. These results support the idea that the northern locality is a more
saturated and highly competitive environment, where nesting cavity availability appears low in

relation to the density of breeding birds (Chapter 1). Moreover, the long natal dispersal
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distances of females and the resulting sex-biased patterns could also be a consequence of the
high levels of intraspecific competition, as would be expected for populations under crowded
conditions (Gowaty 1993).

Despite density-dependence is important for dispersal decisions (Bowler and Benton
2005), we found little evidence of its potential role ‘as a driver of natal dispersal. This was not
completely unexpected in the southern locality, where a lower density of breeding birds and

higher availability of forested habitats would reduce competition for breeding territories (see

Chapter 1). Nonetheless, we observed that females in the northern population seemed to-

respond to density of adult neighbors in their natal patch, supporting the idea that saturated and

patchy environments promote sex-specific dispersal responses (Wheelwright and Mauck 1998).

Specifically, females dispersed larger distances to less densely occupied patches, presumably as
a consequence of higher levels of female-female competition for breeding opportunities.
Although direct evidence for this is lacking, the documented settlement patterns of post-fledging
females in this population indicate this might be the case, as they gradually move away from
their natal site until the first available male/vacant site is found (Chapter 1).

Potential costs of natal dispersal can result from the lack of familiarity with the first
breeding site and/or the lack of reproductive experience of young bird‘s (Greenwood 1980,
Greenwood and Harvey 1982). Such costs should be lov;,. or even absent, in a continuous and
less populated environment, particula;cly if dispersal is not restricted by landscape configuration
(Winkler et al. 2005), and if availability of breeding sites are higher and less variable (Payne
1991). Furthermore, costs/benefits of dispersal should not differ between sexes in socially

monogamous birds with symmetrical parental roles (Clarke et al. 1997, Arlt and P#rt 2008), as is

the case of thorn-tailed rayaditos (Moreno et al. 2007). However, male natal site fidelity would
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be enhanced in saturated and heterogeneous environments, for dispersal can increase the risk of
not finding a suitable nesting site because of higher social competition (Ward and Weatherhead
2005, Forero et al. 1999), but also the likelihood of breeding failure due to unfamiliarity with the
breeding territory/neighborhood (Greenwood and Harvey 1982). Our results agreed with these
predictions, as no negative consequences were detected for either sex in the southern population,
whereas males in the north had higher levels of EPY (paternity loss) as dispersal distance
increased. Tin's cost might represent a social restriction to natal dispersal, which in turn would
promote male philopatric behavior. In addition, if dispersal distance is inversely related with
male quality, as the social dominance hypothesis predict (Arcese 1989), this would also imply
that females can compensate for the low quality of their social mate by incurring in more extra-
pair copulations.

We did not test the effect of natal dispersal on other variables of breeding success such as
clutch volume or breeding performance (clutch size/brood size), given that these factors are a
consequence of the combined parental effort of both adults (Clutton-Brock 1988; see Methods).
This means that variation in these factors could be accounted at the breeding pair level, but this
was not possible for natal dispersal analyses, since nearly all recaptured post-fledging birds were
mated with adults of unknown age and whose dispersal and social status were not certain (i.e.,
new captures). Mortality costs were also not tested given the impossibility to estimate apparent
survival rates for post-fledging birds, but the long-term effects of dispersal on bird survival are

discussed in detail in the following section.

Context-dependent strategies of local breeding dispersal
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Breeding experience in birds is assumed to increase with age, as well as familiarity with a
breeding area (Greenwood and Harvey 1982). The higher philopatric behavior of adults is well
documented (Clarke et al. 1997), and it is explained as a ‘win-stay, lose-shift’ strategy (Switzer
1993), which is based on the premise that philopatry is the best choice whenever past breeding
success predicts future success (Ward and Weatherhead 2005, Ost et al. 2011). Therefore,.
breeding dispersal is widely viewed as a costly decision that can be advantageous after a poor
breeding performance (e.g., Weatherhead and Boak 1986, Calabuig et al. 2008) or after mate loss
(e.g., Harvey et al. 1979, 1984, Forero et al. 1999). The frequency of breeding dispersal in
populations of thorn-tailed rayadito is low and the distances travelled during such events rarely
exceed 100 m long (Chapter 1), suggesting that the benefits of philopatry could increase for
adult individuals. We found, however, that widowed females were more likely to disperse than
those reunited with their previous mate, whilst males seemed to be highly faithful to their
breeding site regardless of their pairing status. These results imply that drivers of breeding
dispersal could vary between sexes due to differences in competition and life-history strategies,
with ‘mate-faithful’ females competing for male availability and ‘site-faithful’ males competing
for breeding territories (see Le Galliard et al. 2003 for a similar pattern for a lizard species).

Our results showed that the use of public information was important for breeding
dispersal decisions for widowed birds from both populations. The direction of this relationship
was not always consistent, but it was evident that information on conspecifics either helped
avoiding dispersal towards less productive areas (i.e., females), or prompted individuals to seek
for patches with more presence of adult birds (i.e., males in the northern locality). As discussed
above, poor breeding performance was also expected to increase the probability of breeding

dispersal, but this happened only for widowed birds. The fact that only widowed individuals
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seemed to respond to public information or past breeding success could be an indicative of the
condition-dependent nature of dispersal decisions (Blakesley et al. 2006). While social benefits
of remating may allow pairs to relocate themselves nearby their previous nesting site after
breeding failure (Bai and Severinghaus 2012), widowed birds, particularly females, might be
forced to move farther, and thus informed decisions prior to dispersal would have a critical value
(Cote and Clobert 2007).

Breeding dispersal and/or mate loss can have opposite reproductive consequences for
female and male birds (Montalvo and Potti 1992, Valcu and Kempenaers 2008), as we observed
in rayaditos. Despite all the potential advantages of philopatry, dispersal could be beneficial for
females due to their ability to better perceive the quality of neighboring territories in relation to
males (Pért 1995), but also because of the opportunity to mate with more experienced or socially
dominant partners after leaving a breeding site (‘mate choice’ hypothesis; see Payne and Payne
1993). Although we did not assessed this possibility, we found that females were more prone to
engage in extra-pair copulations after dispersal, suggesting this can be a strategy to increase
breeding success, especially if dispersed females are not able to mate with the highest quality
male nearby their new breeding site. The breeding cost carried by males (i.e., paternity loss) also
point to this direction, if we assume that dispersed males are of lower quality because of their
unfamiliarity with the new habitat and/or the social neighborhood (Greenwood 1980, Greenwood
and Harvey 1982). More interesting is that only widowed males paid such a cost in the southern
population, while in the north, paternity loss was higher for all dispersers regardless of their
social status, reinforcing the idea that levels of social competition are higher in the more
populated and heterogeneous environment. Reproductive consequences at the breeding pair level

also hinted that dispersal is more costly in the northern population, and that the number/type of
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traits affected might depend on the local context. Again, breeding dispersal involved lower
reproductive performance for dispersing pairs composed of widowed birds, but no adverse
consequences for reunited pairs. This seems logical, as remating can provide enormous benefits
like increased habitat familiarity and improved social ccl)ordination between breeding partners
(Black 2001, Morrison et al. 2008).

Mortality costs of breeding dispersal have been described for a number of bird species
(e.g., Daniels and Walters 2000, Pakanen et al. 2011), showing sex-differences in some instances
(Pérn et al. 2009), or also co-varying with the local ecological conditions (Terraube et al. 2014).
Despite we did not find sex-specific differences, we observed context-dependent effects of
breeding dispersal on adult long-term survival. In the northern population, apparent survival was
lower for females and males that incurred more frequently in dispersal throughout their lives,
confirming that fragmented landscapes increase the risk of mortality for this forest passerine. It
has been shown that habitat fragmentation negatively affects breeding success (Chalfoun et al.
2002, Tewksbury et al. 2006) and survival of several forest species (Horak and Lebreton 1998,
Matthysen et al. 1999, Ruiz-Gutierrez et al. 2008), sometimes through an increase of dispersal-
related mortality (Ewers and Didham 2006). Although we did not estimate post-fledging

survival, it is reasonable to expect that natal dispersal would have the same effect on juvenile

mortality, considering that longer distances can represent a higher predation risk.

Concluding remarks
The correspondence between predictions and results in this study supports our assumption that
population-specific dispersal patterns can be explained by context-dependent costs and benefits

of local natal and breeding dispersal. We are not sure to what extent the limited sample size in
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the southern locality reduced our power for detecting potential causes and consequences of natal
dispersal in this population, but this resuit agreed with the random pattern of post-fledging
movements and the consequent random spatial distribution of rayaditos’ genotypes reported
there (Chapter 1). Random dispersal is predicted to occur in unstructured habitats (Wotton et al.
1986), and could reflect a non-adaptive or neutral process whenever no fitness consequences are
evident (see Payne 1991). In the north, fitness costs were only detected for males, as would be
expected in a population where natal dispersal is female-biased (Chapter 1). In this locality,
female natal dispersal can be a response to increased competition for available males, while
variability in male dispersal distances might result from a trade-off between the social benefit of
settling nearby the natal site and the associated costs of kin competition.

Breeding dispersal was costly for individuals and breeding pairs in both localities, but it
appeared to be an adaptive response after a bad experience during the previous breeding season,
such as mate loss or low reproductive success (Calabuig et al. 2008). Higher costs were
anticipated for birds and breeding pairs inhabiting the heterogeneous and more densely populated
environment (see Bensh and Hasselquist 1991, Forero et al. 1999, Ward and Weatherhead 2005),
which was indeed confirmed. Results for this population also suggested that despite the higher
risk of mortality, female dispersal might be promoted by intense intrasexual competition for
potential mates, which ultimately could favor mate fidelity in females. Meanwhile, male
dispersal would be a balance between competition and breeding/mortality costs, potentially
benefiting site fidelity in males.

Although some authors have proposed that the proximate causes and consequences of
dispersal may be widespread at the within-species level (Montalvo and Potti 1992), this study

provides evidence of intraspecific differences in the costs and benefits of natal and breeding
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dispersal, showing population-specific responses to spatial environmental ‘ variation.
Furthermore, we showed that differences between sexes in the fitness consequences of dispersal
are particularly evident when the pairing status of individuals is considered. This illustrates the
role of mate loss on conditioning breeding dispersal decisions in socially monogamous
passerines, despite the relevance of social bonds in ‘short-lived’ species are sometimes

underestimated.
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Table S1. Model selection for apparent survival (¢) and recapture rate (p) from capture-mark-recapture (CMR) data from two populations of
thorn-tailed rayadito. Models’ goodness of fit was assessed-using values of AICc. Most adequate models are in bold.

—

Population Sex Model AlCc Delta AICc  AICc Weights  Model Likelihood No.Par  Deviance

North Females o(t), p(.) 193.59 0.00 0.60 1.00 4 187.32
o(.), p() 195.56 1.97 0.22 0.37 2 187.10

o(t), p(t) 196.78 3.19 0.12 0.20 6 186.08

o(.), p(t) 198.84 5.25 0.04 0.07 4 185.85

¢(t*BDE), p(.) 202.04 8.45 0.01 0.01 7 181.85

Males  o(t), p(.) 171.35 0.00 0.89 1.00 4 162.86

0(), p() 177.16 5.80 0.05 0.05 2 156.79

o(t), p(t) 178.11 6.75 0.03 0.03 6 162.67

@(t*BDD), p(.) 178.58 7.23 0.02 0.03 7 163.15

¢(t*BDE), p(.) 183.39 12.04 0.00 0.00 7 167.95

South Females @(BDE), p(.) 189.59 0.00 0.49 1.00 3 183.32
o(.), p(-) 192.33 2.73 0.12 0.25 2 188.19

o(t), p(t) 192.57 2.98 0.11 0.23 6 184.11

¢(BDD), p(.) 193.32 3.73 0.08 0.16 3 187.05

@(t*BDE), p()  202.04 12.45 0.00 0.00 7 181.85

Males  @(BDE), p(.) 169.19 0.00 0.61 1.00 3 162.90

@(BDD), p(.) 171.61 2.42 0.18 0.30 3 165.32

¢(-), p(.) 172.32 3.13 0.13 0.21 2 168.17

o(t), p(t) 173.56 4.37 0.07 0.11 6 165.07

¢(t*BDE), p(.) 177.16 7.97 0.01 0.02 7 156.79

Time-dependent variables were denoted with (t), whereas variables. that were constant through time were denoted with (). BDE = Eom&bm dispersal events
throughout the capture history for every individual; BDD = breeding dispersal distance (cumulative value) throughout the capture history for every individual.
Both estimates were corrected by the total number of individual recaptures.
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CAPITULO 111

CONTEXT-DEPENDENT RELATIONSHIP BETWEEN BREEDING DISPERSAL
AND PERSONALITY IN A PASSERINE BIRD: INTERPOPULATION
DIFFERENCES IN EXPLORATION, AGGRESSIVENESS AND RISK TAKING

BEHAVIOR

MANUSCRITO FORMATEADO PARA ENVIAR A BEHAVIORAL ECOLOGY AND

SOCIOBIOLOGY
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Abstract

Studies of intraspecific variation on the relationship between personality and dispersal are
necessary to understand the evolution of dispersal syndromes. Empirical studies have focused on
natal dispersal, even though behavioral differences between dispersers and philopatric
individuals might hold through the whole life cycle, subsequently affecting breeding dispersal
propensity. Using capture-mark-recapture (CMR) data and behavioral trials in two wild
populations of thorn-tailed rayadito (dphrastura spinicauda), we investigated intraspecific
differences in exploratory behavior, aggressiveness and risk-taking behavior, and tested for a
context-dependent relationship between those traits and breeding dispersal. We compared two
contrasting environments; an isolated population in Fray Jorge National Park, north-central
Chile, that represented a fragmented and saturated environment; and a population from Navarino
island, representing a homogeneous, less densely populated and less stressful habitat. We found
that behavioral variation followed the predicted pattern, with birds from Fray Jorge being less
exploratory, less aggressive and shyer than individuals from Navarino, suggesting site-specific
behavioral strategies. Our results also showed that personality could predict fine-scale breeding
dispersal, but this relationship would depend on the local environmental context. The absence of
breeding dispersal syndromes in Navarino was expected, as the local habitat could have relaxed
selective pressures on dispersal. The higher propensity to disperse of more exploratory females
and more aggressive males in Fray Jorge implied that dispersal syndromes are more likely to

occur when local conditions impose more restrictions to dispersal.
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Significance statement Depending on the ecological and social conditions in any given
population, dispersal syndromes can be quite variable, or even absent. Surprisingly, most studies
testing this variation have focused on natal dispersal, although the decision of adult individuals
to disperse could still be affected by phenotypic characteristics, particularly personality traits. To
our knowledge, this is the first study documenting a relationship between breeding dispersal and
personality, and furthermore, assersing if such association is context-dependent. We found that
personality in the thorn-tailed rayadito predictably varied between contrasting environments, and
that breeding dispersal syndromes were absent in an environment with no apparent restrictions to
dispersal. On the contrary, breeding dispersal was related with exploratory behavior ,and
aggressiveness in a fragmented énd saturated habitat, supporting the idea that dispersal

syndromes are more likely to occur when local dispersal is restricted.

Key words Breeding dispersal, dispersal syndromes, intraspecific variation, personality-

dependent dispersal, thorn-tailed rayadito
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Introduction
Dispersal syndromes, or the integration of dispersal with physiological, morphological,
behavioral and/or life-history traits, have been documented in several animal species (Cote and
Clobert 2012; Ronce and Clobert 2012). In addition, recent evidence suggests that dispersal
phenétypes may be functionally and genetically integrated with personality traits (Duckworth
2012; Duckworth et al. 2015; Korsten et al. 2013), a phenomenon often referred as personality-
dependent dispersal (Cote et al. 2010). Consistent inter-individual differences in personality
appear to be linked with the propensity to disperse: for many species, dispersers tend to be faster
explorers, bolder, more active, more aggressive and less social than philopatric individuals,
although opposite trends have been reported (Clobert et al. 2009; Cote et al. 2010). Because
animal personalities might constitute a set of strategies for individuals to cope with
environmental stress (e.g., the fast-bold and slow-shy spectrum; Sih et al. 2004; Réale et al.
2007), it is expected that a relationship between personality and dispersal would be a complex
and varying response exhibiting population-specific differences (Matthysen 2012). Dispersal
syndromes have, for instance, been shown to vary depending on the ecological and social
environment (Spinks et al. 2000; Verhulst et al. 1997), but the available examples are
particularly restricted to the association between dispersal and morphological/physiological traits
(Clobert et al. 2012). While studies of intraspecific variation in the relationship between
personality and dispersal are needed to further understand the evolution of dispersal syndromes
(Bonte and Saastamoinen 2012), these still remain scarce.

Although personality traits can affect individual decisions during different behavioral
stages of dispersal (Cote et al. 2010), natal dispersal (i.e., the movement from the natal site to the

first breeding site) decisions are more likely to be influenced by genetic and maternal effects

129




than breeding disper§al (i-e., the movement between breeding sites during consecutive breeding
seasons), given that adults have accumulated more experience and information on the
distribution of resources, which subsequently affects future dispersal decisions (Bowler and
Benton 2005; Pakanen et al. 2011). Furthermore, several studies in avian taxa reveal that the
proximate causes of breeding dispersal are usually different from those promoting natal
dispersal, being habitat quality, pairing status and past breeding success the main predictors of its
occurrence (Clarke et al. 1997; Greenwood and Harvey 1982). As a result, natal dispersal has
been the main focus of interest in studies of personality-dependent dispersal, even though some
authors propose that behavioral differences between dispersers and philopatric individuals may
hold through the whole life cycle (Cote et al. 2010). Some studies have suggested that
aggressiveness or boldness could explain differences in breeding dispersal propensity between
adult individuals (Valcu and Kempenaers 2008), but this remains to be tested.

In this study, we investigated interpopulation variation in personality traits in a passerine
bird, and their relationship with breeding dispersal under contrasting environmental conditions.
We studied two wild populations of the thorn-tailed rayadito (dphrastura spinicauda), a small
cavity nesting bird that breeds in temperate forests along an extensive latitudinal gradient
throughout Chile and western Argentina (30° S—55° S; Remsen 2003). A long-term study on the
breeding ecology of this species has shown that populations occurring at the northern and
southern limits of its distributional range show important physiological (Quirici et al. 2014,
2016), behavioral (Botero-Delgadillo et al. 2017), and ecological differences (Chapter 1, 2).
Close to the northern limit of its distribution, in Fray Jorge National Park (hereafter Fray Jorge;
S30° 38, W71° 40°), a relatively isolated population of rayaditos occupy naturally fragmented

forests surrounded by an extensive semiarid matrix, while in the southern limit, in Navarino
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Island (hereafter Navarino: S55° 4°, W67° 40°), the species inhabits relatively continuous forests
and maintains gene flow with other populations (Gonzélez and Wink 2010; Quirici et al. 2014;
Yafiez 2013). Comparative estimates of population density (Vergara and Marquet 2007, Chapter
1), baseline CORT levels (Quirici et al. 2014), and telomere lengths (Quirici et al. 2016) indicate
that Fray Jorge represents a more stressful and densely populated environment than Navarino,
and recent evidence also suggest that both natal and breeding dispersal are more restricted and
involve higher breeding and mortality costs in this locality (Chapter 2).

Using capture-mark-recapture (CMR) data and behavioral trials for two wild populations
of rayaditos, we studied intraspecific differences in exploration, aggressiveness and risk-taking
behavior, and tested for a context-dependent relationship between those traits and breeding
dispersal. Based on empirical studies for birds in general and information about interpopulation
differences in ecological and physiological traits of ra'lyaditos, we make explicit predictions about
expected patterns of context-dependent variation. Levels of aggression and activity have been
shown to increase in high-density populations (Cote and Clobert 2012). However, artificial
selection experiments in birds show that stress-hormone profiles differ between proactive (i.e.,
fast-bold) and reactive (i.e., slow-shy) individuals, the second having higher levels of baseline
CORT levels and higher stress responses (Baugh et al. 2012; Cockrem 2007; Groothuis and
Carere 2005; Qverli et al. 2007), suggesting a genetic correlation between personality and
physiology. Considering that baseline CORT levels are lower in both nestlings and adult
rayaditos in the continuous and less densely populated environment of southern Chile (Quirici et
al. 2014), and assuming that behavioral syndromes in rayaditos are broad and consistent
associations of personality traits as in other bird taxa (see Duckworth 2012; Groothuis and

Carere 2005; Réale et al. 2007), we predicted (1) that birds from this population are on average,

/
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more exploratory, more aggressive and bolder than birds from north-central Chile. Current
evidence for a number -of species indicates that faster explorers and/or more aggressive
individuals are more prone to disperse (Cote et al. 2010). Nevertheless, comparative studies
show that despite saturated and competitive environments promote the differentiation between
dispersers and philopatric individuals in distinct phenotypic traits, such differences might be
cancelied in the absence of competition, even though dispersal still occurs (Aragon et al. 2006;
Spinks et al. 2000). Given the differential ecological and social pressures on breeding dispersal
between the two study populations (Chapter 2; see above), we predicted (2) no differences
between dispersers and non-dispersers in the homogeneous and less stressful environment of
southern Chile, but breeding dispersers in the northern population to be more exprloratory, more

aggressive and bolder than philopatric birds.

Materials and methods

Study areas -

This study was part of a long-term nest-box monitoring program carried in Fray J orge National
Park, Coquimbo Region, northern Chile, and Navarino Island, Magallanes and Chilean Antarctic
Region, southern Chile. Fray Jorge is a semiarid landscape dominated by matorral steppe
(Luebert and Pliscoff 2006), where a fog-supported fragmented relict of Valdivian temperate
forest occurs at the top of the coastal mountain range (del-Val et al. 200). Navarino, on the other
hand, comprises a large and nearly continuous extent of sub-Antarctic forest and secondary
growth (Rozzi and Jiménez 2014). A total of 101-157 and 171-222 nest boxes were installed
between 2006 and 2015 in forest habitats of Fray Jorge and Navarino, respectively, being

regularly distributed (25-35 m) and geo-referenced with 2 m measurement error (Chapter 1).
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Breeding monitoring and capture procedure

The frequency of second clutches in rayaditos is extremely low (R. A. Visquez, unpublished
data), and the few cases recorded were not conside(red in this study. During each year, occupied
nest boxes were monitored on a daily basis to record laying dates, hatching dates and fledging
dates (see details in Moreno et al. 2005). Breeding adults were captured using nest-box treips
when nestlings were 12—14 days old, and subsequently marked with numbered aluminum bands
(Moreno et al. 2005; Quirici et al. 2014), and a unique combination of plastic colored bands for
subsequent identification during behavioral trials (see below). During capture, birds were
measured and weighted (tarsus length, wing chord and tail length, + 0.05 mm; body mass, =+ 0.1
g; see Moreno et al. 2005, 2007), and before release, a blood sample of ca. 17 ul was obtained by
puncturing the brachial vein with a sterile needle (Quirici et al. 2014). Blood samples were

stored on FTA™ Classic Cards (Whatman' ) for molecular sexing.

Molecular sexing

Molecular sexing was necessary due to the lack of obvious sexual dimorphism in thorn-tailed
rayaditos (Moreno et al. 2007). A detailed protocol is described elsewhere (see Chapter 1). In
brief, we used a sex-specific length polymorphism in the CHD gene that can be PCR amplified
with primers P2 and P8 (Griffiths et al. 1998). One primer (P8) was fluorescently labelled with
6-FAM™ (Thermo Fisher Scientific). The PCR products were mixed with formamide and a size
standard (GeneScan’ 500 LIZ®), heat denatured and resolved in POP4 polymer on an ABI™
3130 Genetic Analyzer (Thermo Fisher Scientific, Darmstadt, Germany). The size of fragments
was determined with the GeneMapper 4.0 software (Applied Biosystems). The chromosomal

origin of the fragment was detected by their size and appearance: the 382 bp W-chromosomal
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fragment CHD-W is specific for heterogametic females (ZW), and appeared together with one of
the Z-chromosomal fragments that are either 357 bp (CDH-Z1) or 358 bp (CDH-Z2).

Homogametic males (ZZ) can be homo- or heterozygous at the CHD locus.

Behavioral trials ‘

Behavioral tests were carried during 2013-2015 between 0600 and 1300 h during the last two
weeks of the breeding attempt of adult birds. It was not possible to record data blind because our
study involved focal animals in the field. Exploratory behavior was assessed using novel
environment experiments (Réale et al. 2007), following the methodology described in van
Dongen et al. (2010). Trials were carried immediately after bird capture (see above), but prior to
marking and processing. For these tests, we used large field-portable cages (270 cm length x 150
cm width x 150 cm height) that were installed across the study plots but not in close proximity to
nest boxes (30-60 m). Cages were made of polyvinyl chloride poles and semitransparent black
shading cloth, with four wooden perches diagonally arranged at regular distances (60-70 cm)
along the long axis. A small holding cage (30 cm length x 25 cm width x 39 cm height) covered
with a cloth was placed in a corner of each experimental cage, where birds were initially
introduced for a 5 min acclimatization period, after which the cloth was removed and the door
open (van Dongen et al. 2010). Experimental trials lasted for 10 min, and all events were
recorded with a high definition camera placed at 5-7 m from the cage. We focused on
documenting the number of movements (flights and hops) during trials, and the destination of
every movement in each of the 14 possible areas to be visited by the birds, including the four

perches and 10 additional surfaces (i.e., floor, walls and roof) that were defined according to the

inner subdivisions of the exploration cage (see van Dongen et al. 2010). All videos were
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analyzed using JWatcher 1.0 (Blumstein et al. 2010). Individual exploratory behavior was
quantified using two uncorrelated variables (Pearson’s » = 0.21, p = 0.11): (i) movement rate
(total movements/minute), used as a proxy of exploration speed; and (ii) exploratory diversity
(van Dongen et al. 2010), quantified with the Brillouin’s diversity index, which is more
appropriate when the probability of obtaining any sample (i.e., visited surfaces) is not necessarily
equal (see Krebs 1989). To calculate this index, we used the frequency of visits in each of the 14
areas and the exact time spent there by each bird.

For measuring aggressiveness, we used agonistic behavior tests (Carere et al. 2005),
simulating territory intrusions by a conspecific male (simulated territory intrusion, STI;
Wingfield et al. 1987). These tests were carried when nestlings were 15-16 days old, always
three days after exploration experiments. Although measurement of aggression towards
conspecifics might be best carried before incubation (Gowaty 1981; Wingfield et al. 1990), it
was not possible to perform these tests until both members of each pair were marked with color
bands. For these trials, we placed a stuffed mount of a male rayadito at 3—5 m from the nest box,
and played tape-recorded songs of a male from the respective population (see details in Ippi et al.
2010, 2013) during 10 min using a sound speaker. An experimented observer recorded all
behaviors using a digital audio recorder while remained hidden from view. Recordingss were
further analyzed in the JWatcher software, in order to quantify two uncorrelated variables
(Pearson’s r = 0.42, p = 0.08): (iii) the total number of movements during the trial, used as a
representative of an individual’s alarm activity (Ippi et al. 2013); and (iv) the total number of
aggressions over the intruder, including physical aggressions (e.g., pecking the intruder), or

aggressive maneuvers (e.g., flying over the intruder or hovering close to it).
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Finally, risk-taking behavior was assessed by a predator presentation test (Réale et al.
2007), scoring nest defense intensity towards a human observer (see Hollander et al. 2008). Tests
were performed when nestlings where 17-19 days old, three days after the STIs. These trials
were carried out a few days before fledging, given that increased nest defense during the end of
nestling growth in several birds makes this an appropriate time for testing this behavior
(Montgomery and Weatherhead 1988). An observed stood at 1.5 m from the nest box, measuring
(v) the minimum approach distance of both adults during a period of 3 min after they arrived to
the nesting site. Contrary to Hollander et al. (2008), we carefully selected the observer’s position
during previous days to be sure that the availability of surrounding vegetation would not limit

bird’s approachability to the intruder. Exact distances were measured with a laser rangefinder.

Capture-recapture and breeding dispersal

We used CMR data obtained during 2012-2015 to track bird movements between consecutive
breeding seasons. Although dispersal can be measured both as a continuous variable and as a
binary state (e.g., Forero et al. 1999), previous analyses on breeding dispersal strategies of
rayaditos showed similar results when considering linear distances (m) or the occurrence/absence
of dispersal (Chapter 2). We thus defined dispersal status (‘dispersed’/‘non-dispersed’) for
every individual according to the linear distance moved between consecutive years in relation to
a threshold value. Recaptured birds moving a distance higher than the upper limit of the 95%
confidence interval (CI) of the annual mean territory diameter in each population were
considered as ‘dispersed’, whereas individuals retaining the same nest-box or moving to adjacent
nest boxes were defined as ‘non-dispersed’ (sensu Valcu and Kempenaers 2008). Breeding

territories were modeled separately for every breeding season using Dirichlet tessellation
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(Adams 2001), and annual mean territory diameters were subsequently calculated for each
population. Because we contrasted bird movements with mean values computed for every year,
we avoided the potential effects of the yearly variation of bird density on territory size (Valcu

and Kempenaers 2008). All spatial analyses were performed in ArcGIS 9.3 (ESRI 2008).

Data analysis

Due to adult mortality and/or nest failure in some nest boxes, not all individuals were subjected
to all experiments, either during a specific year or throughout the sampling period. As a result,
sample sets for each behavioral test were not necessarily composed by the same individuals
and/or were unbalanced, so interpopulation comparisons of behavioral traits were assessed with
separated analyses. Furthermore, we removed duplicate records from the same individual, and
hence, our analyses only included first captures. Although repeated measurements are essential
to assess repeatability and behavioral plasticity (Dingemanse et al. 2010), we focused only on
inter-individual variation at the within- and among-populations levels (Réale et al. 2007).
However, exploration, aggressiveness and risk-taking behavior in rayaditos show similar values
of repeatability relative to other bird species, ranging from 0.2 to 0.5, and are considered
elsewhere (Poblete et al., unpublished data).

Normality was te'sted for all variables using Shapiro-Wilk’s test. With the exception of
the number of aggressions during STIs, all variables fitted the assumptions of normality (all p >
0.05). Preliminary tests were carried in order to test for inter-annual variation in behavioral traits
within each population. Since no temporal variation was found for any of the variables tested
(see Results), we combined data from all sampled years for behavioral comparisons between

populations. For this, we used two separate multivariate general linear models (Quinn and
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Keough 2002) for normally distributed variables, one for variables describing exploratory
behavior, and another for the alarm activity/minimum approaching distance. The number of
aggressions was analyzed using generalized linear models with a Poisson error structure and a
log link function (GLZ; Quinn and Keough 2002). All these models tested the main effects of
locality (i.e., population of origin) and sex, and their two-way interactions.

For validating context-dependent phenotypic correlations between behavioral traits and.
breeding dispersal (sensu Réale ét al. 2007), we analyzed recaptured individuals with known
dispersal status and wit}{ data from at least one behavioral experiment carried out during the
same year of recapture. We fitted generalized linear mixed models (GLMM,; Bolker et al. 2068),
using binomial error distributions and log link functions (Quinn and Keough 2002), performing
separated analyses for exploratory behavior and aggressiveness/risk-taking. Dispersal status
(‘dispersed’/’non-dispersed”) was included as the response variable and behavioral traits as fixed
effects, while locality was introduced as interacting factor. Only year of recapture and bird age
were included as random factors, since other potential random effects were accounted for by
excluding duplicated samples (individual effect) and by performing separated analyses for
females and males (‘nest-box effect’; see Ippi et al. 2013). By separately analyzing each sex, we
also prevented both members of a breeding pair to contribute twice in the analyses (Calabuig et
al. 2008). All independent variables were introduced in full models, from which minimal most
adequate models were selected using the. corrected Akaike’s Information Criterion AICc and by
manually 1;emoving non-significant effects through a backward stepwise procedure (Crawley
1993). Although pairing status of adult birds is an important predictor of breeding dispersal in
birds (e.g., Blakesley et al. 2006; Calabuig et al. 2008; Valcu and Kempenaers 2008), including

rayaditos (Chapter 2), we did not considered this variable due to the extremely low number of
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widowed or divorced adults for which behavioral information was available (< 10 individuals for
each sex for novel environment tests or agonistic béhavior/predator presentation tests).
Consequently, all analyses were focused on dispersed and non-dispersed birds that remated with
their previous breeding partner.

All statistical tests were performed using a = 0.05 for hypothesis testing, and were
performed in R version 3.3.1 (R Core Team, 2016), using the packages Ime4 (Bates et al. 2008),

MASS (Venables and Ripley 2002), and MuMIn (Barton 2014).

Ethical note

Birds were captured and marked under the authority of Servicio Agricola y Ganadero (SAG;
permits 5193/6295) and Corporacion Nacional Forestal (CONAF), Chile. Research was carried
with the supervision of the Ethics Committee of the Sciences Faculty, Universidad de Chile.
Birds that were subjected to novel environment experiments were gently captured with a
butterfly net after the test, subsequently processed (mark and blood sample) in 3-5 /minutes, and
then released nearby their nest box. Subsequept visits to the nest boxes allowed us to confirm
that captured adults resumed their parental duties and that fledging success was not

compromised.

Results

Personality traits and annual variation

Multivariate general linear models (MGLMs) performed with normally distributed variables
revealed that neither the measurements of exploratory behavior, nor the variables describing
alarm activity and risk-taking behavior varied between years in Navarino (exploratory behavior:

Roy’s Largest Root = 0.08; F376 = 2.05; p < 0.11; alarm activity/risk-taking: Roy’s Largest Root
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= 0.11; F353 = 1.62; P < 0.18) and Fray Jorge (exploratory behavior: Roy’s Largest Root =
0.007; F2,81 = 0.27; P < 0.76; alarm activity/risk-taking: Roy’s Largest Root = 0.03; 571 = 0.09;
P <0.91). Similarly, GLZ models indicated that there was no effect of the breeding season on the
number of aggressions recorded during STIs for birds in Navarino (Wald y* = 1.61; df = 1; p=

0.20) and Fray Jorge (Wald * = 0.04; df = 1; p = 0.85).

Interpopulation differences in behavior

The interpopulation comparison of exploratory behavior was based on 80 captured birds in
Navarino (40 from each sex) and 84 in Fray Jorge (42 from each sex). Mean values of movement
rates and exploration diversity per population are summarized in Table 1. According to MGLMs,
exploratory behavior differed between populations (Roy’s Largest Root = 0.66; F3 150 = 52.45; p
< 0.001), but there was no a sex-difference (Roy’s Largest Root = 0.002; F 159 = 0.19; p = 0.87)
nor a significant interaction between main effects (Roy’s Largest Root = 0.001; F5 150 = 0.01; p =
0.98). Although there was no effect of the population on movement rates, values of exploratory
diversity were significantly higher in Navarino than in Fray Jorge (Table 2, Fig. 1a).

Contrasts of aggressiveness and risk-taking behavior included 74 individuals captured in
Navarino (37 from each sex) and 63 in Fray Jorge (31 females and 32 males). Table 1
summarizes for each population the mean values of the number of movements during STIs, the
number of aggressions towards a conspecific intruder, and the minimum approaching distance to
a human observer (MADH). Results from MGLMs showed a significant interaction between
population of origin and sex on two normally distributed variables, i.e., alarm activity during

STIs and MADH (Population*Sex effect: Roy’s Largest Root = 0.07; F513, =4.71; p = 0.01).
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Table 1. Mean values (& standard deviation, SD) of five measures of personality traits using three distinct behavioral tests in two populations of
thorn-tailed rayadito in two contrasting environments in southern (Navarino Island) and north-central (Fray Jorge National Park) Chile. See text
for an explanation on differences in sample sizes for novel environment tests (Navarino, »n = 80; Fray Jorge, n = 84) and agonistic
behavior/predator presentation tests (Navarino, n = 74; Fray Jorge, n = 63).

Behavioral test Personality trait" Variable measured go.m: values (SD)
Navarino  Fray Jorge
Novel environment' Exploration Movement rate (movs/min) 24.9(72) 24.2(6.3)
Exploration diversity (Brillouin's index) 1.7 (0.2) 1.2 (0.2)
Agonistic behavior* Aggressiveness Alarm activity (number of movements) 61.6 (36.1) 54.8(33.1)
Aggressions towards intruder (total) 2.8 (3.8) 1.3(1.8)
Predator presentation' Risk-taking Minimum approach distance to human observer (m) 1.9 (1.3) 3.6(1.9

'Sensu Réale et al. (2007).

2Agonistic behavior tests were carried using a simulated territorial intrusion (STI; Wingfield et al. 1987) by a conspecific male (see text for details).
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After the inspection of between-subject effects, however, we noticed different patterns for each
variable: a significant and opposite interaction was detected for the alarm activity, with males
and females being the more active sex in Navarino and Fray Jorge, respectively (Fig. 1b);
MADH values only varied between Iocaliti‘es, with birds of both sexes approaching more to the
observer in Navarino (Table 2, Fig. 1c). According to the GLZ model, the number of aggressions
towards a conspecific stuffed mount during STIs differed between both populations (Table 2),
being higher in Navarino (Fig. 1d). Nevertheless, a significant interaction with sex was detected

(Table 2), as females and males in Navarino almost equally attacked the intruder, whereas males

from Fray Jorge where more aggressive than females (Fig. 1d).
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Figure 1. Interaction plots for the effects of population and sex on personality traits of thorn-tailed
rayadito in two populations in southern (Navarino Island; dashed line) and north-central (Fray Jorge
National Park; solid line) Chile.
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Table 2. Between-subject effects of multivariate general linear models (MGLM:s) for variation in personality traits between two populations of
thorn-tailed rayadito in contrasting environments in southern (Navarino Island) and north-central (Fray Jorge National Park) Chile.

Personality trait ~ Variable measured Explanatory terms ~ Estimate SE Test' P
Exploration. Movement rate Intercept 24.62 1.04
Aao<m\ b‘:ﬂv Hvomue;mﬁouu 0.56 1.48 F, _._aoﬂ.o.#u 0.51
Sex -0.76 1.47 F1,160=0.34 0.57
Population*Sex 0.29 2.11 Fy160=0.02 0.89
Exploration diversity _ Intercept 1.27 0.39
(Brillouin's index) Population 0.41 0.05 Fi16=101.02  <0.001
Sex -0.003 0.06 W_,_moHO.OOu 0.95
Population*Sex 0.01 0.08 Fi160=0.01 0.91
Aggressiveness  Alarm activity Intercept 43.70 5.42
(number of Population 2423  1.96 Fi135=135 0.25
movements) Sex 2221 7.67 F1,135=0.66 0.42
Population*Sex -35.12 11.31 F1133=9.35 0.003
Aggressions towards  Intercept 0.82 0.19
intruder (total) Population 0.41 0.28 7136=-3.05 <0.001
Sex -1.65 0.35 Z136=-3.05 <0.001
Population*Sex 1.58 0.46 2136=-3.05 0.001
Risk-taking Minimum approach Intercept 3.93 0.27
distance to human Population -1.83 0.40 F1,133=34.39 <0.001
observer (m) Sex 056 038  Fin=2.18 0.14
Population*Sex 0.28 0.57 Fy13=0.23 0.63

1, statistic corresponds to the Wald-test (H,: parameter/SE = 0).
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Behavioral correlates of breeding dispersal

The GLMMs used for testing the relationship between breeding dispersal and exploratory
behavior included 53 recaptured birds with known dispersal status from Navarino (25 females
and 28 males) and 57 from Fray Jorge (29 females and 28 males). After correcting for random
effects, most adequate models for females and males showed that the relationship of exploration
and breeding dispersal was dependent on the population (see Table 3). Although there was no
effect of exploratory behavior on breeding dispersal status in Navarino, in Fray Jorge, dispersed
females moved faster than non-dispersers during exploration trials (Fig. 2a), whereas male
dispersers tended to show a more diverse exploratory behavior (marginally significant effect; see

Table 3).
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Figure 2. Relationship between behavioral traits and breeding dispersal in two populations of thorn-tailed
rayadito in southern (Navarino Island) and north-central (Fray Jorge National Park) Chile. a. exploration
speed of female birds during exploration experiments; b. number of aggressions towards a conspecific
stuffed mount during simulated territory intrusions (STI) by males. Bars represent + 2 standard errors
(SE) around mean values. Levels of significance are marked for interactions between behavioral traits and
population: * P <0.05; ** P <0.01; *** P <0.001.

GLMMs for aggressiveness and risk-taking behavior included 42 recaptured breeding
adults (21 from each sex) in Navarino and 49 in Fray Jorge (24 females and 25 males). The

effect of aggressiveness or risk-taking on breeding dispersal behavior also interacted with the
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population, as no relationship between these personality traits and dispersal was detected in
Navarino (Table 3). On the other hand, in Fray Jorge, aggressiveness and risk-taking behavior
only predicted breeding dispersal in males (Table 3), as dispersed individuals were more

aggressive towards the male conspecific intruder (stuffed mount) than non-dispersers (Fig. 2b).

Discussion

Personality traits and environmental variation

Inter-individual differences in personality traits are viewed as the result of a complex interaction
between an individual’s genetic make-up and environmental conditions (Dingemanse and Wolf
2013\), having variable fitness consequences at the within- and between-populations levels,
depending on the social and ecological context (Dingemanse and de Goede 2004; Dingemarnse et
al. 2003). Personality traits can be associated in a consistent fashion across populations (e.g.,
positive correlation of exploration and aggressiveness regardless of the local conditions) if they
are more or less genetically restricted (‘genetic constraint models®), but if the influence of the
selective environment is more important, within and between population associations might not
be necessarily identical (‘adaptive divergence models’; see Dingemanse and Réale 2005). At the
risk of being too simplistic, our predictions anticipated that all traits assessed in this study were
positively correlated in both populations, implicitly assuming either (i) a genetic constraint
and/or (ii) selective pressures favoring the same correlation of traits in both environments (see
Lande 1979, 1986). Despite we did not assess behavioral correlations and repeatability in
rayaditos, our results suggest that exploratory behavior, aggressiveness (number of aggressions
towards conspecifics), and risk-taking consistently varied across distinct populations of this

passerine bird.
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Table 3. Minimal adequate GLMMs for testing phenotypic correlations between behavioral traits and breeding dispersal in two
thorn-tailed rayadito in contrasting environments in southern (Navarino Island) and north-central (Fray Jorge National Park)
used individual dispersal status (‘dispersed’/‘non-dispersed’) as the response variable. Main effects were not tested when interactions where

significant. See text for sample sizes for novel environment tests and agonistic behavior/predator presentation tests.

Personality trait Sex Models by factors® Estimate SE Test' P
Exploration Females Intercept -4.65 1.92
Movement rate 0.58 0.46 Not tested
Exploration diversity 2.12 1.22 Not tested
Movement rate¥Population 0.12 0.05 z51=4.04 0.04
Males Intercept -1.61 1.14
Movement rate 0.02 0.02 Not tested
Exploration diversity 0.52 0.69 Not tested
Exploration diversity*Population 1.96 1.05 253=3.30 0.06
Aggressiveness/Risk-  Females Intercept -0.97 0.54
taking Alarm activity (STI) 0.09 0.06 244=1.94 0.16
Minimum approaching distance 0.23 0.13 244=3.08 0.08
Males Intercept -0.48 0.24
Aggressions (STT) 0.35 0.11 245=0.11 0.74
Aggressions (STI)*Population -0.16 0.07 243=4.50 0.03

'z statistic corresponds to the Wald-test (H,: parameter/SE = 0)

*Minimal adequate models were selected according to AICc values. Full models for exploration included the effects of “Movement rate’ and ‘Exploration
diversity’, and their interaction with ‘Population’. Full models for aggressiveness/risk-taking considered the effects of ‘Alarm activity (STI)’, Aggressions (STI)’

and ‘Minimum approaching distance’, and their interaction with ‘Population’.
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Moreover, we evidenced that these behavioral traits predictably varied between natural
populations occurring under contrasting ecological and social conditions (prediction 1; but see
below for a discussion of population*sex interactions). Anyway, conclusions from this data
should be taken with precaution, as we did not directly test the presumable factors causing this
variation (i.e., landscape heterogeneity, population saturation, levels of stress). -

Differences between Navarino and Fray Jorge may not be necessarily adaptive
(Dingemanse and Réale 2005), but considering the local contexts in each locality, it is reasonable
to expect that the observed “profiles’ of personality could be a result of selective forces causing
such variation. A more saturated, stressful, and probably more competitive environment such as
Fray Jorge could impose higher ecological and social pressures on certain phenotypes,
particularly fast-bold individuals. We found supporting evidence for this, as birds from Fray
Jorge were less exploratory, less aggressive and shyer than individuals from Navarino. For
instance, field-based experiments have shown that slow-exploring Great tits (Parus major) are
better at coping with social defeat and can remain in highly competitive instances, suggesting
that the benefits of exploratory behavior (e.g., higher foraging efficiency, consecution of high-
quality territories; Dingemanse and de Goede 2004; van Overveld and Matthysen 2010) are
traded off against an individual’s ability to deal with social stress (Dingemanse et al. 2003).
Because exploration is in general positively correlated with aggressive behavior, this also means
that aggressiveness tends to be negatively associated with sociability, and hence, that factors
affecting competitive and social abilities might act in opposite directions (Dingemanse and Réale
2005; Groothuis and Carere 2004; Réale et al. 2007).

The lower levels of exploratory behavior and aggressiveness in Fray Jorge can be

interpreted as a population-specific strategy to deal with high population density and more
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frequent social interactions (Chapter 1), with higher levels of stress (see Quirici et al. 2014,
2016) being a physiological consequence (Cockrem et al. 2007). But why birds in Fray Jorge
were shyer than in Navarino during predator presentation tests? How the local conditions in Fray
Jorge might also favor risk-aversion? Landscape heterogeneity caused by forest fragmentation
could be a valid answer to these questions, as adult mortality (Horak and Lebreton 1998;
Matthysen et al. 1999) and nest predation rates (Chalfoun et al. 2002) in several forest birds
increase under these conditions. In fact, previous studies point to local fragmentation as a factor
negatively affecting rayaditos’ spatial movements (Vergara et al. 2010) and breeding success
(Cornelius 2008), and also increasing dispersal-related mortality in adults (Chapter 2). Although
levels of nest defense as assessed here (see also Hollander et al. 2008) could not only be a
measure of risk-taking, but also a proxy of reproductive investment of breeding rayaditos,
current evidence is consistent with the idea that risk-aversion is favored in a risky environment.
There were two interesting results that are difficult to explain with information at hand,
but should be briefly considered and discussed. First, although exploration diversity differed
between populations, exploration speed did not. While there are several potential reasons for this,
differences in repeatability between these measures of exploration is likely to be the cause (see
van Dongen et al. 2010), particularly if within-individual variation is relatively high
(Dingemanse and Dochtermann 2013). Another study using the same measures of exploratory
behavior in the Rufous-collared Sparrow (Zonotrichia capensis) showed complex variation at the
within- and between-population levels, but concluded that exploration diversity is a reliable
indicator of true exploratory tendency of individuals in an unknown environment (van Dongen et
al. 2010). Repeatability studies in populations of Rayadito currently being carried out will

provide insights into this, and will help assessing how consistent personality traits are within
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populations (Poblete et al., unpublished data). Second, population*sex interactions, notably for
alarm activity during STIs (see Fig. 1b), revealed that interpopulation differences in behavioral
traits were not entirely consistent, supporting the ‘adaptive divergence’ point of view. Sex-
differences can occur between wild populations whenever fitness consequences of personality
differ in females and males, affecting the frequency of certain phenotypes in either sex as natural
or sexual selection pressures vary in space and/or time (Dingemanse and Réale 2005). Although
a previous study already showed that male rayaditos engage more in physical aggressions
towards a conspecific male intruder (Ippi et al. in press), as we also found, average non-physical
(alarm activity) aggressions was reported to be similar between sexes, contrary to our resuls.
The fact that females were more involved in alarm activity than males in Fray Jorge results
puzzling and seems counterintuitive (see Morton and Derrickson 1996), but this apparently
‘passive’ strategy of males seems compensated with a markedly aggressive territorial defense, as

evidenced by the pronounced sex-differences in mean number of aggressions.

Breeding dispersal syndromes in Thorn-tailed Rayadito N

Individual dispersal behavior, i.e., the probability of dispersal and/or dispersal distance, appears
to co-vary with exploration and sociality in several taxa, usually in interaction with population
density and levels of intraspecific competition (Cote and Clobert 2012; Duckworth 2012). As we
mentioned earlier, studies have focused on disentangling the relationship between personality
traits and natal dispersal, even though personality is suspected to influence, at least partially, the
decisions of adult birds to leave a breeding territory (Valcu and Kempenaers 2008) or how far to
disperse (Ost et al. 2011). Our results showed that personality traits can predict fine-scale

breeding dispersal, and that this relationship depends on local conditions. This means that the
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optimal dispersal strategy of distinct behavioral phenotypes not only can affect an individual
propensity to engage in natal dispersal (Dingemanse et al. 2003), but also in breeding dispersal.

It is worth mentioning that our results and subsequent conclusions might be relevant to
birds that remated with their previous social partner, but not to individuals under distinct pairing
status or social conditions. Because mate loss through mortality or divorce is as an important
precursor of breeding dispersal in birds (e.g., Greenwood and Harvey 1982; Valcu and
Kempenaers 2008; Ward and Weatherhead, 2005),‘ performing analyses with individuals of
differing pairing status would allow accounting for this potential source of variation. For
instance, dispersal of reunited pairs would likely result from a collective decision and mutual
influence, whereas widowed/divorced birds, although disperse on their own, could be ‘forced’ to
do so after a negative experience (see Calabuig et al. 2008). The fact that fitness-related costs of
breeding dispersal are more ubiquitous among widowed rayaditos (Chapter 2) support the idea
that mate loss and/or breeding failure are more influential on adult decisions than other factors,
including phenotype-mediated propensity to disperse. We do believe, however, that if
personality-dependent dispersal does occur in any given population, it will affect the probability
to disperse, even though it will not always lead to dispersal due to the multiple causes affecting
individual decisions (see Cote et al. 2010). Further studies incorporating this aspect should be
essential in order to validate the results observed in this study.

The absence of a relationship between breeding dispersal and behavioral traits in
Navarino was expected (prediction 2), as the homogeneous landscape structure and the less
crowded social environment in this site would not impose major restrictions to natal or breeding
dispersal (Chapter 1). In fact, breeding dispersal, although more limited than natal dispersal (as

in many other birds; Clarke et al. 1997; Greenwood and Harvey 1982), appears to be less costly
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there than in Fray Jorge, and has been proposed to reflect a non-adaptive process (sensu Payne
1991) given the absence of differences in fitness consequences between dispersers and
philopatric individuals (Chapter 2). If a relaxation of local environmental pressures upon
dispersal took place in this population, this could have caused a gradual decoupling of dispersal
syndromes, for bearing specialized phenotypic traits aiding to overcome the costs of dispersal
would have been no longer profitable for individuals experiencing such conditions (Cote and
Clobert 2012; Ronce and Clobert 2012). Supporting evidence of such a process was provided by
an elegant study comparing dispersal patterns in populations of common mole-rat (Cryptomys
hottentotus) inhabiting two contrasting environments (Spinks et al. 2000). In a sub-optimal (arid)
environment where colony attrition was higher, dispersers were larger and heavier than non-
dispersers, but in a more optimal (mesic) habitat without social constraints on dispersal,
philopatric and dispersing individuals showed no morphological differentiation.

The historical dynamics of landscape configuration and environmental conditions in Fray
Jorge National Park can be the key factor to explain the apparent presence of breeding dispersal
syndromes in rayaditos. The relict forest in Fray Jorge, once widely distributed, bécame
gradually isolated by the end of the Tertiary due to climatic changes, and was restricted to its
current distribution by the Quaternary (see Comnelius et al. 2000, Kelt et al. 2016). This mean.s
that the Fray Jorge population has been evolving in an isolated and increasingly fragmented
environment, settling the conditions for the evolution of dispersal syndromes as a mechanism to
reduce dispersal costs (Ronce and Clobert 2012). Because local natal and breeding dispersal
seem unavoidable in Fray Jorge despite the fitness consequences (Chapter 1, 2), more
exploratory habits (speed in the case of females and diversity in the case of males) could increase

an individual’s probability to procure territories of relative high quality after dispersal by
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acquiring knowledge about the distribution of key resources away from their natal/breeding area
(van Overveld and Mathhysen 2010; Yasukawa 1979). The levels of aggression were only
correlated to dispersal propensity in males, which make sense given the higher costs of dispersal
for them compared to females in this population (Chapter 2). Higher levels of aggression could
confer both competitive advantages to dispersers when initially establishing a breeding territory
(Bonte and Saastamoinen 2012; Yasukawa 1979), and subsequent site-specific advantages
related with social dominance during intrasexual encounters (see Dingemanse and de Goede
2004). As local habitat saturation and the frequency of social interactions increase through time,
soi would dispersal propensity of aggressive males. In fact, it has been documented that
aggressive, and usually asocial, individuals tend to disperse when population densities get too
high (Cote and Clobert 2012; Ronce and Clobert 2012). Finally, the fact that nest-defense was
not coupled with dispersal might be due to similarities in parental effort between dispersers and
non—dispe'rsers of both sexes, or could indicate that risk-aversion have been fixed in the
population, which is piausible given that female and male dispersal-induced mortality is similar

(see Chapter 2).

Conclusions

Documenting the presence and variation of dispersal syndromes is relevant to understand the
ecological and social mechanisms affecting dispersal, and ultimately, the trade-offs and
constrains driving the evolution of distinct strategies within and across populations (Ronce and
Clobert 2012). Here we showed context-dependent variation in personality traits and their
relationship with local breeding dispersal between populations of the Thorn-tailed Rayadito with

documented differences in ecological factors, social environment, and costs of dispersal. The
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similarities between our results and those from the interpopulation comparison carried out by
Spinks (2000) support the idea that contrasting environments can generate predictable variation
\

in dispersal syndromes.

To our knowledge, this is the first study documenting an association between breeding dispersal
and personality. Moreover, we evidenced that this association was not necessarily systematic
along the distributional range of a species due to context-dependent and sex-specific differences
in the costs of dispersal. The observed patterns, particularly in Fray Jorge, suggest that dispersal
syndromes are more likely to occur when dispersal is not restricted by local conditions (see
Ronce and Clobert 2012). As stated before, the absence of a correlation between dispersal and
personality in Navarino could have resulted from a relaxation of ecological and social pressures.
It is also possible, however, that even in the presence of dispersal syndromes, these could only
affect natal dispersal decisions. More capture-mark-recapture data will help clarify this and will

allow assessing the relevance of personality on individual propensity to engage in both natal and

breeding dispersal.
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DISCUSION

En la mayoria de especies de aves estudiadas a la fecha, la dispersién natal es mas
frecuente que la dispersion reproductiva y usualmente involucra movimientos mas
extensos (Paradis et al. 1998). Ademds, en aves paseriformes socialmente mondgamas,
quiza el grupo mas estudiado, la frecuencia de la dispersion y/o su extensién exhiben un
ligero sesgo positivo hacia las hembras (Greenwood y Harvey 1982, Clarke et al. 1997,
Arlt y Part 2008). Los patrones descritos para cada especie estudiada son con frecuencia
asumidos (implicitamente) como un rasgo caracteristico de las mismas, pese a que las
descripciones disponibles se han basado solamente en una poblacion y bajo un contexto
ambiental Gnico (véase revision en Clarke et al. 1997). Debido a la escasez de
comparaciones a nivel intra-especifico (véase Payne y Payne 1993 para una excepcion)
y a que el contexto ambiental de los estudios realizados raramente se menciona (e.g.,
habitat continuo o fragmentado; alta o baja densidad poblacional), resulta dificil inferir
hasta qué punto el ambiente local es el responsable de patrones infrecuentes o que
parecen atipicos en relacion a la moda (Clarke et al. 1997). Por ejemplo, en algunas aves
se ha registrado ausencia de sesgos sexuales en la dispersién natal (e.g., Arcese 1989)
y/o reproductiva (e.g., Norment 1994), o incluso se ha observado mayor filopatria en
hembras adultas respecto a los machos (e.g., Payne y Payne 1993). M4s inusual es la
posibilidad que la dispersién reproductiva sea mas frecuente o més extensa que la

dispersion natal, lo que puede ocurrir si la oferta de oportunidades para la reproduccién
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en un determinado ambiente es muy alta (Harts et al. 2016). Estos antecedentes apoyan
la relevancia de considerar la influencia del contexto ambiental en la conducta dispersiva
(Matthysen 2012) y la necesidad de interpretar los patrones de dispersién en funcién de
dicho contexto. Este trabajo muestra que al comparar la dispersion en dos poblaciones
de un ave que varian en factores ambientales relevantes, es posible observar patrones y
estrate;;ias especificos que no necesariamente son generalizables para toda la especie. En
consecuencia, es importante que futuros estudios incorporen mas localidades para
obtener una visibn mas detallada de la variacién intra-especifica en la conducta
dispersiva del rayadito en el amplio gradiente ambiental que experimenta a lo largo de
su distribucion geografica.

Los movimientos asociados a la dispersion en aves paseriformes no suelen ser
superiores a 1 km de longitud (Paradis et al. 1998), pero los restringidos
desplazamientos observados en el rayadito son tipicos de aves especialistas de bosque,
los cuales pueden ser bastante limitados (50-600 m), particularmente en habitats
heterogéneos (Harris y Reed 2002). Estas observaciones fueron comunes a las dos
poblaciones estudiadas, lo que sugiere una habilidad limitada para desplazarse a través
de paisajes fragmentados, como ya lo sugerian estudios previos sobre la ecologia
espacial de esta especie en otras localidades de Chile (Vergara y Marquet 2007, Vergara
et al. 2010). Otra caracteristica que podria generalizarse para la especie es la limitada
extension/ocurrencia de eventos de dispersién reproductiva en relacién a la dispersion
natal. La baja variabilidad en la dispersién reproductiva respecto a la dispersién natal es
esperable cuando la disponibilidad de oportunidades reproductivas (o la abundancia de

sitios de nidificacién) es baja (Harts et al. 2016), una situacién comuin para nidificadores
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secundarios de cavidades, como el rayadito, para los cuales las cavidades constituyen un
recurso limitante (Newton 1998). De hecho, observaciones recientes indican que la
competencia intra-especifica por cavidades no seria la unica presioén para el rayadito,
puesto que las interacciones inter-especificas con otros usuarios de cavidades pueden
resultar en agresiones fisicas y la mortalidad de los polluelos dentro del nido (Botero-
Delgadillo et al. 2015).

La comparacion inter-poblacional de diversos rasgos y patrones relacionados con
la dispersién en el rayadito revelé que la variabilidad intra-especifica es predecible,
dependiendo de cuan contrastantes sean los contextos ambientales evaluados. La
limitada evidencia disponible respecto a diferencias entre poblaciones sugiere que la
variacion entre individuos respecto al fenotipo dispersivo puede acentuarse en ambientes
heterogéneos (Matthysen et al. 1995, Verhulst et al. 1997), densamente poblados
(Wheelwright y Mauck 1998, Ward y Weatherhead 2005) o estresantes (Spinks et al.
2000), y que dicha variacién podria involucrar varios rasgos (Ronce y Clobert 2012).
Los resultados de este estudio no solo proporcionan evidencia a favor de esta hipétesis,
sino que muestran como las diferencias en el fenotipo individual y los costos y
beneficios asociados a la dispersién se interconectan con las presiones ambientales y los
patrones observables en la naturaleza. A continuacién se discute dicha relacién en el
contexto propio de cada uno de los ambientes contrastados y sus posibles causas y
consecuencias.

En ambientes con una configuracién del paisaje relativamente homogénea, no
solo se espera un patrén aleatorio en las distancias o direcciones de la dispersién natal

(Wotton et al. 1986), sino una ausencia de sesgos hacia cualquiera de los sexos (Winkler
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et al. 2005), sobretodo en especies mondgamas, debido a que la estructura del habitat no
limitaria el movimiénto de los individuos (Weatherhead y Boak 1986). Es asi como los
movimientos aparentemente no restringidos del rayadito y el patrén de asentamiento
aleatorio posterior a la dispersién natal en ambos sexos en la isla Navarino seria
explicado, al menos en parte, por la cobertura relativamente continua de bosques sub-
Antarticos y zonas de crecimiento secundario en dicha localidad (Luebert y Pliscoff
2006, Rozzi y Jiménez 2014). Adicionalmente, las bajas densidades de individuos
reproductivos y la aparente mayor oferta de sitios para nidificar sugeririan mayores
oportunidades para reproducirse (Weatherhead y Boak, 1986), facilitando a los
individuos jovenes el establecimiento de su primer territorio reproductivo en
practicamente cualquier direccidn, tal como sugieren los patrones de asentamiento
observados (véase también Winkler et al. 2005). Aunque los datos de captura-marcaje-
recaptura (CMR) usados para analizar la dispersion natal eran limitados en el caso de
esta poblacion, los andlisis genéticos, basados en una muestra 4-5 veces mayor, también
apuntaron a que el desplazamiento de los juveniles dispersantes no es distinto de un
patrén aleatorio. Como sugieren los resultados, esta posible ausencia de restricciones y
sesgos a la dispersion natal en Navarino estaria relacionada con los bajos costos
asociados a la dispersiéon en ambos sexos. Un escenario donde no se evidencian
consecuencias negativas sobre la adeécuacion biologica de los individuos (e.g., condicién
fisica o éxito reproductivo) podria haber relajado las presiones sociales y ecoldgicas que
afectan la dispersion, por lo que los patrones y estrategias encontrados en Navarino
pudiesen reflejar un proceso no adaptativo (véase Payne 1991). Aunque esto requeriria

que dichas condiciones se mantuviesen durante varias generaciones (Clobert et al. 2012),
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la evidencia filogeografica indica que esto es plausible. Primero, el recurrente flujo
genético entre Navarino y otras poblaciones revelan que las condiciones de alta
conectividad en el sur de Chile se habrian mantenido desde la conclusién del tltimo
maximo glacial (ca. 10.000 afios; Gonzélez y Wink 2010). Segundo, modelos basados en
marcadores mitocondriales y estimaciones de diversidad genética muestran que la
poblacién de rayaditos atin se encuentra en etapa de expansion desde su llegada estimada
a Navarino (Yaiiez 2013), siendo probable que dicha poblacién no haya estado expuesta
aun a condiciones de saturacion y estrés social.

La dispersion reproductiva en Navarino fue més limitada y menos frecuente que
la dispersion natal, pero tampoco parecid afectar el éxito reproductivo y la mortalidad de
aquellos individuos que incurrian en ella. Es més, solo los machos viudos percibieron
mayor pérdida de paternidad tras abandonar su territorio reproductivo anterior. En el
caso de los individuos que se reunieron con su pareja social anterior, los resultados
muestran que su desempefio durante la temporada reproductiva posterior a la dispersién
no se vio afectado, y que las decisiones relacionadas con abandonar su territorio no se
correlacionan con ningin rasgo conductual individual. La ausencia de consecuencias
negativas y de rasgos especializados que redujeran los eventuales costos de dispersar
(i.e., sindromes dispersivos) sugieren nuevamente que las presiones selectivas actuando
sobre la dispersién en Navarino son bajas. De hecho, es esperable que las diferencias
fenotipicas y en costos/beneficios percibidos entre dispersantes y no dispersantes sean
minimas en ambientes relativamente homogéneos y poblaciones no saturadas (Spinks et

al. 2000, Aragon et al. 2006).
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Dados los bajos costos de la dispersion reproductiva en esta poblacion, es 16gico
cuestionarse por qué esta es mas restringida que la dispersion natal. La respuesta més
probable se relacionaria con la informacién adquirida y la experiencia acumulada por
parte de los adultos reproductivos, ya que la fidelidad a un sitio conocido por parte de un
individuo puede incrementar su familiaridad con el érez;l, y por ende, su conocimiento
respecto a la distribucidon de recursos y la presencia de eventuales competidores y
depredadores (Greenwood y Harvey 1982, Bowler y Benton 2005). Es mas, dado que las
cavidades para nidificar pueden llegar a ser un factor limitante (véase arriba), los
beneficios de permanecer en un territorio reproductivo para los individuos o parejas
podrian sobrepasar las eventuales ventajas de buscar un nuevo sitio para nidificar (Clark
1994, Harts et al. 2016), especialmente después de un intento reproductivo exitoso
(estrategia de ‘ganancia-permanencia, pérdida-cambio; sensu Switzer 1993).

Los resultados mostraron un marcado sesgo hacia las hembras en la dispersién
natal y una contrastante estructuracion genética local para cada sexo en la poblacién de
Fray Jorge, acorde con el patrén esperado en habitats heterogéneos (Matthysen et al.
1995) y saturados (Wheelwright y Mauck 1998, Ward y Weatherhead 2005). Cerca del
95% de todos los juveniles recapturados se encontraban entre los 2-3 afios de edad,
indicando que tanto hembras como machos podrian estar retrasando su primer intento
reproductivo debido a la escasa disponibilidad de territorios y/o parejas reproductivas en
esta poblacién saturada (Potti y Montalvo 1991). Las hembras dispersaron mayores
distancias cuando la densidad de individuos reproductores en su area natal incremento,

asentandose con frecuencia en el primer territorio disponible, probablemente a causa de

la competencia con otras hembras por oportunidades para reproducirse. Aunque no se




detectd evidencia de: un mecanismo para evitar la endogamia, el patron de
establecimiento de las hembras previo a su primera reproduccién es probablemente
suficiente para disminuir la probabilidad de aparéarse entre parientes (véase Arcese
1989, Gibbs y Grant 1989). Por su parte, las distancias de dispersiéon de los machos
fueron mucho menores, ya que estos establecieron sus territorios lo més cerca posible a
su lugar natal, generando un patrén local de aislamiento por distancia y agrupaciones de
individuos cercanamente emparentados en los fragmentos de bosque méas grandes. Un
menor éxito reproductivo posterior a la dispersion solo fue evidente en los machos,
implicando que los costos serian mayores para estos que para las hembras, lo que a su
vez coincide con el sesgo en la dispersién natal (véase Matthysen 2012, Starrfelt y
Kokko 2012). Los beneficios de la filopatria para los machos podrian asociarse a una
mayor familiaridad con el drea (Greenwood 1980, Greenwood y Harvey 1982) o incluso
a ventajas sociales, puesto que el mantenerse cerca del sitio natal con un vecindario
conformado por machos emparentados podria facilitar el establecimiento de un territorio
(e.g., Payne y Payne 1993), posiblemente pot los menores niveles de agresion entre
parientes (Brown y Brown 1993, Ekman y Griesser 2002). De cualquier modo, los
resultados indicaron que la dispersion natal en los machos es frecuente, representando un
posible mecanismo para reducir la competencia entre parientes (véase Starrflet y Kokko
2012).

En Fray Jorge, la dispersion reproductiva implicé un menor desempefio
reproductivo para las parejas y mayores tasas de mortalidad para individuos de ambos

sexos. No obstante, los costos reproductivos a nivel individual solo fueron evidentes

para adultos que perdieron su pareja social anterior (i.e., viudos), particularmente los




machos, lo que apoya que la dispersion tiene distintos efectos para cada sexo. Entre las
hembras que enviudaron, las dispersantes percibieron mayores beneficios reproductivos
que las no dispersantes, posiblemente debido a su mayor habilidad para evaluar la
calidad de territorios adyacentes (Pért 1995), dada su mayor conducta exploratoria. Otra
eventual ventaja para estas aves seria la oportunidad de emparejarse con machos de
mayor experiencia o calidad tras la desaparicion de su pareja anterior (Payne y Payne
1993). Los machos dispersantes en cambio, independientemente de su estatus social
(viudo o reunido con su pareja anterior), experimentaron un descenso en la paternidad.
Estos costos podrian haber propiciado la aparicion del sindrome dispersivo observado,
ya que la conducta exploratoria y la agresividad de los dispersantes les conferiria una
mayor capacidad para rastrear territorios de calidad (van Overveld y Mathhysen 2010) y
mayores ventajas competitivas para establecerse en areas ecoldgica y socialmente
desconocidas (Yasukawa 1979, Bonte and Saastamoinen 2012). El hecho de que los
efectos de la dispersion reproductiva hayan sido detectados solamente en adultos viudos
indica que dispersar seria una respuesta a las experiencias negativas durante la
temporada anterior,' incluyendo la pérdida de la pareja o un bajo desempefio
reproductivo (Calabuig et al. 2008).

La dindmica histérica del paisaje y las condiciones ambientales en Fray Jorge son
la causa mas probable de los patrones y estrategias dispersivas en esta poblaciéon de
rayadito. El bosque relicto, gradualmente mds fragmentado y aislado durante el periodo
Cuaternario se comporta como un archipiélago oceénico, con poblaciones de aves

cerradas y una limitada disponibilidad de hébitat (Cornelius 2008). Este relativo

aislamiento y la baja permeabilidad de la matriz circundante, dominada por matorral




sub-xerofitico (Villagrdn et al. 2004, del Val et al. 2006), no solo habria incrementado
los costos asociados con la dispersion natal y reproductiva, sino que habria favorecido la
diferenciacién en las estrategias Optimas para cada sexo. Esto es andlogo a los patrones
de dispersion observados en la Petroica de las islas Chatham (Petroica traversi), un
paseriforme nidificador secundario de cavidades socialmente monégamo, el cual es
endémico a Nueva Zelanda (Heather y Robinson 2005). Las poblaciones de esta especie
son cerradas y estdn restringidas a los bosques de dichas islas, siendo la dispersion
sesgada hacia las hembras un mecanismo para evitar la endogamia, y a la vez, una
posible consecuencia de los altos costos de la dispersion para los machos (Paris et al.
2016). Més interesante atin, estos autores observaron que la dispersién reproductiva fue
mas restringida que la dispersién natal y ocurrié principalmente en individuos que
perdieron a su pareja social anterior.

Tomados en conjunto, los resultados de este estudio indican que los patrones,
estrategias y sindromes dispersivos pueden variar en funcién del contexto ambiental y
no son caracteristicas necesariamente compartidas entre las poblaciones de una misma
especie (contrario a Montalvo y Potti 1992), e incluso entre sexos o clases etarias dentro
de una poblacién, dado que las interacciones sociales (e.g., hipdtesis de dominancia
social e hipétesis de restricciones sociales; Arcese 1989, Daniels y Walters 2000) y las
caracteristicas del ambiente local (hipdtesis de seleccion del territorio; Payne y Payne
1993) pueden afectarlos diferencialmente. En el caso del rayadito, se observé que la
variacién en la conducta dispersiva involucra una interaccién entre las condiciones

ecoldgicas, la estructura del paisaje, la densidad poblacional, la disponibilidad de

oportunidades para la reproduccién y el fenotipo individual. Otros estudios deberian




evaluar la magnitud o efecto de cada uno de estos factores, con el fin de inferir si su
relevancia también es dependiente del ambiente.

Este trabajo apoya la importancia de explicitar el contexto ambiental en la
descripcion de la conducta dispersiva y propone que al igual que otros rasgos de historia
de vida, los patrones, estrategias y sindromes de dispersiéon de una especie o grupo de
especies no deben ser asumidos como “tipicos” en tanto no se evalien sus potenciales

AN
variaciones en poblaciones expuestas a condiciones contrastantes. Los resultados de este
estudio y otros citados aqui podrian sugerir que, de no variar ningfin otro factor (i.e.,
razén de sexos, mortalidad sexo-especifica, entre otros), el ampliamente documentado
sesgo hacia las hembras en aves paseriformes podria ser el patrén dominante en 4reas
donde la transformacion y fragmentacién de su hébitat ha tenido lugar. Por el contrario,
un sesgo leve o la ausencia de este seria un indicador de una mayor conectividad en el

paisaje y/o de menores presiones demograficas, y por tanto, de poblaciones menos

expuestas a factores de estrés ambiental y bajos niveles de competencia intra-especifica.
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Nestling Moxta\l‘ity as'a Consequence of Interspecific Competition between
Secondary Cavity Nesters in the Sub-Antarctic Forests of Chile
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ABSTRACT.—Inferspecific competition among: sec-

ondary cav1ty nesters can involve physical, conflicts;

between individuals,Which may lead-io. sericus: 1]1_)1111&6

or death, Here we repon; a case of aggression by-a pair-

of Chilean Swallows (Tac'iiycmeta meyem) towards a
nestling’ of the Thoin-tdiled Rayadito: (Aphrastura,

spmzcauda) in' the sub Anta.rcnc forests sof Chile; This,

aggression, cansed the ‘displacement .of  the. breeding
rayaditcs fiom an, ocoupied, nest box’ and if” appears;

nestling: mortality. Since: levels of aggression among;

cavity mnesters depend on the syﬁchmny of their
bfeeding. phenologies, further reearch is needed to
study the prevalence, of nest usurpation By Chilean
Swallows' and its' relation to ‘the deg;ree of breeding
synchrony with othér cavity nesters- mhabmng the sub-
Antarctic forests. Received 13 May 2014. Accepted-23
Ottober 2014,

Key words; Aphrastura spzmcauda interspecific: ag:.
gressmn, nest box, nest-site competition, nsstlmg morfahty .
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Nest-site availability isa key limiting, factor in

“bird populations, especially for secondary cavny

nesters, which cannot excayate their own cavities
and therefore must rely on -existing holes pro-
duced by éthér birds, in'ée‘cts ‘br deéay (NewtOn
bird dens1ty often correlates w1th' vanatmns in
nest-site: ‘availability (van Balen 1987, Raphael

-and White 1984, Zamnowitz, and Manuwal 19835,

Snyder et gl. 1987).. Furthermore, there are

Tumerous eiperuhe’n’ts that demonstrate how

manipulations of nest-site avdilability ¢an limit
breeding densities.anid/or the proportion of aduits
able to breed (see table 8:2.in Newton 1998).
Given their dependerice on previously existing
holes, secondary cavity nesters compete for
nesting sifes, and these competitive interactions

1ot only occuramong . comp’eciﬁc individuals, buf
Jalso ‘betwéen different specxes (Slagsvold 1978,

‘Minot and Perrins 1986, Gustafsson 1988)
Interspecxﬁc competition for nest-sites commonly

‘occurs as pre-emptlve competmon, £.84 when a

bird occupies a hole for nesting and temporally
removes that cavity from the available resources
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for:other individuals: (sensu Gotelli 2008). 1t can
also occur, through interference, ‘which implies .a
direct sdcial or ‘physical interaction. between
‘competitors (Menla -and Wxggms 1995). Pre-
‘emptive competmonxs perhaps the most common
interaction among breeding birds but the least
<documented (§ee Newton. 1998). Interference
competition has been documented through hest
‘usurpgtion, agonistic encoynters add physical
‘conflict (Dhiondt and. Eyckerman 1980, Rendell
arid- Robertson 1991), and as lethal aggression
among adult birds .(Mérila and ‘Wiggins 1995)
Although egg mortalify is commorly observed
doting: nest ustrpation -(Rendell aid Robertsor
19971), nestlmg mortality has rarely been observed
during ‘observational studies jor long-term moni-
toring studies of nest boxes (but'see Gowaly 1984,
Belles-Isles and Picman 1'986) Here, we describe
acase of nestlmg mortality presumably caused by,
‘interference.. competmon betweén twb .sécondary.
‘cavity, nésteks that inhabit the sub-Antarctic
forestsof soutliern: Chiles

Durmg November 2013 as part.of.a Tong-term
study of the, breeding bmlogy of‘the Thom:tailed
Rayadm) (Aphrastura spmmauda) at Isla Navar-
ino (557 568, 67° 39" Ws see: Ippi et al. 2013,
Qu.lnc1 ‘et al; 2014), ‘located in. the Magallanes
and. Chilean Antarctic Reglon, we. Sbserved two
‘Chilean Swallows (Tachycmeta meyeni) entering
‘an occupied nest box and:attacking a 13- day-old
nestling rayadito. A pair of breeding rayaditos
mmally decupied the nest box-on'6 Octobgr 2013,
and five eggs were Taid between 1018 October
Al eggs hatched on 8 November- 20% 3, ‘and. all
nestlings. 'were -alive o :a subsequent inspection
4 days-after haiching. On .21 Noyember 2013, we
cligcked, the nest box il order to captiire, mark,
‘and, measure: one breedmg adilt and all 13- -day-
‘old- chlcks ags part'of the monitoritig protocol” (see
‘Moreno et al.;2005). Before reaching the nest.box
Tocation on this date, we repeatedly heard a
squeaking nestling .and, loud knocks within the
hox, .and shortly after & swallow fléw out of the
‘hox and joined @nother individual that was flying
nearby The adult rayad.ltos came-closeto the nest
‘box :and emitted dlarm-calls and loud trills during
11 mins, whilethe swallows remained close to the
nest-site,, flying argund and calling -idsistently.
This'Behavior by thé:swallows coritinued for more
than' 1 hr, Durmg two. occasions durmg the
‘incident; the swallows wete joined by two
conspemfms allowing them to displace the
breeding adults from their nest-site-for more than
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5 mins and enter the cavity where the. rayadito
brood was, present. In befh cases, ‘only .one
swallow entéred the.box, While the othérremained
calhng in flight nearby Although breeding
rayaditos are usually very aggressive towards
any potential threat (see” Ipp1 et al. 2011, 2013),
both adult rayaditos stayed away fromy the. site
during these interdctions and _etnitted, infrequent
and faint alam calls. This type of ‘submission’
behavior has .néver been reported i ‘similar
contexts, and its ‘potential causes are difficult. to
explain.

‘When we interrupted the. interaction ‘90 mins
affer our arrivalin order o check the tiest box ang
band thesadulfs and the ¢hicKs, ive found only one
nestling inside. There werg Mo signs of ‘the
remaining” chicks, “The nestling: showed recent
signs of trauma sto the crown and eyes, a broken
wing, and a leg immobilized by the nest fibers that
were tangled avound it, When attempting t6-maik
oné of theadult rayaditos with‘anést box trap, we
mmdentally ,captured both swallows; which did
not come back to the box during the rest of‘the:
afterncon. Both swallows: ‘were: identified as
adults, having fully ossified -skulls. and flight
feathers with a shape typical for adults: of other
swallow species (see Pyle 1997). Although' there
were no -clear signs of breeding :condition,,
differences in.the: measurements of- their extemal
rectrices, and, primaries. led us to.consider that the,
swallows: cpuld be a breeding pair (see Pyle
1997). The nestlmg ‘tayadito was found dead the
next motning,: bit-neither tlie rayaditos fior the.
swallows occupied the vacant box during the rest
of the breeding season.

Although we cannot determine what caused the
di‘sapp'ea'.r'anué of the other nestlinngs, the: aggres:
sion towards, the chick remaining irside the nest
box by the swallows: suggests that-competition for
nesting-sites may have. instigated this. event: We
have no evidence: torrule out alternative explana-
tions for the observed behavior, but; compstition
for other resources (g.g., food) is less probable
given the differences in habitat use patterns and
feeding habits between the two species (Remsen
2003, Turner 2004), ‘The fact that the.nest box
remained unused after the event seems counterin-
tuitive if compauﬁon was the cguse, but infanti:
cide as & nest-destroymg béhaviér could =gt fo
reduce jiterference.-from competmg b1rds .even if
such aggressions are not followed by a nestmg
attempt by the. aggressors (Belles-Isles and Pic-
man 1986, Botero-Delgadillo-and Piez 2011, The
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event could have heen motivated by territorial
defense in-the swallows, since reproductive pairs,
exhibiting; siper-territoriality .often .defend unde-
clipiéd ¢avifiés. (Veriter 1977), and such a,
behavior hes been reported in a congener (7.
bicolor: Leffeldar ‘arid Robertson 1985).

Our observations- -support the notion that
competmon among .secondary cavity: nesters for
nest-sites-ican be:fierce (see: Duckworth 2006) -or
even lethal (Gowaty 1984; Merild and nggms
1995) Tnterspecific conflicts’have been observed
in‘long-term nest box,monitoring between closely:
related (Lshrl 1977, .Gowaty 1984) and distantly
related species. (Rendell -and Robertson 1991,.
Robillard. et al. 2013). In North America and
Europe, swallows (Family Hirpndinidaé).are often,

ifvelyed in usurpanon or ‘agomistic- encotnters-

w1th other passerine Birds;, frequently usmg a
mobbmg-behavmr strategy, where groups (more
than two md1v1duals) successfu]ly displace othér
species .(Brawm 1990, Rendell and Robertson
1991, Newton. 1998) Although demoustratmg a
demographlc effect between compentors is the
most:clear-cut evidence for competifion (Newton
1998), this is difficult to detect and has been
rarely found. Negative. individugl effects which
imply ‘that breeding success or survival of an
individital has been coiripromised are more. easﬂyr
found and reliable indicators of competiti
(Neiton 1998). Most. supporting -eviderice of
mterspeclﬁc competition. by interference‘is based
on mdlvulual effeécts, and ‘the ‘degree: t6 «whlch
these effects exténd to* -a-population. still requn'es
further study.

‘The.{requency: and level of aggression betweer
competitors-are related to the degree of synchrony:
in their breeding ‘phenologies (Slagsvold 1978,
Gowaty 1981). The. populatxon of Chilean:-Swal-
Tows af; Isla Navarino- is composed .of migrants
that breed during the Austral sumiiie¥ dnd ‘their
arrival coincides with the. Jatter Hhalf of® the
breeding: season of Thorn-tailed Rayaditos (Rem-.
sen 2003, Turner 2004). At this time of year; most
cavities are :already occupied by rayadltos and;
other cayity-nesters. Therefore; a late start to the
bregding season of rayaditos-or an edfly arrival by
swallows at, Isla Navaring ¢could, iricrédse thé
probablhty of confrontations for cavities or nest
boxes. Future studies shiould .consider the rela-
tlonshxp between the: breeding :synchrony -among
cavity nesters and the:prevalence of nestusurping,
by-swallows.jn sub-Antarctic. forests,
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ABSTRACT

Nest morphology can affect the breeding success of birds. Thus, birds inhabiting different environments may
experlence divergent selection for nest structure:and composition that results in intraspecific geographic variation in
nest architecture. We: describe interpopulation differences in nest architecture among Thorn-tailed Rayaditos
(Aphrastura spinicauda) ini 2 contrasting environfients near the species’ distribution limits: a‘tefhpérate arid very humid.
enviranment in north-central Chile (the forest relicts of Fray Jorge National Park; 30°38'S, 71°40'W) and a cold and
windy sub-Antarctic environment in the south of. Chile (Isla Navarino; 55°4’S; 67°40'W). We collected a total of 62 nests
from Fray Jorge and 61 nests from Navarino in 2013 and 2014, measured their dimensions, and quantified their
constitutive matefials. We tested the nests’ thermal properties (simulating heat loss by convection and conduction)
and hygroscopic features (water absorption and water loss capacity) and used general linear models to (1) compare
these properties between populations and (2) test for a relationship between nest morphology and fanction. Nests
from the northern population exhibited lower rates of heat loss by convection because they were larger and had a
lower ratio. of surface afea to volume; these nests also absorbed less water, probably because of their greater content
of plant-derived materials. In' the southern population, nests were more compact and better insulated with feathers
and hairs, with lower rates of heat loss by conduction, By:separately analyzing the roles of convection, conduction, and
humiidity, our results suggest that potential trade-offs (insutation-humidity) could be differently affecting the nest-
bisilding behavior of these populations. Therefore, Thorp-tailed Rayaditos may be using site-specific strategies to cope
with the local climate in contrasting environments. ) ’

Ki?ywords:‘Aghr'astura spinicauda, Chile, Furnariidae, intraspecific variation, nest composition, nest structure
1

Variacién inter-poblacional en Ia arquitectura de nidos sugiere diferentes estrategias para lidiar con la
pérdida de calor y la humedad en un ave nidificadora de cavidades

RESUMEN

La morfologia del nido puede afectar el éxifo reproductivo de las aves. Por ende, especies que habitan distintos
ambientes podrian experimentar presiones selectivas divergentes sobre la estructura y composicién del nido que
resultaria en diferencias intra-especificas. Describimos las variaciones inter-poblacionales en arquitectura de nidos del
Aphrastura spinicauda-en dos ambientescontrastantes cerca de’los limites de su distribucién, un ambiente témplado y
muy htimedo en el centro-norte de Chile (el bosque: relicto del Parque Nacional Fray Jorge; 30°38'S, 71°40'W} y un
ambiente sub-antartico frio y veritoso en el.sur de Chile (Isla Navarino; 55°4’S, 67°40'W), Colectafos 62 nidos en Fray
Jorge' y 61 nidos en Navarino durante 2013 y 2014, midiendo sus dimensiones y cuantificando sus materiales
constituyentes. Determinamos sus propiedades térmicas (simularido la pérdida de calor por conveccian y conduccion)
e higroscpicas {absorcidn de agua y tiempo de secado), y mediante modelos lineales generales buscamos (i)
contrastar dichas caracteristicas entre hidos de ambas poblaciones y (i} determinar fa relacién funcional entre la
morfologia y las propiedades térmicas/higroscépicas de los nidos. Los nidos del norte exhibieron menores tasas de
pérdida de calor por conveccidn debido a su mayor tamafio y.su menor relacién 4rea superficial-volumen, absarbiendo
ademds menos agua posiblemente por el alto-contenido de-material vegetal. En el sur, los nidos fueron compactos y.
estuvieron mejor aislados con plumas y pelos, exhibiendo menores tasas de pérdida de calor por conduccién. El
andlisis separado de los efectos de la conveccién, conduccién y humedad sugiere que posibles compromisos
{absorcidn de agua-aislamiento) podran afectar diferencialmente la conducta de construccidn de nidos de estas

©2017 American Ornithological Sociefy. 1SSN 0004-B038, electronic ISSN 1938-4254
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poblaciones. Por ende, los rayaditos podrfan estar usando estrategias especificas para lidiar. con #f clima local en

amblentes. contrastantes.

Palabras -clave:-Aphrastura spinicauda; Chile, composicién de nidos, diferencias intra-especificas, estructura de

riidos; Furnariidae

INTRODUCTION

Nest structure and composition play a pivotal role in the
breeding cycle of birds {Collids and Collias 1984, Hansell
,2000); Theréfore, nests are pr_edlct_ed to, vary adaptively i
response to coritrasting ecological pressurés associated with
breeding in-distinct environments (Collias-and Collias 1964,
Barber 2013, Mainwaring et al. 2014). The design and
constitutive materials:of:a nest can influence predation risk

for both adults and nmdings (Kreisinger and Albrecht 2008,

Meayet et:al 2009, Bailey ét.al. 2015), the timing of égg.laying
{O'Connor '1978), the energetic costs of incubation and:
brooding: (Drent 1975, Lombardo et al 1995, Reid et al
2000, Windsor: -et al. 2013}, nestling’ thermoregulation,
(Meller 1991, MeGowan et al 2004, Mainwaring and
Hartley 2008), .and the risks of hypothermia-dnd hyperther—
mia (Mertens 19772, 1977b). Given that spatiotemporal
wvariation of-environmental factors at:the time-of reproducs.
tiori is ubiquitous, birds occupying different habitats will
often ‘experieice contrasting challenges during nest con-
struction, such as availability .of building ,materfals, preda-
tion pressure, and local climatic regime (Iansell: 2000): The
relahonshxp between nest: mcrphology and environmental
varfation has. been documented in severa] species. -For
examiple, birds" nests tend to be larger and better insulated
in colder" énviroriments (Horvéth 1964, Collias and Collias
‘1971, Heenanet al. 2015). Although intraspecific-differences
in nest architecture are also expected to follow this pattern,
'pubhshed works testing this remain relatively: scarce (e.g.,
Schigefer 1976, 1980, Kern 1984, Briskie 1995, Rohiver dnd
Latv 2010, Crossmian ‘et al, 2011, Maifwaring et al. 2012,
Rohwer-et al, 2015).

Studies on intraspecific differences in nest morphology
have shown that the nest properties of heat retention and
‘water loss capacity, whichare determined by the-compésition
‘of nest materidls; may-diffef dccording:to climatic coriditions
(Mainwaring et al. 2014). For instance, populations breedirig
in colder environments can ‘increase heat retention by
building larger nests’ (Kernr and van: Ripér 1984, Briskie
1995}, using thicker and less porous nest walls (Crossman et
al."2011), or addirig more feathers and/ot. Kaits as cup-lining;
material (Meller 1984, Mainwaring et al 2012). Nest
structure can :also differ because of local precipitation and’
humidity, given that bulkier nests can absorb:more-water and
take more timie to dry; which is likely disadvantageous i
hiimid environriénts (Rohwet:asid Laiv 2010). Despite these
findings, other étudies-have shown that behavioral traits other
‘than nest structure may respond to climate:regimes (e, nest

location; Kern 1984, Kemn et al 1993), suggesting that

-variation in nesting habits can be. species specific or even

context dependent. Further research is thus required. for a
better understanding of geographlc variation in nest structure,
within species and its causal relatiqnslup with environmental

factors. Unfortunately, information is still scarce and biased

toward species from the Northern Hemisphere (see Main-
waring et al. 2014). Here, we. address this data gap by
describing interpopulation: :differences in nest- archxtecture of
the Thorn-tailed Rayadito, (Aphrastzmz spinicanda), 2
secondary cavity-nesting bird that inhabits the temperate
forests of southern South America.

The Thorn-tailed Rayadito is a small, insectivorous
furnariid that breeds from late September to arly

,Febmary along an extensive Iatitudirial gradient (about

30-55°5) in Cliile anid Argentina (Hellmayr 1932, Remsen

2003). We have studied populations lacated at the species’

latitudinal range limits for. 8 consecutive years in order to
compare breeding ‘and behavioral patterris in contrasting
environments {e.g, Ippi et. al, 2011, 2013; Quirici et al.
2014). Because behavioral traits may divetge at species’
range limits (e:g.,. King et al. 1964, Muul 1974, Rohwer et
al. 2015), comparing geographically ‘distant populations
provides insight into how: populations of widely distributed
species may-adapt (or niot) to distinct.ecolagical cnditions
{Maihwaring et al. 2014). By coinparing ‘the nests of
Thorn-tailed Rayaditos: in 2' populations focated .at. the
morthern and southern limits of its distribution, the
presént study aimed to (1) quantify differences in
structure, composition,-and thermal-hygroscopic proper-
ties of nésts éxposed to contrasting environments; and (2)
determine whether any such- differences are correlated
with local climatic conditions. Comparisons-were based on
qests from 2 breeding seasons at the northern. and
sotithern range liimits: Fray Jorge. National Park (hereafter
“Fray Jorge™; 30:63°S;. 71.66°W) in the Coquimbo Regiori
and Isla Navarino (hereafter “Navarino”; 55.067S, 67.667W)
in the Magallanes and Chilean Antarctic Reglon (Figare.1).
The Pray Jorge population breeds in fog—shrouded
remnants of Valdivian temperate rainforest (see Quiricy
et.al. 2014, Kelt et-al. 2016). Despite Being imimersed jn &
‘matrix ‘of sub—xe:ophytlc ‘matorral (i.e:-a semidrid steppe;
see:Luebert and Pliscoff 2006), these remnants are located

‘in coastal hills that exhibit a very humid and:.caol

miicroclimate (Villagrdn et ‘al- 2004, del-Val et al. 2006},
with & temperature ringe of 6-20°C during the' species’
bréeding season ($ource::CEAZA; see below). By coritrast,
the Navarino population breeds in sub-Antarctic. forests,
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FIGURE 1. (A) Study populations of Thorn-tailed. Rayaditos in the northern (Fray Jorge National Park} and southern {Isla Navarino)
limits of the species’ distributional range in Chile. Meteorological varlables that differed between localities during the breeding
season included (B) mean temperature, {C) wind speed, and (D} relative humidity.

which are less humid and are exposed to stronger winds
and lower temperatures (range: —2 to 15°C; http:/fwww.
meteochile.goc.cl/). Given described pattérns of local
adaptation of nest morphology in birds (see Mpller 1984,
Mainwaring et al. 2014), we expected (1) that nest
structure and composition would'vary predictably between
the 2 populations;, with nests from Navarino being larger
and containing more insulating material; (2) that differ-
ences in nest architecture between populations would be
consistent during different breeding seasoris; (3) that nest
therimal~hygroscopic properties would differ between
localities and reflect distinct strategies for coping with
the local climate, with nests from the wetter and warmer
Fray Jorge absorbing less watér and drying faster, and nests
from the colder and windier Navarino retaining heat more
efficiently; and (4) that variation in nest architecture would
be ‘functionally related to variation in their thermal-
hygroscopic properties.

METHODS

Nest Collection

Nests of Thorn-tailed Rayaditos were collected after the
breeding seasonis of 2013 and 2014 from nest boxes installed
in the 2 study populations (Figure 1}, We collected a total of
62 nests from Fray Jorge and 61 nests from Navarino from
-which ‘we documented succéssfil fledging, Nests ‘were
removed from nest boxes and collected during the montl
following the end of the breeding season'in each year. Nests
‘were measuréd, immediately placed in sealed plastic bags,
and then transported to Universidad de Chile, where they
were kept. at ~20°C (see Britt and Deeming 2011,
‘Mainwaring et al. 2012).

Meteorological Data

We obtained meteorological data for both localities from
the Meteorological Station Network of ‘the Centro de
Estudios Avanzados en Zonas Aridas (CEAZA, 2012:
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http:/www.ceaza.cl) and the Online Metéorological Sta-
tians. database of the Direccién Meteoroldgica de Chile.
(http:/fwww.meteochile. gob. cl). Meteorological stations at
the 2 study sites were <200 m away from the nest-box
plots; Given the extent of Thorn-tailed Rayaditos’ breeding.
season, we downloaded riw daily data for October—
January in each year We.then estimated and compared
‘the monthly averages (= -SD) of temperature, wind speed,
and relative "humidity (see below).

Nest Architecture

OQur'study of nest architecture ifivolved (1) a quahtification
«of nest structure based on external .and ‘internal dimen-
‘sions and 2) a quantitative description ‘of nest composi-
tion and the relative importance of constitutive materials.
We took 6 different structural fmeasureinerits: nest Jength,

nestwidth, nest depth (e, from top of nest to bottamof,
bdx) in-each of its 4 sides, inner cup. diameters (maxirfium
and minimum}, inner.cup depth, and nest dry weight; The
first 5 measurements were made immediately before nest:
colléction, using digital calipers (0.0 mm). Although
there was ho Varfation in nest.Jength and width becausé of
the standardized size of all nest boxes fror both localities
(32 X 18X 15 cm), these dimensions were. required for
-additional'measures (see below). Nests were weighed twice
‘in the laboratory wsing a high-precision digital scale
(0,01 g). The fifst measirement was conducted after
drying nests.in a. heating—drying oven for 60 hr at 70°C and
before: performing the thermal-hygroscopic tests (see
‘below). Nests were redried (under equal conditions) after
these. tests, and then weighed for the subsequent
compositional .analysis. Because nests codld potéentially
lose some miterial during thermal-hygroscopic tests; “we
used the first measurement of weight for descriptive and
comparative pufposes and' the second fo estimate the
relative. contribution .of nest layers and constitutive
materials.

We used the external -and, internal measurements to.
‘calcilate thie estimated nest cup volume and the:estimated
total nest volume. Assurhing that the nest cap was one-half
of an ellipsoid (see Lombardo 1994), nest cup -volume
(cm”) was calculated as-follows:

[(%)3%(1"?!1)]“

nest cup voluime =

wheré 7 is the largest radius :of the top of the nest cup
(major diameter/2) and d is cup depth. After’ estimatmg
¢up volume, we calculated total nést volume (cm see
Lombardo1994, McGowan et al. 2004):

total niest Voluime = {157 d) — fiest citp, volurhe

where /-, and 4: correspond to nest Jength;. width, and

-depth, respectively.

E. Botero-Delgadelo, N..Orellana, D. Serrang; et al,

We conducted. compositional analysis-after-perfoiming
thermal-hygroscopic tests. Nests were divided into 2
discernible layets (sensz Hansell 2000): the structural layer
(ie. the base) and the internal lmmg Each part was
weighed to caleulate its relative ¢ontribution to total nest
weight and then was separate& into'its constituent building
thatérials (Mainwaring and Hartley 2008, Mainwhring et al,
2012). We used 5 straightforward.categories to define nest
components: woody items (pieces of branches and sticks),
plant fibers (roots), dry grass, animal insulating maferial
(feathers and hairs), and miscéllaneous (plastic fibers,
seéds, pebbles).

Nest Thermal Properties and Water Absorption
Because there were To significant effects of the breeding

‘season (i:e. year: 2013-2014) on the structural and

compositional variation of nests (see below), we treated
all nests from the same locdlity ‘as one sample set,
regardless of the yéar ‘of construction and subsequent
use. We randomly picked 36 nests from each populationto
determine their rates of‘heat-loss by convection {e.g;, heat
loss by contact -with. cold: ir) and conduction (e:g., heat
loss by contact with a cold surface). The remaining 51,
nests. (26 and 25 from Fray Jorge and Navarino,
réspectively) ‘wére- used to: évaladte, their water absorp-
tion—loss capacity {ie. hygroscopic properties). Tests weté
pezformed during the second half of 2015, once all hests
{rom 2013-2014 were collected,

For thermal analysis, dried: nests. were first tested <for.
heat loss by convection and subsequently tested for heat
loss by conduction. Nests were placed in controlled
conditions at 25°C foq 12 hr, dfter which 2 iButtons
(Maxim Integrated: DS1921G-E5) were installed iri each
nest to, quantify temperature, one in the cup lining and the
other at the side of the nest as a.control (Mainwaring et-al.

.2012) The iButtons were prevxously programmed. using

QrieWireViewer 03.17.44 software (hllp [ wirw,
‘maximiritegrated.com), with 4 15 miin deldy and the
ndximum. sample. rate, (I min), Both tests starfed by
placing ‘nests again at 25°C. for. 30.:min after the delay
period, in order to set iBittons to the initial conditions.
For the convection test, nests were placed in a tempera-
tare-controlled compartment at 5°C for 1 hr; putting each
nest insidé a thin blottmg—paper envelope and held in
hérizontal pesition gier sheets 6f 600 g Kraft paper to
avoid contact with the compartments cold surfice; this
test aimed to simulate heat loss by contact with cold air
inside the cavity (i.e. nest box). For the conduction test,
nests were placed: inside nest boxes-that were previously
¢cooled at 5°C for 1 hr and placed in 4 room at 25°C. for T
thr; in this test; nests were in pérmanent contact. with the
cooled suifacés of nest boxés (§ides anid bottom),

We obtained 60 recordings:of temperature per nest fforh
both tests, which were fitted to a cubic model using

Thi Auk: Ornithological-Advances 134:000-000, ©2017 Amiefican Orriithological Soclety

YtitaniPy

lorijtjtaukflive_jo

134/lauk-134-02]tauk-134-02-D3flayouts]tauk-134-02:03.3d w"9 November 2016 @ 5:32 pm m Allen Press, Inc.

187

Raged.




‘Es Botéro-DeIgadﬂlo, N. Orellana, D. Serrano, etal.

nonlinéar regressions. Although .cubic, regression. uses

‘more parameters than other nonlinear models, we selected
it over other methods (i.e. Jogarithmic, power, quadratic).

‘because it always fit the data best (based on higher r*and F
values; all P < 0.001) and ‘better described temperature:
chariges inside:the nest cups. We used cubic regressiénsto
calculate-2 rates of heat loss (at the first.and last quarters 6f
the test) and the equilibrium temperature (the asymptote).
‘We also calculated the Az value.from the raw data, which
corresponded_to the temperature differential between the

‘initla) conditions and 5 min after starting the tests. We
«¢hose 5'min because the results of prior studies suggested

‘that this is hkely 'to Be the period. of maximir heat loss
when.nests,are exposed to ¢old témperatures (seéRoliwer.
and Law 2010).

Hygroscopicproperties-were-tested by submerging nests
‘in water for 2 min.andthen taking: repeated measurements
‘of their weight over' ime (Rohwer and Law 2010). To.
estiiiate water. absorphon, we weighed nésts imiriediately
after submersion to -obtain ‘their. saturated weight. We
calculated the gained weight for each nest by subtracting

its dry:mass from its saturated mass (Rohwer and Law

2010). and subsequently calculated the mest’s gain ratio

‘(saturatéd mass/dry mass; ie: magnitude of the nest’s

welght Jincrease). We quantxﬁed water loss by calculating
the weight Toss perceiitage (1e percent loss 6f the,
saturated jveight) over an 8 hr period, weighing nests
‘every 15 min. during' the first hour after saturation, and
then every hour for the remaining time. Because weight:
‘neasurements’ barely .changed during the fast 5 hr, we
‘considered only the first and last estimates of weight loss
percentage and used, these measurements as proxies -of
water Joss,eapacity over short (15 miin); and loag (8 hi)
periods after exposure to water. All hygroscopic.tests were
done under controlled condiffons at 25°C. and constant
humidity.

Statistical Analyses

Statistical analyses were pérforred in R 2.15.2 (R

Development Coré Team 2012), using & = 0.05 for
hypothesis testing. We first ‘tested all ‘varfables for
normality using. the' Shapiro-Wilks test. None of the.
ineteorological variables fitted the:assumptions of normal-
itj, so.we transformed variables using square root.(daily

temperatiiré, wind spéed) and, log (pefcént, humidity)

transformations. Variables describing nést stiucture (inéan
nest depth, nest. volume, mean inner cup diameter, .cup
'volume, nest dry-weight) were all normally-distributed (all
P > 0.05). We used the otlgmal descriptions of nest.
campositioh (percent conmbutmn of structiral layer,
percent ‘intérnal lining, percent woody itéms, percerit
plant fibers, pércent -dry grass; percent animal insulating
materidl, pércent mhiscellanéous) in & principal componént-

analysis (PCA) to reduce dimensionality (correlation

Interpopulation differences in nest architecture 5

matrix; Digby and Kempton 1987), génerating new
variables from the regression factor scores .of the, first 3
components hecause they explained 80% of the total
variance (see balow) These 3 new variables were norma]ly
distributed (all P >>.0.05). Finally, gll but 2 variables from
the thermal and hygroscopic, analyses; were! riormally
distributed (all P 3 0.05); équilibrium temperature
{convection—conduction tests) and weight loss percentage
after 8 hir were log transformed.

We used general linear models {Quinn and Keough
2002) for all comparative analyses between nests from Fray
‘Jorge and Navarino. We first. performed 3. separatée tywo-
way analyses of variance (ANQOVA) 10 test whether daily
temperature, wind speed, and percent humidity differed
between localifies (main effects) and between localities
across-years (interactions). Subsequently, we conducted 2
multivariate analyses of variance (MANOVA) to test the
effects of locality and breeding season on nest structure
and composition, respectively, and also to determine
whether there were significant .interactioris between
independent variables, We. also_.included clutch size in
these analyses to account for:its potential influence. on nest
‘marphology; but given that levels of this variable barely
overlapped between the two populations (Fray Jorge, mode
=3 eggs, range: 2—4; Navarino, mode =5 eggs, rangé;- 4-8);
we analyzed it as'a nested factor withih Jocality (Quinn and
Keough 2002). Because there were: no effects of breeding
season on nest features, or significant interactions among
independent variables {see below), nests from the same
‘locality were randomly divided for. the thermal .and
hygroscopic analyses (see abaye).

We therefore performed separate two-tailled f-tests to
compare theriial afid hygroscopic propérties between
nests from Fray Jorge and Navarino. We used multiple
linear regressions: to-test the effects of architecture:on nest
thermal-hygroscopic properties, ‘with the structural-
.compositional descriptors as independent variables. For
those: ahalyses,, nests from both populations ‘were com-
bined and analyzed as 3 single.dataset, because we wanted
to, test for furictional relationships regardless of their
arigin, However, in order-to: capture as much variation as
possible, we considered only those variables that showed
significant interpopuilation differences in the compamtlve
‘analysés. of nest, structure; composition, and thermal-

hygroscopic pioperties (see below). Three methods of

variable entry and removal were initially used. (‘stepwise]
“enter] and “remove’), using each model’s adjusted. 7,
standard error (SE) of the estimate, and Fiand P values:for
the regression as selecting criteria (Quinn and Keongh
2002). The stepwise method always performied bettef and
was therefore selectéd for all regressions: (data not stiown),
The probability (P yalue) of F was used as the stepping-
method criterion, gettirig-the valués.for variable entry and
removal -at. 0.05 and 0.10, respectively:
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‘6 Interpopulation differences in nigst architecture

<TABLE' 1./Sfriictural diniensians of Thorn-tailed Rayadito nests
(means . SD) from 2 populatlons near the’ species’ nofthern-
most (Fray Jorge, National Park; n'=62) and southémmost (Isla
Navarino;.n =81) distributional.range limits in Chite. Nests were
collected in 2013 and 2014.

Locality
Structural Fray Jorge Nayarino
measurements: (n=62) {n=61)
Nest mean depth (mm) 2 8011 21149 5122 + 1031
Cup, diameter'(mm) ® 7056 *:6.64 82.18 % 9.79"

72051 +.226:95 506.21 * 199.83
30685 9843 44743 * 13671
4015 +12.17 3631 * 1273

Nest volume {cm?)
Cup volume: (cm?)
‘Nest dry- wexght (g)

A mean value. was used for each pest from measurements.
_taken'oi the 4 sides.
® Only:maximum diameter Is reporte:.

RESULTS

Climatic Patterns )

Navarino“was significantly colder (Navarino; 7.3 = 2.6°C;
Fray Jorge, 114 *+ 2.2°C; 51.441 = 3201, P'< 0.001),
wmdler (Navarmo, 143 =54 ms Fray Jorge, 3:8 * 19
msy. sz&——735 9,:P < 0. 001) andless humid (Navarino,
692 10.3%; Fray Jorge, 50.1 = 8:4%; Fj 50 =516.9, i<
0. 0015 than Erdy Jorgeé diring the Thori-tailed Rayadita’s
breeding season {Figure 1). These differences between
localities were consistent durmg 2013 and 2014, with no
significant interactions between meteorological variables
and ‘year. (température; Fisqr =2.8, P =0.09; winid, Fy 43 =
04, P = 051; humxdlry, Fygag = 0.7, P = 0.39). Monthly
average temperatures tended to increase-toward the end of
the breeding season in both sites; vwhereas the ‘montlily
average of wind speed reached its maximum dunng
Noveriber before: -decreasing for the next couple of months
{(Figure 1). There-was no clear pattern: in. the monthly
averages of, hun-udxty (Fxgure 1)

Nest Structure and Composition

We ‘used ‘the first 3 ‘components. from’ .a PCR of all the
origirial desériptors of rest composn.lon to genérate. new
variables for -analysis (see Appendlx Table 4). The PCA
eigenvectors showed that the first prmcxpal component
(PCI): representéd the ‘variatior iri the relative weight of
the struetural Tayér! (.e. nest base) vs. the internal llnmg,
BC2 was related 1o the composition of‘the internal. lining
and thie relative amount of insulating’ materials; PC3
represented the wvaridtion among constitutive materials in:
the structural layer {(Appendix Table 4).

-Although: ‘nest dry mass.did not vary between localities,
the remaining ineastremrients of fest: dimensions-showed
sigiificant différences: on average, nests from Fray Jorge
‘were deeper and Jarger (ie: greater volume), whereas

E .Botero-Delgadfllo, N..Orellana, D. Serrano; et al,

Nayarino’s had wider and larger nest cups (Tables 1 -and
2A). According to the first MANOVA, nest structure was
significantly different betwéen Fray Josge anid Navarino
(Roy’s largest root =.0.51; Fs,106 = 10:8, P < 0.001); but
there was neither an effect. of the breeding season (year:
2013-2014;. Roys largest root = 0.11, Fsjps = 097, P =
0.44) nora significant interaction between these2 variables
(Roy’s largest root = 0,10, F5,106=2.10, P=0. 07). Although
the analysis suggested a, positivé effect of clutch size. on
nest structure within each population (Roy’s largest root=
0.11, Fyyp: = 243, P = 0.04), only cup volume was
significantly affected (Table 24): There wasmo interaction
betweei clitch:size and the breeding season (Roy’s Jargest
oot = 0.83, F5 = 179, P.= 0,12).

The second. MANOVA showed that nest composition
differed between-the 2 Jocalities (Roy's largest root = 0.64,
Fzy08 = 22,9, P <. 0.001), but there was na effect of the
breeding season (Roy’s'largest root=0,07, Fy105 =027, P=
0:85) mor a significant interaction. between md’ependent
variables (Roy’s largest root=0; 109, F3.105=0.32, P=0.81).
Only the composition of the ‘intenal lining differed
between localities: (PC2 in Table 2B; Figure 2): Navarino
nests were more covered with animal insulating ‘material,
partlealarly feathers from other birds; than Fray: Jorge
nests. There-were no differences in the ‘relative weighits of
the: nest structural lajer and the internal lining (PC1 in'
Table 2B; Figure 2) or in the:compaosition of the structural
layer (PC3 in Table 2Bj, even though certain building
materials appeated to be mare or Jess used in each locallty
(eg. sticks and pieces of branches in Fray Jorge vs. dry
‘grass in Navarino; see Figure 2). The analysxs also showed
na effect of clutch size on nest composition (Roy’s largest
root = 0.13, Fyyy0 = 048, P = 079) nor ‘a significant
interagtion between this variable and the breeding season
(Roy's largest root = 0.05, Fs ;= 1.87, P =0. 14).

Nest Thermal and Hygroscopic Properties

Results from the corivection test showed that nests from
Nayarinio réached Iower temperatures ,d'ilring the first 5
‘min of the test (¢-test: &, =—8.7, P <0,001), tended ta'lose
heat at.higher rates (#test: £y =—2.0; P=10.049); and’had
lower-equilibrium temperatures (¢-test: £,,'=2:9, P=0. 004)
compared to Nests from Fray Jorge (for méan. values; see,
Table BA). However, resulis from the conduction test
showed the opposite: .Fray Jorge nests reached lower
temperatures during the first 5 min of the test {ttestrty, =
8.9, P X< 0.001);; exhibifed higher rates:of heat loss (test:

tn = 2.8, P = 0.006), and showed lower equilibrium
temperatures (ftest: I, =—2.0, P = 0.049) (for mean
~values, ‘see Table 3B)- The second rate of heat loss did nat
show ignificant variations ify either of'the tests -{convec-
tion, £-test: #7; =—0.3,.P = 0.69; conduction, £-test: £7y=1.1,

P=027).
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Intespopulation differences in nest. architecture 7

TABLE 2. Results from general linear madels testing differencés’ in nest architecture between 2 populations of Thorn-tailed
Rayadltos near the species’ northernmost (Fray-Jorge National Park} and southernmost (isla Navarind) distribitional range in Chiles
(A) sunimary for tests perforined on measurements.describing nest structure; (B) principal compornients accounting for variation in

nest composition:

Source Vartable MS * Fh P
(A} Structural analysis
Population Nestvolume 429,554,5, 9.37 0,003
Cup'volume 2158126 174 0.000
Dry, welght 3177 0.02 0g77
Clutch size (population) Nest volume 49,878:4 1.08 0374
Cup vilume 39,432.1 347 0.010
‘Dry-weight 79.5 0.60 0.698
(B) Compaositional analysis .
Population PC1 24 012 0729
PC2>” 26.2 15840 0.000
i pC3’ 14 031 0584
Clutch size {population) (4] 1.1 116 0.331
PC2 07 177 025
PC3 13 0.99 0425"

2MS = mean squares estimated. from Type lll.sum of squares,

£ value estiniated with 1,110 and 3,110 degrees of freedom for the variables popuilation and clutch'size {population), respectively.

Significant £ values. (&= 0.05);are in bold.

<PpC1; variation inthe. relative: ‘weight of thesstructural layer (ie: nest base) vs. the internal hning, PC2: composition of the internal
lining -@nd the, relativesamount. of insulating materials; PC3: ariation among constitutive materials in‘the structural layer.

Tests for measuring hygroscopic properties revealed that
mnests-from Navarino gained.more weight (gain ratio) than
nests from Fray Jorge: (ftest: £y, = —3.8.P < 0.001) and
also exhibited lower weight foss percentage values during
‘the fitst 15.miin after saturation (¥-test; 44>=2.1, P=0.041)
(for.mean-values, see Table 3C). There were o differences
between the weight loss percentage values after 8 hr
following saturation {t-test: £y =1.7;, P="0.097):

Relationship between Architecture and Thermal-
Hygroscopic Properties
Only ‘nest.yolume, cup* yolume, and PC2 (see above) were

Aised as predictor variables for multiple, regression analyses.,

“Two multiple regressions were: performed for each of the
‘functional tests, using 2 dependent variables: the A value
and the, equilibrium’ ternperatiiré for convection—condue-
tion, and the-gdin fatio and weight loss peiéentage for
water-absorption and water loss. Given that the Ag value
-andthe.rate of heat loss’ (rate.t) were highly correlated in
the convectlon—-conducnon datasets (Pearson r=0.84, <
0.001; Pearsofrr=0.69, P < 0,001), we did not includé the
rate of heat loss for the regressions, because:the Ag value.
showed greater variation between localities.

Nest drchitéctiré was a significant predictar of nest heat
16ss'by convection. The As-value.(R=0.45, F, 7; =17.5, P <

0.001) and the equilibrium temperature (R =034, Fi7i=

9.4,P'=0,004) both exhibited a functional rélation with.the

structural and/or compositional descnptors {(Appendix.

‘Table'5). Nest volurne was the variable that best explained,
varfation in the A value; whereas cup volume was the best:

predictor of equilibtium témperitire (Appéndix Table 5
and Figure 3); There was neither;autocorrelation between
data points. (A; value: Durbin-Watson’s d = 1.96;
equilibrium temperature:; Durbin-Watson'’s & = 1.98) nor
collinedrity among thé predictor variables (A5 valué: all
condition index < 1.94; -equilibrium temperature: all
condition index: < 4.99).

Nest heat:loss by conduction also showed, 3 functional
relationship Wwithnest architéctare. Howevér, in this case
the: A5 value (R =061, Fjy; =26.6, P << 0.001).and the

sequilibrium temperature (R=20:46, F, 5 = 12.6, P=0] 001),

were related to nestcompositlon but not to nest structm:e
(Appendnc Table 5). The PC2. vaiiable (i.e: composition of
the. internal lining and the amount of animal -instlating
material) was the best predictor of oth. the A; value.and
the equilibrium témperature (Appendix Table 5 and Figure
3). As in the: previous; dnalyses, theré was neither
autocorrelation (A5 value: Durbin-Watson’s d = 1.64;
equilibrium temperature' Durbin-Watson’s d = 1.71) nor
collinearity among the predictor vatiables (As value: all
condition index < .1.03; -équilibrium, temperature: all
condition index < 536).

Variation in hygroscopic properties was also.related to
Jest architecturé. Nest weight gain tatio (R= 0.5, Fj 47.=
15.3, P< 0.001) anid weight loss percentage after 15:min (R
= 031, Fio = 48, P =.0.03) were explained by the
composition of nests, but ot by their structure. The PC2
variablé was this' the variable. that best. predicted water
absorption and water Joss capacity (Appendix Table 5.ahd
Figure 3). No autocorrelation (gain ratio: Durbin-Watson's
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8 Interpopulation differences in nest architecture

TABLE 3. Paraitieters used for testing the ‘thermal and
hygroscopic properties of Thorn-tailed Rayadito nests from a
northeém (Fray Jorge Natiohal Park) and a southemn (isla
Navarino) population in. Chile., Thermal’ fests included. simula~
tionis of the effects of heat loss by (A) convection atid, (B).
conduction. {Q) Hygroscoplc tests assessed the water absarption
and water loss capacity: Values are means. = SD.

{A] Convection test

Vatiable Locality* )
‘Fray Jorge Navarino
(n.== 36) (n =.36)
1.84 £.073 298 £ 1.12
Rate of heat loss 15 076 + 020 098 % 031
Rate-of heat loss 2 0.01 % 003 0.01 0,01
Equilibiium temperature (Y > 812 =117 698 =201

{B) Conduction test
‘Variable Locality
Fray Jorge Navarino
(n'=36) (o =36)
346 094 1,29 + 069
Rate of heat foss 1 " 106 %027 088 * 016
Rate of heat loss 2® 0.02 +'0.02 X
Equilibrium temperature 2C)® 1664 £203 1853 = 1.23

(C) Hygroscopic test
Varlable Locality'
Fray Jarge " Nayarino
(n = 26) {n =.25).
Nestgained ratio P 204 =085 3.29 = 097
Percent weight loss (15:min) 3696 = 1583 2975 = 7.66
Percent-vieightloss. (8 hr)* 5135 & 1679 .4377 = 14.38

As value Q)™

As value, Q) "

* As = temperature differential between the initial conditions.

and 5-min after starting the tests.

bYalues-abtained from nonlinear-regression models adjusted for
temperature variation during the tests: Equilibrium tempera-
ture represents the asymptote ‘obtained from, the models..

d = 1.57; weight oss: Durbin-Watsons 4 = 203) or
collmearlty (gdin. ratio: all condmon index < 1.03; weight
Toss: all condition indéx,<< 'L 104) was, detécted.
DISCUSSION

Varidtion in nest morphology is predicted to 6ccur-when

environmental conditions vary temporally and/or spatially

{(Mainwaring et al. 2014) as birds tryto:regulate the nest’s
‘microclimate- for optimal nestling ‘development by adap-

t1vely modxfymg its structure and/or composition (Collids:

and Collias 1984, Webb 1987, Hansell 2000, Deeming
2002). We found that thermal and hygroscoplc properties

‘o nests ;i the Thorn-tailed Rayadito. varied ptedlctably-

between 2 populations and were related to variation in-nest
morphology. Furthermore, we found this-variation to. be
‘consistent in both populations during2 breeding seasons.
‘Contriry 'to our expectations, howeveér, nests; at the
northern part of thesspecies’ distribution (Fray Jorgé) were
larger and sseemed to* be less affected by heat loss by

E. Botero-Delgadillo, N..Orellana, D.-Serrano; et al.

‘convection. This finding suggests thit Thorn-tailed
Rayaditos could be using distinct strategies to cope with
thelocal climate (e.g., ambient temperature) in contrastmg
environments, especially if there are site-specific selective
Jpressures favoring certain types of nest structure or
composition. (see. Hllton et al. 2004).

Differences I Nest Structure and Composition

As. predicted, the. variation between populations in nest
architecture traits that may have functional relevance was
consistent throughout time; and this could be: viewed as a
result of adaptive divergence (see Rohwer and, Laiy 2010,
Mainwaring et al. 2012). Nests from Fray. Jorge ‘were Jarger
and had deeper and narrowér cups than those from
Navarino during 2 consecutive breeding seasons (2013'and
2014): Surprisingly, however, data on nest dry weight
overlappeé[ extensively and, thus, revealed no differences
between Loth Jocalities; even though Fray Jorge nests were,
on, average; 4 g heavier. Although nest dry weight is
sometimes used :as a reliable proxy for nest sizé (Main-
waring and Hartley-2008, Dubiec.and Mazgajski 2013}, it is
more likely affected by subtle changes in nest composition
than. other measurements (e.g,, nest. volume), producing
Jhigher mthin—poptﬂanon variability. Regarding nest com-
position,: we obsetved qualitative differences in nest

-appearance andthe relative use of soine building materisls

(Figure 2), but we found ,s:gmﬁcant variation only in the
compoasition of the internal lining.and the.use of insulating
materials. During both years, internal linings. from Fray
Jorge nests. were ‘mairily .composed of plant fibers, roots;
and small sticks, whereas Navarino nests had a farger
dmount of feathers and hairs, ‘with a Jower quantity’ of
plant materials.

Functional Properties and the Role of Nest
Morphology
Variation in nest morphology tsudlly corfesponds with

‘predictable. differences in thiermal ;and hygrogcopic-prop-

erties of hests, (Rohwer and Law 2010, Maintaring ét, al.
2012). We expected nests.from Fray Jorge to. absorb less.
water and dry faster, and nests.from Navarino to retain
heat more efficiently; but the observed -resulfs were not
always consistent with. these predictions. Nests from Fiay
Jorge lost heat at a lower rate than Navarino nests when
éxposed to cold-air (ie. lieat Joss by: convegtion), cousiterta
our, initial expectations. However, when putting these
Tesults in the environmental context, they suggest, along
‘with the other results, that Thorn-tailed Rayaditos’ nests

reflect distinct. strategies for dealing:with the-enviranmen-.

tal challénges present in each Ioeéality.

Although Fray Jorge is located at a subtropical latitude,
wéither condifions in the. coastal forest remnants at.this
site during thé beginning. of the breedirg season are similar
to-those in other temperate humid forests.in the Southern
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FIGURE 2. Composition of Thorn-tailed Rayadito nests from(A) Fray Jorge National Park and (B) Isla Navarina, Chile. We quantified
the relative contributions of (C) the structural layer and (D) the internal lining to total nest weight. We also estimated the relative
contributions of constitutive components classified as (E) woody parts, (F) dry grass, {G) plant fibers and. roots, and (H) animal

Insulating material such as feathers and hairs.

Hemisphere during the first weeks of October (relative
humidity usually >80%, with temperatures of 5-7°C;
CEAZA). The constant presence of sea fog over the coastal
hills of Fray Jorge results in high levels of horizontal
precipitation inside forest remnants, with water constantly
running down. through the ttee trunks or dropping down
directly (Villagrén e€ al. 2004; del-Val et al. 2006). This
means that the Thorn-tailed Rayaditos of Fray Jorge will
often have to use cold and humid cavities and wet
materfals for'nest construction. A possible way to deal with.
this challenge is to build a well-insulated and nonhygro-
scopic structure; this presumes a trade-off between nest
insulation and hygroscopic properties; given that fluffy
materials such as feathers or animal hairs, though
providing -good. thermal insulation (see Mollér 1991,
Lombardo et al. 1995, McGowan et al. 2004, Scholl and
Hille 2014), tend to absorb more water (Hilton et al, 2004,
Rohwer and Law 2010; Deeming 2011). As-we observed. in

the hygroscopic tests, Fray Jorge nests absorbed less water
than Navarino nests, and 'this difference was likely related
to less use of animal insulating materials, particularly
feathers (Figure 3), which may be explained by differences:
in resource availability between locations, -or it may be a
result of the irisulation—humidity trade-off (see Hilton et
al. 2004). Whatever the: cause, plant fibers and roots were
more likely to be used in the humid environment of Fray
Jorge,

How do birds at Fray Jorge deal with low temperatures.if
using large amounts of: animal insulating materials is not
the most suitable wayto do so? Increasing nest size can be
an alternative, and this may explain why Fray Jorge nests
were larger, and lost heat at a lower rate in the convection
‘test, compared to Navarino-nests (see Table 3), Aside from
using feathers for the nest’s internal lining, birds can
increase insulation by modifying the nest structure (see
‘Mainwaring et al. 2014). Wider and less porous nest, walls

The Auk: Ornithological Advances 134:000-000, @ 2017 American Ornithological Saciety
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FIGURE 3. Multiple regression models testing the functional relationship between nest architecture and thermal-hygroscoplc
praperties in Thorn-tailed Rayaditos in Fray Jorge National Park and Isla Navaring, Chile. Dependent variables for regression madels
were obtained from. (A, B) a test simulating the effects of heat foss by convection; (C, D) a test simulating heat loss by conduction;
and a test measuring (E) water absorption and {F) water loss capacity. All interactlons:shown here were statistically significant. Values
for regression factor score PC2 are from a principal component analysis representing the composition of the nest Internal lining and

the relative amount of insulating materials (see text and Table 2).

have lower thermal conductivity (Kern 1984); and larger
nests can.retain. more heat than smaller structures (White.
et .al. 1975, Skowron and Kern 1980, Liljesthrém et al.
2009; but see Szentirmai et al. 2005). Additionally, nests
with deeper and/or narrower cups-can better protect the
eggs and nestlings ‘than nests with. shallower and wider
cups (Windsor et .al. 2013),

Extremely low temperatures and strong winds are the
main pressures that Thorn-tailed Rayaditos: experience in
Navarino during the breeding season (Figure 1),.and this
probably explains why they build highly insulated nests.
The high abundance of feathers and the lower relative

humidity would allow- birds t6 use more hygroscopic
materials for the nest lining (see. Hilton et-al. 2004), which
in turn would reduce. heat loss by conduttion (Figure 3).
The first 2 mo of the breeding season in Navarino can
present a challenge to Thorn-tailed Rayaditos, because

‘October and November: are very windy, and temperatures

frequently drop below 3°C during the first hours of
daylight (http://www.meteochile.gob.cl). Nest-box walls
and probably cavities’ inner surfaces were very cold during
the mornings, so. nests' could easily lose heat through

«contact with these surfaces (E. Botero-Delgadillo personal

observation). Unless birds were not using large amounts of
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feathets:and hairs, nests-would be losing heat at faster rates
because of their greater surfice area and' shallower and
wider cups ‘compared to nests from Fray Jorge (Table'1):

The shallower and wider: cups of Navarind nests
compared-to Fray Jorge nests seem’to suggest, counterin-
tuitively; that Birds from the colder envirohment made
wider cups, hence. making the eggs and/or the nestlings
more vulnerable to the effects of heat loss via convection.
Differences in clutch size. may be. the most parsimonious
explanation for the observed difference in cups, given that
Thorn-tziled Rayaditos from Navarino Jaid, oraverage, 2
riote eggs (see above). Even though we uséd. clutch size as
4 nestéd factor-in the afalysis of nest stfictiire, the results
iindicated that the cup volume was positively affected by
clutch size in, both populations.. Because we found no
differences between cup measurements before hatching
and after fledging in' a selected sample taken from the nests
dataset.(E; Botero-Delgadlllo personal observation), we'can
‘Confirm. that. cup. measurements' wére _riot’ sxgruﬁcantly
altered duting the breeding attertipt. This rieans that cup
shape, may be ad;usted before egg laying, depending on
clutch size: (Soler et al. 1998a, 1998b)} and that brood
‘thermoregulation could compensate for. the wider and
shallower cups in, ihe Navarino nests. It his been shown'
thatlarger bioods provide insulation:and alléw fiestlings to
th_ermoregulate better (sée Dunn 1976, '1979), so it ix
conceivablg that-adult birds from Navarino would not:need
Yo incur the'extra.costs of gathering more material for the
nest:and shaping a more elaborate.and/or deeper cup {see.
Mainwaring et dl.2014): A better; - perspective on thiis-could
be attained by comparing ieat Joss tates during standard-
ized periods between nest boxe§ with iarijpulated clutchy
slzes.

Concluding Remarks

Following previous. studies, ‘we tried to simulate the
effécts of weather condih ins on the nésts of a cavity-
nesting blrd (e, 8 Mamwanng et-al. 2012).’I1i addition, e
analyzed the roles of comvectior; dondirtion, and
humidity- separately, which indicated that potential
‘trade-offs (insulation-humidity) could be differently
affecting the nest-building behavior of 2 populations that:
:occurnear the limits of the study species’ distribution. We
:are aware that' including more populations. it further
studiés will Bé ésséfitial © understanding how met
miorphelogy vatfes: throughout the latftudinal range
occupied by Thorn-tailed Rayaditos, as well as to
evaluating how nesting behavior is -affected by local
variations in the availability- of nestmg materfals and:
biotic interactiofis. For instance; assessing ‘the role of
soc1al and interspeclfic mteractmns in Thorn—tailed
extent chmutlc -regimes ;are affectlng nest, morphology,
and whether biotic and abiotic factors -are exerting:

Interpopulation differences in nest architecture 11

agonistic selective pressures (Rohwer ét.al. 2015). Unlike

in open-nesting, birds, the influence of competition or,
‘prédation o differences in.nest.design s likely negligible
/in cavity-nesting birds, compared té the effects of climate;
hence, future work could also focus .on. the effects: of’

extreme weather conditions, in order to predict how bird
populations would respond to the marked environmental
vdriation' potentially tnggered by- dimate:change (Maller
et.al. 2010).
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APPENDIX

APPENDIX TABLE 4. Principal component analysis-of variables
describing thé composition of Thorn:talled ‘Rayadito, nests ‘in
Fray Jorge Natlonal Park and Isla Navarino, Chille, All descriptors

‘accounted for the relative: contribution of-each nest layer or

building materlal to tofal nest-weight.

Component loadings,

Eigenvectors Pc1 pC2. PQG3

Relative weight structural layer 085  ~-0.14 0.13
Relative weight iriternal lining ~0.93 418 -04
Relative weight dry grass 0.29- 044 0.69
Relative weight plaht fibers —0:58  —079 024
Relative weight woady items. 047 045 —~0.64
Relative weight animal irisulatioh  —0. 16 078 —0:26
Relative weight miscellaneotss: 018’ 017 0:51
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‘APPENDIX TABLE 5. Multiple regression coefficlents (= 'SE) testing the functional relationship .of ‘architecture and thermial-
hygroscopic properties of Thorn-tailed Rayadito nests in Fray. Jorge National Park and Isla Navarino; Chile. Values of Az, and
-equilibfium temperaturé obtained during (A) the' convection. test and (B) the conducticn test were used as dependent Variables:
Values for the weight gain ratio and weightloss percentage after 15 min obtained during (C) the hygroscopic test were used as;
‘dependent-variables:

Vafiable Regression coefficient 8 ‘Standardized -8 t P

A). Cofivection test B
Independent-variables for analysis on A5-value®

Nestvolumg ~0.02 % 0.00 —0.44 ~4.18; 0.000
Independent variables for-analysis on equilibrium temperature*®
Cip- volume —0.04 001 —036 —3.04. 0.004

(B) Conduction test
Indepéndentvariables for-analysis an A5-value®
PC2°<

PC2 _ . —084 x0]6 —0,61 —5.16, 0.000
Independent-variables for analysison equilibrium temiperature
PC2 0.81 *.023 046 355 0:001

Q). Hygrascopic properties o
Independent variables'for analysis.on gain ratio 4

pC2 < 0.52 * 0413 049 392 0.000.
Independeént variables for'analysis on percent weight loss ¢ ] o
pC2 < —4.00:* 1.82 —0.31 42,20, 0,030

?Nonsignificant variables:were excluded from the models and are-not'shown (cup volume and PC2}.
“Nonsignificant variables. were.excluded from the models and are riot shown' (nest valume and Pc2),
“Norisignificant variables were excluded: from the models arid are not shown. (nest.and, cup, volumies).
“PC2: compasition ‘of the internal Yiing and the relative amount of insulating materlals,
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ANEXO III

Emu - Austral Ornithology

Effects of temperature and time constrairts on the seasonal
variation in nest morphology of the Thorn-tailed Rayadito
{Aphrastura spinicauda)
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1 Effects of temperdture and time constraints on. the seasonal variation in nest

2 morphology of the Thorn-tailed Rayadito (Aphrastura spinicauday
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Abstract

Envirofimerital adjustment is the most invoked explanation Tor intra-seasonal variation in bird
niest morphology. Howéver, time constrainis may also ‘be:important, coming as a trade-off
betweeti. the costs of nestbuilding and the requirement to coincide a breeding attempt with
maximal food supply. We describe the seasonal variation in nest moiphology of the Thorn-

tailed rayadito-(4phrastura spinicauds) in a sub-Antarctic population in southern Chile, and

investigate its relation wjth'the.seasonal fluctuation of ambient temperature (an

Additional keywords. Nest.composition, nest structure, intra-seasonal variation, southern.

Chile, sub-Antarctic forests.
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Introduction.

As environmental conditions-cliange during the coiirse of a breeding season, birds’ parental
behavidurs can help maintain an optimal microclimate inside the nest for offspring
development (e:g: increased bouts of incubation and brooding; see’'Webb 1987, DuRasit ef al:
2013). Given the costsof such behaviours (R_ei’('i«e,tf al..2000; Deeming 2011), structural

modifications of the nést can help the parents face the prevailing conditions-while saving

energy (MainwaringfandHartley 2013). In fact, recent studics propose that birds can gauge

environmental conditions and‘consequently-modify the nest thermal properties by adjusting

i,
A

received less attention, such as

attempt with the.period of' maximal food-supply (Lens et al. 1994), thus late breeders still
could synchronize the time:of nestling growth with apeak of food availabilify by reducing the
nest building period (Mainwaring and Hartley-2013; Mainwaring et al, 2014), A seasonal
decrease in the time used for nest building.or-a.reduced nest size could be indicators of time

constraints, but supporting evidence is still lacking:(e.g. Mainwaring and Hartley 2008).
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Tiis study focuses on a secondary cavity-nesting furnariid, the Thom-tailed Rayadito
{Aphiastira ;piniéaad'a),uin order to describe thie seasonal variation in nest morphology
dufifig its breeding season in a sub-Antarttic population in southern Chile. We aimed to
aséess the:temporal différences in nest building periods and nest architesture, and their
n;latiénsliip with the seasonal fluctuation.of ambient temperature (an ‘environmental
adjustment’ hypothests; see Mainwaring ef al. 2014) and time constraints (an ‘optimal time

ﬁame~"hypoﬂ1esis; see Mainwaring and Hartley, 2008). If climate is the main causal of nest

variation, we predic crease in nest size-and a reduced use of insulating materials

fowards the end of the b season, but (ii) no seasonal trend in these variables once the
effects.of daily~terrgperature§. n nest morphology were.statistically removed. In-contrast, if

time constraints arc more relevax‘r?ft; edicted (i) a decrease in nest building periods and

nest size as the breeding season progre nd (ii) the maintenance of such trend after

o

correcting for the effects-of temperature varia
) 38

Materials and methods

Study area and meteorological data

This study was.carried during September-December 2013 on isla g;lo..(55°4"'s, 67°40°
W), located in the Magallanes y Antartica Chilena Region, southerrChile (Fig. 1A). This
locality is part.of the southern disteibutional range. of the Thorn-tailed Rayadito, where its
breeding season usually extends from October through January (Remsen 2003; Quirici et a/.
2014). Despite daily fluctuations of temperature during this period, monthly mean
temperature tends to increase towards the end of the.year (Fig. 1B, 1C). Meteorological data
used for description and subsequent-analyses where obtained from the “Guardia Marina

’

Zafiartu” meteorological station (hftp://www.meteochile:goc.cl/), located in.the study-area.
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Nest collection.anid:measifing

Nests boxes were installed ih Navarino:in.2005 as part of a.long-term study on the breeding
ecolo gy of rayaditos (e.g. Moreno.et al, 2007; Quirici ef al. 2014). Rayaditos.occupied 38 out
of 201 riest'boxes that were offered during 2013, from which we could monitar 36 thronghout
the entire breeding season. Nest boxes were checked every day uatil nest building was

initiated. Thereafter, boxes were monitored every other day until egg laying (see Moréno-et

60 h at 70°C, nests were weighed using a digital scale.(0.01 g),
1

into their two constitutive layers: the nest base, or structural layer,"and the internal lining
(sensu Hansell 2000). Both parts were weighted.in order to estimate their relative contribution
to the nests total dry weiglit (percentage weight)."We finally separated all the plant- (roots and

plant fibers) and animal-derived insulating material (feathers and hairs) from the internal

lining to-quantify their relative weight.

Data analyses.
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Eight variables were considered for testing the seasonal trends in the nesting ecology of
rayaditos: (i) nest building period, (ii).nest-depth, (iii).nest.cup dqpth, and’(iv) nest. dry
weighg taken as measurements of fiest structure and nest size; and the relitive weigfifs-of )
the structural layer, {vi) internal lining, (vii) plant ifisulating materials, and (vifi) animal
insulating materials, used as descripfors of nest composition and nest insulating capacity

{Collias-and Collias 1984; Hansell 2000; Mainwaring etal. 2014). Descriptive values for

these variables are presented as mean + standard deviation,

. . e e .
temperature. The eight measurements described-earlier were used ‘as dependent variables for

Rz

all analyses. Weused o = 0.05 for hypothesis t¢ ng{;gnd:all statistical tests. were performed in

/

#Shapiro-Wilk’s tests confirmed

the R 2.15.2 software.(R Development Core Teani'2}

o

normality for all dependent variables (all tests; 2> 0.05). We'tistperformed linear

regressions for determining the seasonal trend in the respofis% riables, using the nest
“fined.for.each nest as
"

i
It. Linear regression

building start date as the predictor variable. Building start dates
the number of days after the first.nest of the population began to b&
models were subsequently used for assessing the effects of temperature variation on those
variables that previously showed a seasonal trend, taking the daily.mean temperature as the
predictor variable. Temperature values were defined as the mean temperature recorded during:
each.nest building start.day. Finally, residuals from 'these.analyses were nsed for testing if
seasonal trends remained after removing the effects of temperature, regressing the residuals

against building start dates.
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Results

There was:a range-of 48 days between the dates when the first (September 29) and last
(Noveinber 15) breeding p’airs~ofray\adito§ started nest building, Building starting dates for

~58% of all nests n= 36) occurred during the first half of the breeding season, and the

average building period for those ‘early’ nests was 16.7 4.1 days. For the nests that start

relative weight of animal-derived insulating materials = ilng4="5.86,P-= 0.021) (Fig.

2). However, we detectedno temporal variation in the other fourvafia

W
depth (7 = 0.11, F, 131~ 3.98, P=.10.054); r¢lative weight of the stretil

es assessed: nest cup

Tayer (¥ =0.02,
Fr33=1.03, P=0317); relative weight of the internal lining (r? =0.02, F13,=0.68, P=

0.415); and relative-weight of plant-derived,insulation (1'2 =0.01, Fr34=0.15, 2 =0.703).

We used the variables that showed a seasonal trend to test and remove the independent effect
of the temporal increase of ambient temperature. With the exception of nest building period

Grz =0.06; F} 34=2.16, P="0.150), variation innest depth (% = 0.13, F; 34=4.91,P=0.034),
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nest dry*w\eight4('r“25”='*0..13, Fi34=5.26,"P:= 0.028) and relative weight of insulating miaterials
=020, Fy a0 =6.48, P = 0.015) were-partially explained by temiperature increases: Once
we removed the effect of temperature, liniear regressions still showed a seasonal decrease-in
tiest building period (= 0.40, F 31,= 22.47, P < 0.001), nest.depth (# = 0:20; 7 3= 8.39, P
=0:007),and iest dry Weight (7= 0:13, ) 34= 4.29, P = 0.046), but not in the relative weight

of animal-derived insulating materials (7 = 0.06, F; 3, = 2.48, P = 0:124) (Fig. 3).

Discussion

1

The observed decrease in.nest size-and the use. of insulating'material were related to the

b ;
increase of temperatures towards the-end of the ‘year, as expectediunder an ‘environmental
adjustment’ explanation. However, only the amonnt of insulatin,
i)

explained by temperature increase.(Fig. 3), implying that birds ma¥ ﬁs;wﬂlein nest to the
prevailing conditions by-only changing its composition, and that apparently co-varying
changes.in nest.size are not a necessary. consequence of the variation in environmental
temperature. Tn fact, studies.on intra-seasonal variation of nest morphology show that nest
composition, but:not nest dimensions, are related with the seasonal trends of ambient

temperature (e.g. Blue Tit Cyanistes caeruleus; Mainwaring and Hartley 2008), even though

nest size and structure can have important consequences on the insulation quality of nests

www.publish.csire.au/Journals/emu

206

Page 8 of 18




Page 9 of18

10

11

12

I3
T4

15

16

17

18

19

20

21

22,

23

24

25

Emu ~ Austral Ornithology

9
{(White ef al. 1975; Liljesthrom ét ail. 2009). Hence, our results support the idea that birds can.
assess the erivironmental conditions and adj_u’st the frequency of use of some building
miaterials'(Bulit and Massoni'2004; Mainwaring and Hartley 2008; Liljesthrém &t al. 2000;
Britt and Deéming.2011), possibly regulating nest microelimate for an optimal development

of embryos and chicks (Wébb 1987; Lombardo ef al, 1995).

Variation in nest building periods was totaily explained by the nest building start date, which

agreed with the predictions®f an ‘optimal time frame’ explanation. Nest depth and dry weight

were partially explaine mperature increase, but after removing:such effect, we sfill

detected a seasonal.decline-in Bo;h

iables, further supporting the idea that time constraints

can affect nest building behaviour anidinest structure. Although some studies have failed to

3 'Liybuilding,u‘alth()“gh this not necessarily will

involve changes in nest structure{(Mainwaring ég: : artley 2008). Our results, however, point

A

rayaditos. Furthermore, a previous study: carried out ~inzIsI§Z;Gra
%{ifﬁ

provided evidence on how other reproductive traits of rayaditos

observed that the period between laying, of the first egg and hatc'hiffg‘ e brood was

negatively related to laying date, but also.that the duration of the nestling period was

-negatively associated with hatching date, indicating that either laying-intervals were shortened

or embryonic developmental rate increased over the-course of the season.

Contrary to the ‘environmental adjustment” explanation,.a problem regarding an ‘optimal time

frame? hypothesis lies:in the difficulties to remove other confounding factors, such as the
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10
availability of nesting matérials or the-differerices in age asd pilénotypic--q}iality between the
breeding adults (see Mainwaring et al.. 2014, Guillete et al. 2016). Fiiture studies should
ageount for the potential effects of nesting material availability, and also forthe effect of

intra~-individual variation on différences in nest architecture.

Despite the fact that.our data did not account for some potential confounding factors, this

study’has shown that both environmental adjistment and tine constraints can influence the

nest building behavid: iis cavity-nesting bird,and consequeriily, the design of the nest

structure (Mainwaring an

nd rtley.2008)."We also.showed that diverse factors can affect

different components: of the; esting ecology of birds, and that the final product, ie. the nest,

can be the consequence of several utuallyexclusive forces (Mainwaring and Hartley

2008). Givenr the need fo provide a regu ted,environment for the development of their brood,

breeding birds.accordingly change the typ famount of insulating material as temperatures

of resource availability (Mainwaring;and Hartley 2013).
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Figuie captions

Fig. 1. Location of the study aréa and values of daily/miontlily temperature during the
breeding season of 2013 of the Thorn-tailed rayadito. (A) A total of 201 fiest boxes were
offered to.a southern: popuihfion;of'rayaditoé at isia Navarino, southern Chile; (B) Fluctuation
of daiiy temperature duririg Octobet and November 2013; (C) Iricreasing trend of monthly

mean températures durifig 2013.

Fig. 3. Linear regression models showing significant scasona fﬁe’“
effects of temperature increase during the breeding season (using i
Standardized (STD) residuals of mean nest depth regressed against nest building starf dates
for the breeding season-of 2013 (3= -0.03 * x + 0.65); (B) Standardized residuals-of nest.dry
weight against building start-dates (y= ~0.02 * x +0.49); {C) Standardized residuals.of nest.
building period against building start dates (y = -0.04 * x + 0.92); (D) Standardized residuals
of relative amount of animal-derived insulating material in thenest internal lining against

building start dates (y = -0.02# x -+ 0.38):
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1 Table 1. External measurements describing the variation in structure and com position
2 of Thorn-tailed Rayadito nests.

3 For descriptive purposes; nests were grouped as ‘early” and ‘late” nests depending on the

4 building start date:(before/affer the mid-part of the breeding season: October 25). Data shown

5  aremean+ SD:

6.
Struetural/Compositithal variables Early nests (0 =21)  Litémnests.(n=15)
; ntm 55.17 (10.06); 44,66 (8:58)
35.31 (6:51). 29.28/(997)
33.13 (8.02) 2694 (678)
72.23 (10,28). 72.73.(7:42),
Relat: weight:internal lifing (%), ,, 27.77 (10.28) 27.27(742)
Relat. weight plant insulating;mater ) 25.91 (4.11), 25.82 (4.07).
_ Relat. ‘weiglitanirial insulating materid 8.90 (4.54) 6:77 (2.49)
7
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Fig. 1, Location of the study area and values of daily/monthly temperature during the breeding season of
2013 of the Thorn-tailed rayadito. (A).A total of 201 nest boxes were offered to a southern population of
rayaditos at isla Navarino, southern Chile; (B) Fluctuation of daily temperature during October and
November 2013; (C) Increasing trend of monthly mean temperatures during 2013.
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Fig. 2. Linear regression models showing significant seasonal trends in the nest building behaviour and nest
motphology of the Thorn-tailed rayadito. (A) Mean nest depth values regressed against nest buildirig start
dates for the breeding season of 2013 (y = -0.45 * x + 60.24); (B) Values of nest dry weight against

bullding start dates (y = -0.26 * x + 36.47); (C) Duration of nest building period against bullding start dates
(y = -0.21 * x ¥+ 19.23); (D) Relative amount of animal-derived insulating material in the nest internal lining

against building start dates (y = -0.10 * x + 10.25).
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Fig. 3. Linear regression models showing significant.seasonal trends in the nest building behaviour and nest
morphology of the Thorn-tailed rayadito, after removing the potential effects of temperature Incréase during
the breeding season (using linear regression). (A) Standardized (STD) residuals of mean nest depth
regressed against nest building start dates for the. breeding season of 2013 (y = -0,03 * x + 0.65); (B)
‘Standardized residuals of nest dry weight against building start dates (¥ = -0.02 * x + 0.49); (C)
Standardized residuals of nest building period againist: bullding start dates (y = -0.04 * x + 0.92); (D)
‘Standardized residuals of relative amount of animal-derived insulating material in the nest internal lining \
against building start dates (y = -0.02* x.+ 0.38):
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