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RESUMO GERAL 

 

A grande variação geográfica de estratégias de sobrevivência e reprodução, intra- 

e interespecífica de aves compõe grande parte das discussões científicas desde metade do 

século passado. Várias hipóteses paralelas foram formuladas a fim de melhor explicar tais 

variações. No entanto, a forte covariação de atributos de história de vida das aves com o 

ambiente tem direcionado, tanto as questões quanto as respostas, a características 

ambientais cada vez mais diretas e mensuráveis. Clima, condições e variações climáticas 

são fatores importantes que têm potencial de responder sobre essa relação de causa e 

efeito. A variação residual nas características reprodutivas das aves. O tamanho da 

ninhada e ovos das aves, por representar um alto investimento, têm potencial de responder 

diretamente às condições climáticas de uma região ou de uma época. Apesar de bem 

estudada, não existe um consenso sobre as nuances entre as causas e efeitos das condições 

climáticas sobre o tamanho dos ovos e ninhadas de aves em grande escala. Como tese, 

defini que “características reprodutivas das espécies do gênero Tyrannus, mais 

especificamente o tamanho dos ovos e ninhadas, variam em função das condições 

climáticas em escalas espaciais e temporais”. Reunimos informações de 1.358 ninhadas 

e 4.750 ovos de espécies do gênero Tyrannus, obtidas diretamente de 23 coleções 

ornitológicas ao redor do mundo, para responder como o clima atua na variação do 

tamanho de ninhadas e ovos das aves através de escalas espaciais e temporais. 

No primeiro capítulo testamos a variação das características reprodutivas em 

função do clima, sub-climas e variáveis de temperatura e precipitação históricos com o 

objetivo de analisar a relação entre o tamanho das ninhadas e dos ovos das espécies de 

Tyrannus em diferentes escalas geoclimáticas. Ambas as características reprodutivas 

variam de acordo com os principais climas, climas regionais e condições locais de 

temperatura e precipitação. As regiões com maior variação climática tiveram as maiores 

ninhadas, mas os locais com invernos mais frios tiveram efeito oposto, enquanto o 

tamanho dos ovos das espécies de Tyrannus tende a aumentar em ambientes com períodos 

de seca menos extremos. A relação significativa entre ovos maiores e locais com 

temperaturas mais baixas pode explicar o aumento do tamanho dos ovos com a latitude.  

No segundo capítulo usamos 1.145 ninhadas e 4.061 ovos de oito espécies de 

Tyrannus ao longo de 116 anos (1901-2016), para avaliar as relações entre os tamanhos 

das ninhadas e dos ovos as anomalias climáticas no ano que antecedeu a postura. A 
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variação entre anos da temperatura e precipitação afetaram a taxas reprodutivas das 

espécies de Tyrannus. Os ovos e ninhadas de Tyrannus foram maiores em anos com 

condições climáticas mais estáveis. Próximo à reprodução, somente a temperatura teve 

efeito sobre a as variáveis reprodutivas dos Tyrannus, onde anos com maiores 

temperaturas resultaram em ninhadas maiores e ovos menores. 

No terceiro capítulo, utilizamos os parâmetros ajustados de modelos estatísticos 

(α, β’s) obtidos no Capítulo 2, com o objetivo de projetar possíveis efeitos das mudanças 

climáticas nas características reprodutivas de Tyrannus. Geramos quatro cenários de 

Caminhos Socioeconômicos Compartilhados (Shared Socio‐Economic Pathways - SSP), 

reunidos a partir de quatro Modelos Climáticos Globais (General Circulation Model - 

GCM) da versão seis do Projeto de Intercomparação de Modelos Acoplados (Coupled 

Model Intercomparison Project - CMIP6), tanto para as características reprodutivas, 

quanto para as variáveis de temperatura e precipitação entre os anos de 2020 e 2100. Os 

tamanhos da ninhada (TN) e ovos (TO) diminuíram em todos os cenários futuros (e.g. 

SSP5-8.5/2100; TN: β= -1.29, TO: β= -0.04), impulsionados principalmente pelo 

aumento dos parâmetros de temperatura e sazonalidade.  

Os resultados deste trabalho corroboram minha tese de que “características 

reprodutivas das espécies do gênero Tyrannus, mais especificamente o tamanho dos ovos 

e ninhadas, variam em função das condições climáticas em escalas espaciais e 

temporais”. Além disso, há um impacto significativo das mudanças climáticas, com 

potencial para diminuir os ovos e ninhadas desse grupo alo longo do tempo. É importante 

destacar as implicações iminentes das mudanças climáticas locais na fisiologia das 

espécies, com diminuição da aptidão dos organismos que eclodem de ovos menores e 

possíveis perdas populacionais, mesmo para grupos amplamente distribuídos, como as 

espécies do gênero Tyrannus. 
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ABSTRACT 

 

The wide geographic variation in birds’ intra- and interspecific survival and 

reproductive strategies have been a significant part of scientific discussions since the 

middle of the last century. Several parallel hypotheses have been formulated to explain 

such variations better. However, the strong covariation of bird life-history traits with the 

environment has directed questions and answers to increasingly direct and measurable 

environmental characteristics. Climate, weather conditions, and variations in the weather 

are important factors that can potentially answer residual variation in bird reproductive 

traits. Because they represent a high investment, birds’ clutch and egg sizes have the 

potential to respond directly to the climatic conditions of a region or season. Although 

well studied, there is no consensus on the nuances between the causes and effects of 

climatic conditions on these large-scale bird breeding traits. As a thesis, I defined that 

“breeding traits of Kingbirds (Tyrannus genus), specifically clutch and egg sizes, vary as 

a function of climatic conditions on spatial and temporal scales”. We gathered 

information from 1,657 clutches and 5,644 eggs of Kingbirds species, obtained directly 

from 23 worldwide ornithological collections, to answer how climate acts on variation in 

clutch and egg size of birds across spatial and temporal scales. 

In the first chapter, we tested the variation of breeding traits as a function of 

climate, sub-climates, and historical temperature and precipitation variables to analyze 

the relationship between clutch and egg sizes at different geoclimatic scales. Both 

breeding traits varied among climates, regional climates, and local temperature and 

precipitation conditions. Still, sites with colder winters had the opposite effect, where 

Kingbirds’ egg size tended to increase in environments with less extreme drought periods. 

The significant relationship between the largest clutches with regions with greatest 

climatic variation and larger eggs with lower temperatures regions may explain the 

increase in these traits with latitude. 

In the second chapter, we used 1,145 clutches and 4,061 eggs of Kingbirds, 

overlapped with weather time series over 116 years (1901-2016), to assess the 

relationships between breeding traits with climate anomalies in the year preceding laying. 

Interannual temperature and precipitation variation affected the reproductive traits of 

Kingbirds. Eggs and clutches were larger in years with more stable weather conditions. 

Precipitation variation was an essential variable to egg sizes, and only temperature 
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affected these reproductive traits near breeding when years with higher temperatures 

resulted in larger clutches and smaller eggs. 

In the third chapter, we used the fitted parameters of statistical models (α, β’s) 

obtained in Chapter 2 to project possible effects of climate change on Tyrannus 

reproductive traits. We generated temperature and precipitation variables between the 

years 2020 and 2100 of four Shared Socio-Economic Pathways (SSP) scenarios, gathered 

from four General Circulation Models (GCM) of the sixty Coupled Model 

Intercomparison Project (CMIP6) for both reproductive traits. Clutch (CS) and egg (ES) 

sizes decreased in all future scenarios (e.g. SSP5-8.5/2100; CS: β= -1.29, ES: β= -0.04), 

driven primarily by increased temperature and seasonality parameters.  

The results obtained support my thesis that “reproductive traits of Kingbirds, 

specifically egg and clutch size, vary as a function of climatic conditions over spatial and 

temporal scales”. Furthermore, climate change has a significant impact, with the potential 

to decrease the eggs and clutches of this group over time. It is essential to highlight the 

imminent implications of local climate change on species physiology, with decreased 

fitness of organisms hatching from smaller eggs and possible population losses with 

decreasing clutch sizes, even for widely distributed groups such as species in the genus 

Tyrannus. 
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INTRODUÇÃO GERAL 

 

A grande diversidade de estratégias de sobrevivência e reprodução há muito 

tempo leva os ecólogos a questionar como cada espécie se adapta ao seu ambiente. Desde 

que os pesquisadores começaram a explorar e comparar regiões, eles começaram a 

perceber que o investimento de energia entre sobrevivência e reprodução muda de um 

lugar para outro, mesmo dentro de grupos relativamente relacionados (Brown & 

Lomolino 1998, Wallace 1876). A energia está disponível de forma diferente nos lugares, 

seja em quantidade, tempo e espaço, e os organismos têm que investir da melhor forma 

possível. Parte dessa diversificação ocorre porque o investimento na prole é caro, a 

energia disponível é limitada e a aptidão da prole aumenta com o investimento dos pais, 

em detrimento do investimento em sua sobrevivência (Bennett & Owens 2002, Krist 

2011). O longo caminho para descrever a história vida das aves baseia-se principalmente 

em padrões espaciais mais evidentes, como uma mudança no tamanho corporal e no 

investimento reprodutivo ao longo da latitude (Blackburn et al. 1999, Moreau 1944, 

Ricklefs 2000). Com o foco na quantidade e forma que a energia flui em comunidades 

naturais (Rosenzweig 1968), fatores ambientais como a sazonalidade climática (Ashmole 

1963), ganharam atenção por estarem diretamente relacionados à condição fisiológica de 

organismos com estratégias de resposta rápida. Atualmente, não como uma pergunta, mas 

como uma estrada pavimentada, sabemos que as características de história de vida tendem 

a ter uma forte correlação ambiental (Kuleska 1990) onde a reprodução tem um papel 

central na manutenção da população  (Delgado et al. 2021, Newton 1998a) e o tamanho 

da ninhada é fundamental para o investimento reprodutivo das aves e uma das 

características mais documentadas de história da vida animal (Jetz et al. 2008). Mesmo 

que a seleção natural tenha definido os padrões espaciais do esforço reprodutivo (Lack 

1947), uma parte da variação residual deve ser influenciada pelas condições que os 

organismos encontram durante seu ciclo reprodutivo (Martin 1987, Martin et al. 2006). 

No entanto, essa relação ainda permanece pouco conhecida e, consequentemente, não é 

possível explicar com confiança como e por que essa diversificação acontece (Bennett & 

Owens 2002).  

A adaptação aos padrões climáticos locais é um dos muitos fatores que 

determinam a distribuição ou diversificação de espécies e populações (Boucher-Lalonde 

et al. 2014, Wallace 1876). De um ponto de vista regional, o clima é um pacote de 
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condições dinâmicas que influencia diretamente o comportamento, a fisiologia, as 

fenologias e as características de história de vida (Gienapp et al. 2014). A sazonalidade 

climática é o ciclo ambiental mais pronunciado. A sazonalidade cria variações temporais 

nos recursos dos organismos para suas necessidades metabólicas, como crescimento e 

reprodução (Boyce 1979, Schultz & Halpert 1993), afetando fortemente a aptidão dos 

indivíduos (Boucher-Lalonde et al. 2014). É possível reconhecer que a adaptação às  

condições climáticas contribui na seleção e diversificação de estratégias migratórias e 

investimento reprodutivo em relação ao tamanho e ao número de descendentes (Jetz et al. 

2008) e até mesmo a quantidade de energia a ser usada no atendimento à prole  (Martin 

1987). Em relação às características reprodutivas, as correlações com as condições locais 

são evidentes, mesmo para tamanho corporal constante, com tamanhos de ovos e de 

ninhadas variando entre as regiões (Martin et al. 2006). Consequentemente, essas espécies 

se adaptam à sazonalidade ambiental, ajustando sua fenologia para sincronizar com os 

padrões climáticos. Como resultado, essas espécies estarão no local e no tempo com a 

oferta de recursos no momento da demanda mais crítica (Mclean et al. 2016).  

O tamanho da ninhada e o tamanho do ovo são, para as aves, componentes do 

investimento reprodutivo que têm uma forte correlação ambiental (Kuleska 1990, 

Ricklefs 2000). Em ambientes relativamente mais estáveis, o tamanho da prole individual 

deve estar mais próximo da seleção (Congdon & Gibbons 1987), o que sugere que a 

história evolutiva estabeleceu um limite para a variação desse atributo (Stearns 1989), 

apoiando a teoria de uma seleção estabilizadora (Wellmann 2023). Nesse caso, a pressão 

da seleção natural provavelmente reduz a variação no tamanho do ovo e da ninhada 

(Congdon & Gibbons 1987). Para justificar a variação latitudinal do tamanho da ninhada 

Ashmole (1963) baseou-se no efeito da sazonalidade climática. A sazonalidade climática 

é acentuada em latitudes mais altas, e o aumento da mortalidade nessas regiões é reflexo 

das condições de invernos mais rigorosos, afetando a densidade populacional e a 

quantidade  de recursos alimentares per capita durante a estação reprodutiva. Essa oferta 

de recursos promove uma melhor nutrição das fêmeas que, por consequência, geram 

ninhadas maiores. Por outro lado, os estudos com suplementação de recursos podem não 

detectar essa covariação ambiental com o tamanho da ninhada, pois o investimento pode 

ocorrer na qualidade dos ovos e no aumento do sucesso reprodutivo (Martin 1987). O 

investimento em ovos em anos com condições ambientais diferentes exigirá, portanto, 

novas estratégias de investimento reprodutivo. 
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Os efeitos biológicos das mudanças climáticas ocorrem em vários níveis, desde as 

populações até ecossistemas. Muitos estudos mostram os efeitos das mudanças climáticas 

sobre a biodiversidade, com o objetivo de entender os processos e mitigar os efeitos sobre 

a biota (Aguiar et al. 2016, Bellard et al. 2012, Marini et al. 2009). As projeções mostram 

que vários grupos de organismos sofrerão com a perda de habitat e com a 

incompatibilidade entre suas demandas de energia e os recursos disponíveis  (Aguiar et 

al. 2016, Durant et al. 2007, Kellermann & van Riper 2015, Marini et al. 2009, 2010). No 

entanto, os organismos que expressam maior plasticidade fenotípica, conseguem melhor 

se adequar a essas novas condições e minimizar os efeitos das mudanças climáticas 

(Bonamour et al. 2019). A falta de plasticidade para se adaptar a novos regimes climáticos 

pode se tornar uma ameaça, e até mesmo a causa, da extinção de espécies (Bonamour et 

al. 2019, Trautmann 2018). As mudanças necessárias na fenologia se tornaram um dos 

principais problemas das espécies em relação às mudanças ambientais (Bellard et al. 

2012) quando os organismos já adaptados a determinadas condições de reprodução 

enfrentam dificuldades para ajustar suas fenologias às novas exigências. 

Neste trabalho eu proponho a tese que: características reprodutivas das espécies 

do gênero Tyrannus, mais especificamente o tamanho dos ovos e ninhadas, variam em 

função das condições climáticas em escalas espaciais e temporais. O objetivo geral deste 

trabalho é testar o efeito do clima, condições e variáveis climáticas no tamanho das 

ninhadas e ovos de Tyrannus.  Para avaliar essa tese, formulei os seguintes trabalhos, 

designados capítulos a seguir: Capítulo 1: Multiple climatic effects on kingbirds 

(Tyrannus spp.) clutch and egg sizes along a continental scale – onde eu testo a variação 

geoclimática dos atributos reprodutivos; Capítulo 2: Differential short-term and long-

term weather windows on breeding traits of Kingbirds – onde eu analiso os efeitos da 

variação interanual de variáveis meteorológicas; e Capítulo 3: Climate change model-

based scenarios show a decrease in Tyrannus egg and clutch sizes by 2100 – onde eu 

faço projeções dos tamanhos de ovos e ninhadas em cenários climáticos futuros, baseados 

em parâmetros estatísticos ajustados de modelos sobre a sensibilidade climática das 

espécies de Tyrannus, expressados em seus atributos reprodutivos em dados históricos. 
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OBJETO DE ESTUDO: GÊNERO Tyrannus 

 

 O gênero Tyrannus (Kingbirds, em inglês) é um grupo da família Tyrannidae 

(Tyrant Flycatchers) composto por 13 espécies (Clements et al. 2022, Phillips 1994, 

Winkler et al. 2020). A maioria das espécies são cosmopolitas e apresentam grande 

adaptabilidade ao meio urbano, sendo encontradas facilmente habitando e nidificando nos 

centros das cidades. Assim como toda sua família, está restrito às Américas (Novo 

Mundo), porém se estendendo por uma grande amplitude latitudinal – desde a região 

central da Argentina (Río Negro) com T. savana (Jahn & Tuero 2020) até a região 

noroeste do Canadá (Yukon) com T. tyrannus, ausente, aparentemente, somente nas 

latitudes polares. Dentre as 13 espécies, somente T. caudifasciatus e T. cubensis, restritas 

ao Caribe não possuem nenhum comportamento migratório (Mobley & de Juana 2020, 

Peña & Navarro 2023). Dentre as 11 espécies que apresentam comportamento migratório, 

T. niveigularis e T. albogularis apresentam suas áreas de ocorrência somente na porção 

continental da América do Sul (Mobley 2020, Schulenberg & Johnson 2020), enquanto 

T. vociferans apresenta suas áreas de reprodução e invernada na América do Norte (Tweit 

& Tweit 2020). Como predomina dentro da família Tyrannidae, as espécies do gênero 

Tyrannus são insetívoros papa-moscas, de comportamento alimentar bem definido 

(Fitzpatrick 1981, 1980) e possuem tamanho corporal médio, variando entre 31,9 g (T. 

savana) e 93,6 g (T. cubensis) (Dunning 2007). Espécies desse gênero apresentam grande 

fidelidade de sítio de ninho entre anos, mostrando aparente adequabilidade com as 

condições ambientais a nível local e, por isso, a variação das condições climáticas em 

escala temporal deve ter reflexo em seus atributos de história de vida (Blancher & 

Robertson 1985, Murphy 1996).  
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ABSTRACT 

 

Changes in bird clutch and egg sizes across geographical gradients are issues often 

debated among ecologists, where latitudinal cline is a central issue in several discussions. 

There is an understanding that these patterns are primarily driven by climatic 

characteristics, where latitude acts as a proxy. Many studies attempt to analyse local 

climatic factors causing variation in life history traits but face methodological limitations. 

Here, as few studies have been able to, we achieve a robust dataset that covers a large 

territorial extent to answer this main biogeographical question. We approached the 

geographically widespread Tyrannus genus (kingbirds) and collected breeding data from 

35 scientific egg collections in South and Central America, the USA, and Europe. After 

several data checking layers, including spatial, temporal and taxonomic checking, we 

analysed the relationship between kingbird's clutch and egg sizes with different climatic 

scales. The analyses of 1,358 clutches and 4,750 eggs confirmed that the kingbird's clutch 

and egg sizes increase towards the poles. Both breeding traits vary according to main 

climates, regional sub-climates, and local temperature and precipitation conditions. 

Regions with more climatic variation had the largest clutches, but sites with colder 

winters did not have the largest clutches. Tyrannus egg size increased in environments 

with less extreme dry periods. The significant relationship between larger eggs with sites 

with lower temperatures can explain the increase in egg size with latitude. Our findings 

suggest a robust correlation of residual variation in breeding traits with climatic 

conditions at both regional and local levels. Highly locally adapted species using climatic 

parameters as cues should also respond to interannual weather variations. With current 

discussions about climate change's effects on ecosystems, the insights provided in this 

work can assist in understanding how species will cope under future climate scenarios. 

 

KEYWORDS Biogeography, breeding traits, climate, clutch size, egg size, latitudinal 

effect, life-history, reproductive output. 
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RESUMO 

 

Mudanças em características reprodutivas das aves ao longo de gradientes geográficos 

são questões frequentemente debatidas entre os ecólogos, onde o gradiente latitudinal é 

uma questão central em várias discussões. Há um entendimento de que esses padrões são 

influenciados principalmente pelas condições climáticas, em que a latitude atua como um 

indicador. Muitos estudos procuram analisar os fatores climáticos locais que causam 

variação nas características de história de vida, mas enfrentam limitações metodológicas. 

Aqui, como poucos estudos foram capazes de fazer, conseguimos reunir um conjunto de 

dados robusto abrangendo uma grande extensão geográfica para responder a essa questão 

biogeográfica principal. Abordamos o gênero Tyrannus (Tyrannidae, papa-moscas), que 

possui uma ampla distribuição geográfica, e coletamos dados reprodutivos em 35 

coleções científicas oológicas na América do Sul e Central, nos EUA e na Europa. Após 

várias camadas de verificação de dados, incluindo verificação espacial, temporal e 

taxonômica, analisamos a relação entre o tamanho das ninhadas e dos ovos das espécies 

de Tyrannus em diferentes escalas geoclimáticas. As análises de 1.358 ninhadas e 4.750 

ovos confirmaram que os tamanhos das ninhadas e dos ovos dos Tyrannus aumentam em 

direção aos polos. Ambas as características reprodutivas variam de acordo com os 

principais climas, climas regionais e condições locais de temperatura e precipitação. As 

regiões com maior variação climática tiveram as maiores ninhadas, mas os locais com 

invernos mais frios tiveram efeito oposto, enquanto o tamanho dos ovos das espécies de 

Tyrannus tende a aumentar em ambientes com períodos de seca menos extremos. A 

relação significativa entre ovos maiores e locais com temperaturas mais baixas pode 

explicar o aumento do tamanho dos ovos com a latitude. Nossos resultados sugerem uma 

correlação robusta da variação residual das características reprodutivas com as condições 

climáticas, tanto em nível regional quanto local. Espécies altamente adaptadas 

localmente, que usam características climáticas do local de reprodução como pistas para 

eventos biológicos também devem responder às variações interanuais do clima. Com as 

discussões atuais sobre os efeitos das mudanças climáticas nos ecossistemas, os 

resultados fornecidos neste trabalho podem auxiliar na compreensão de como as espécies 

lidarão em possíveis cenários climáticos futuros. 

  



22 

 

1.1. INTRODUCTION  

 

Investment in clutch and egg size are two main attributes of the life history of 

oviparous organisms (Carey 1996). Through the amount of nutrients invested in the eggs, 

parents must provide enough energy to the developing offspring to maximise the 

probability of their survival (Birkhead 2016, Congdon & Gibbons 1987, Martin 1987). In 

forming the eggs, females invest more than genetic materials that inform their 

evolutionary history but also by-products that show their physiological condition (Carey 

1996, Williams & Groothuis 2015). This condition, in turn, will be related to the recent 

past of the organism, its ecological behaviour, and the environmental conditions in which 

the female finds herself at the egg-laying site (Martin 1987). 

Among the most evident clinal variations in ecology is the change in biological 

traits as a function of latitude (Hut et al. 2013). The relationship between clutch size and 

the latitudinal gradient is a strong pattern in reproductive output where larger clutches are 

found at higher latitudes. This variation pattern is evident in animal body size (Stillwell 

2010) and is the main variation factor for birds' clutch size (Jetz et al. 2008). Several 

assumptions have been proposed to explain this phenomenon (Lack 1947, Ricklefs 2000). 

However, the most accepted hypothesis is that the increase in clutch size is related to the 

seasonality of resources (Ashmole 1963, Griebeler et al. 2004, Lundblad & Conway 2021, 

Ricklefs 1980), where the physiological condition of the individuals is the central point. 

However, latitude is a proxy for the environmental conditions that exert pressure on the 

phenological adaptation of species, such as seasonality (Lundblad & Conway 2021) and 

day length (Hut et al. 2013). Since seasonality provides increased resources per capita 

during the breeding season, better-nourished parents can invest in larger clutches.  

Like other seasonally adapted organisms, birds respond directly to environmental 

conditions through their life history parameters (Forchhammer et al. 1998, Kuleska 1990). 

The condition of the environment acts as a driver of organisms’ physiology, and it can 

help explain variations in breeding traits (Bêty et al. 2003, Christians 2002, Liu et al. 

2018, Price & Liou 1989). Climate, and the inherent climatic seasonality (White & 

Hastings 2020), are key to bird phenology (Newton 1998b). Few bird groups reproduce 

year-round, even in tropical regions, where seasonality does not reach extreme conditions 

(Hau 2001). Migratory or not, birds must respond to climatic conditions at the breeding 

site (Ockendon et al. 2013). 
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Besides changes in clutch size, the increase in egg size across geographical 

gradients is still a well-debated question. Many ecologists argue that decreasing egg sizes 

could compensate for the increase in clutch size (Blackburn 1991), in which egg size 

would tend to decrease with increasing latitude. However, the positive relationship 

between egg and clutch sizes may indicate an environment with sufficient resource 

abundance for both reproductive outputs to increase (Hõrak et al. 1995). Also the positive 

relationship of eggs with latitude may also be explained due to the thermal potential of 

larger eggs in cold environments, which lose heat more slowly (Martin 2008). However, 

there are studies showing increased egg size with latitude (Stępniewski et al., 2021), while 

others find no effect (Guo & Lu 2022). Nonetheless, the variation of this trait is correlated 

with female body size (Bennett & Owens, 2002; Martin et al., 2006; Rahn et al., 1975) 

and incubation time (Rahn & Ar 1974). Since the body size of organisms within similar 

groups tends to be larger at higher latitudes (Blackburn et al. 1999, Stillwell 2010), the 

latitude increase could have a similar effect on eggs as on clutch size. That allometry 

pattern explains about 80% of egg size variation (Blackburn 1991). This ratio, considered 

a phylogenetic component, tends to maintain at high taxonomic levels, such as Order 

(Birchard & Deeming 2015). The resulting variation not explained by the phylogenetic 

component, the residual variation, tends to be influenced by ecological and environmental 

factors (Martin et al. 2006). Once the environment pressures a trait, it can respond 

independently of a trade-off, such as the supposed negative relationship between egg and 

clutch size (Blackburn 1991). Since clutch and egg size can change through space clines, 

environmental changes exert more influence on breeding traits than is known, requiring 

more understanding of this correlation.  

Resource richness and abundance may be the essential factors in fine-tuning the 

timing of reproduction when females set the laying season so that hatching occurs when 

the greatest energetic demands of the offspring and more resources are available (Dunn 

& Winkler 2008, Welty 1982). Although studies have already diagnosed some of the 

residual variations in egg size – clutch size (Blackburn 1991, Martin 2008, Martin et al. 

2006, Smith & Fretwell 1974), environmental conditions (Heming & Marini 2015, Martin 

2008, Martin et al. 2006), migratory behaviour (Heming & Marini 2015) and 

geographical variation (Martin et al. 2006) – residual variation still seems to be not 

enough understood (Martin 2008, Martin et al. 2006). Furthermore, there is still a need to 
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know how breeding traits can vary within a group of birds over time and space (Heming 

& Marini 2015). 

Populations adapted to the climate of their breeding grounds tend to change their 

breeding traits when local temperature and precipitation change (Heming & Marini 2015). 

The climate is an assembly of conditions that include minimum, average, and maximum 

temperatures, and precipitation parameters. As each component of a climate can exert a 

different weight (van de Pol et al. 2016), the best way to evaluate how climate affects a 

trait would be a model that includes the combination of variables and respects the weight 

of each one. Once breeding traits of birds vary according to the environment (Christians 

2002, Jetz et al. 2008), inevitably, climate change will bring new constraints on 

reproductive investment. Many studies have shown how the rise in temperatures 

stimulates birds to start the breeding season earlier (Both et al. 2004, Crick et al. 1997, 

Marrot et al. 2017, Visser et al. 2004). Moreover, there is evidence that increases in 

temperature can lead to changes in clutches (Both & Visser 2005, Tryjanowski et al. 

2004) and egg sizes (Cady et al. 2019). 

Despite increasing evidence showing the effects of climate change on breeding 

traits (Stevenson & Bryant 2000), studies have focused mainly on the reproductive 

phenology of species (Grudinskaya et al. 2022, Halupka et al. 2020, Shave et al. 2019), 

while the reproductive output (e.g., clutch size, egg size) was less frequently investigated 

(Crick 2004). Moreover, there is a significant discrepancy between the number of studies 

among regions, where the north-temperate systems are very well studied (Crick et al. 

1997, Laaksonen et al. 2006, Winkler et al. 2002), and their results are often taken as 

references for the other biogeographic regions of the planet. However, north-temperate 

climates must not serve as a basis for studies in the equatorial regions, even for austral 

regions (Heming & Marini 2015), precisely because species tend to adapt their 

physiology to the conditions where they express their traits (Stutchbury & Morton 2001). 

Once we can gather extensive data from a monophyletic group spread over a substantial 

time and space range, we can assess common environmental predictors of spatial variation 

in life history traits. 

We used a geographically widespread tyrant flycatcher genus and collected 

breeding data from scientific egg collections. This dataset covers their entire latitudinal 

range throughout almost all the American continent. This work aims to evaluate how 

residual variations in clutch and egg size of Kingbirds (Tyrannus species) are influenced 
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by geo-climatic characteristics. We aim to answer how the clutches and egg sizes vary 

according to 1) latitude; 2) main climate (Köppen-Geiger climate classification; "KG"); 

3) sub-climates within main KG climate classification; and 4) local long-term averages, 

i.e., historical climatic conditions based on temperature and precipitation parameters. 

Accordingly, we tested the hypotheses that clutch and egg size increase: a) with 

increasing latitude, b) in more seasonal climates and conditions (Köppen-Geiger), and c) 

at breeding sites with cooler and wet climatic parameters. Our premise is that these 

temperature conditions that increase reproductive output are characteristic of higher 

latitude regions. In contrast, precipitation conditions are related to high primary 

production and, therefore, the reason for the variation in reproduction.  

 

1.2. METHODS 

 

Database 

 

We collected reproductive data from the Kingbird species (Tyrannus genus) in 

scientific egg collections. We choose the collections by researching and accessing the 

digitised and tabulated collections on their websites or scientific collection aggregators 

(e.g., GBIF, VertNet). With the knowledge of the contents of most part these collections, 

we visited 35 museums in South America, the USA, and Europe (Supplementary material 

Tabela S1). We took a careful visual approach and inspected the eggs to confirm the main 

characteristics of the Tyrannidae family. Then we checked the data shown on the 

respective labels/cards. The visual inspection included the egg sizes, colours, mark 

patterns, and nest parasites within the egg set. With prior knowledge of the species, for 

this work, we ignored egg sets with possible changes in clutch size, either by nest 

parasitism, predation, or collecting bias. We only proceeded with those egg sets whose 

clutch size was reliable, even for the egg size analyses. In addition to clutch size, the 

records provided the laying location and date. Verifying the data's integrity with 

information on each species natural history patterns was crucial in matching the location 

with species distributions (BirdLife International 2020) and the laying date with their 

recorded phenology. The first taxonomic classification, whenever available, was essential 

to review taxonomic resolution, through synonymy, for the outdated taxonomic 
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classifications of some collections. The taxonomic resolution for this group followed the 

order: (Sclater 1888), then (Cory & Hellmayr 1927), (Amadon et al. 1979), (Phillips 

1994), and finally, we updated the species names (and subspecies when possible) 

following the eBird/Clements checklist (Clements et al. 2022). 

We gathered pictures of eggs arranged in clutches on a black base with a ruler 

scale and their respective collection labels/cards. We extracted the egg dimensions from 

each image using ImageJ software (Schneider et al. 2012) associated with the EggTools 

add-on (Troscianko 2014). Besides the main dimensions (length, width, perimeter, and 

area), the process allowed us to extract the volume of the eggs (mm³), which we treat here 

as "egg size." Establishing a maximum error of ±25km, we used the clutch collection site 

present in the cards to obtain the geocode (decimal latitude and longitude) through the 

ggmap package, established through the centroid of the locality, defined by Google Maps 

service (Kahle & Wickham 2013). Every locality, continent, or island that did not contain 

a geocode but provided localities with errors within these limits was integrated into our 

database. This error was defined to be compatible with the following climate information. 

With this level of resolution, we obtained climate conditions at the locality of egg-laying 

with the coordinates. 

To classify the climate where the clutches were collected, we used the geo-

climatic raster model of Köppen-Geiger (Kottek et al. 2006), available in shapefiles, 

according to its geographic position from clutch geocode. The combination of the five 

main climates (A – Equatorial climates, B – Arid climates, C – Warm temperate climates, 

D – Snow climates, and E - Polar climates) and temperature and precipitation parameters 

results in 31 possible climates (e.g., Af – Equatorial rainforest, fully humid; Csa - Warm 

temperate climate with dry and hot summer and summer; Supplementary material Tabela 

S3, Figure 1.1). Equatorial climates (A) are characterised by high temperatures 

throughout the year in comparison with other climates, with average annual minimum 

temperatures ranging around 18 °C. Arid climates (B) are characterised by droughts with 

threshold precipitation below 10 mm. Warm temperate climates are characterised by 

average annual minimum temperatures ranging from -3 to 18 °C. Snow climates are 

classified by their average minimum temperature of around -3°C. The Köppen-Geiger 

was first established in the year 1900 after being updated between the 1950s, and 1960s 

has been updated frequently (Rubel et al. 2017). The data is made available digitally on 

the website http://koeppen-geiger.vu-wien.ac.at. Its climate models include historical 
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temperature and precipitation indices with a monthly resolution of the entire land area of 

the planet, with a spatial resolution of 0.5 degrees latitude/longitude (Kottek et al. 2006). 

 

Figure 1.1 Map of the 31 Köppen-Geiger sub-climates of the Americas divided into five main 

climates (A – Equatorial climates, B – Arid climates, C – Warm temperate climates, D – Snow 

climates, and E – Polar climates) generated from observed temperature and precipitation data 

from 25 years (1986-2010).  Source: Adapted from http://koeppen-geiger.vu-wien.ac.at 

 

We gathered the local historical temperature and precipitation variables from 

WorldClim Bioclimatic Database (Fick & Hijmans 2017) at a 10-minute resolution to 

identify the local climate characteristics. We extracted the values of the following nine 

bioclimate variables: isothermality (Tiso), temperature seasonality (Tsea), maximum 

temperature of warmest month (Tmax), minimum temperature of coldest month (Tmin), 

annual mean temperature (Tmyr), annual precipitation (Pryr), precipitation of wettest 
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month (Pmax), precipitation of driest month (Pmin), and precipitation seasonality (Psea), 

also using the geocode of the clutch collection site. 

 

Statistics 

 

We analysed the data using Linear Mixed Models (LMM). Since we aimed to 

observe geo-climatic variation across the entire Tyrannus genus, we set the species taxon 

as a random variable for the clutch and egg size analyses. Exclusively for egg size, 

recognising intraclutch dependence (Christians 2002), we used clutch identity to analyse 

climate effects on kingbirds' egg size. The analyses were divided into four geo-climatic 

scales: from largest to smallest – latitude, main climate, sub-climate, and local historical 

index of temperature and precipitation. For each geo-climatic category, a pair of analyses 

was performed for egg and clutch size as dependent variables. The latitudinal effect on 

clutch and egg size was evaluated using the absolute value of latitude, gathered from the 

site of the clutch collection, as a fixed variable. Then, we assessed the effect of climate 

on the reproductive output of Kingbirds in two steps. First, the effect of climate was 

analysed for the entire set of clutches and eggs using the main climates as a fixed variable, 

and, in the second step, within each main climate, we analysed the effect the sub-climate 

had on clutch and eggs, considering its characteristics among precipitation and 

temperature regimes.  

We evaluate the smaller-scale climate effect by combining the local bioclimatic 

indices as fixed variables. To avoid multicollinearity among climate variables, we first 

estimated the pairwise Pearson's correlation coefficients and judged the high correlations 

(|r| > 0.7). Once we detect a correlation between a pair of variables, we exclude one of 

those, keeping the variable we thought was most important for the model. An initial model 

was established with all fixed variables. Then, assessing the weight and importance of 

each variable for the model using Akaike information criteria (AIC), we fitted the models 

by backward deletion, excluding less weighed variables to build the best-fixed structure, 

using maximum likelihood as a parameter (Zuur et al. 2009).  

All continuous variables adopted in this work were standardised with a mean of 

zero and a standard deviation of one. Finally, we checked for overdispersion for each 

model, where no overdispersion was detected. All these steps, from the construction of 
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the dataset to the analyses, were performed using the software R (R Core Team 2022) 

where we used the "lme4" package (Bates et al. 2015) to analyse the LMM associated 

with the "lmerTest" package (Kuznetsova et al. 2017) to calculate p values for each model 

output. Additionally, we calculated marginal and conditional R², obtaining the variance 

explained by the fixed effects and the variance of the fixed and random effects, 

respectively (Nakagawa & Schielzeth 2013). 

 

1.3.RESULTS 

 

Database 

 

We gathered breeding records of 9529 eggs from 2931 clutches for all 13 Kingbird 

species. We were able to take pictures from 1657 clutches in the egg collections. After 

checking the taxonomy, consistent species-clutch sizes, and geographic distribution, we 

reached a set of 1358 clutches and 4750 eggs. Although, after observing the discrepancy 

in the number of clutches of each species, we chose to proceed with the analyses with 

only eight species. We removed the clutches of the following species from our data set: 

Tyrannus niveigularis, T. crassirostris, T. cubensis, T. albogularis, and T. caudifasciatus. 

Together, these species totalled only 36 clutches and 70 eggs. In our final dataset, 

therefore, we evaluated the variation by the climate of 1322 clutches and 4680 measured 

eggs from Tyrannus melancholicus, T. savana, T. dominicensis, T. tyrannus, T. verticalis, 

T. couchii, T. vociferans, and T. forficatus (Supplementary material Tabela S1), which 

covered the entire latitudinal extent of the genus' distribution in the American continent. 

 

Statistics 

 

The LMM revealed that clutch size had a significative and positive variation with 

absolute latitude (β = -0.25 ± 0.03, Table 1.1, Figure 1.2A).  

 

Table 1.1 - A summary of the Linear Mixed Models investigating latitudinal variation in clutch 

and egg sizes of kingbirds. All variations were standardised with a mean of zero and a standard 
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deviation of one. Significant effects are classified by p-value (* p<0.05;   ** p<0.01;   *** 

p<0.001). The marginal R² value represents the variance explained by fixed effects, and 

conditional R² represents the variance of the entire model. 

  Clutch size   Egg size 

Predictors Estimates SE CI  Estimates SE CI 

Intercept 0.06 0.19 -0.31 – 0.43  -0.03 0.3 -0.63 – 0.57 

Absolute latitude 0.25 *** 0.03 0.19 – 0.32  0.10 *** 0.02 0.05 – 0.15 

Marginal / 

Conditional R2 
0.068 / 0.366  0.009 / 0.892 

 

Kingbird's egg size also increased with latitude (β = -0.10 ± 0.02, Table 1.1, Figure 

1.2B).  

 

 

Figure 1.2 – Relationships between clutch size (A) and egg size (B) of kingbirds and absolute 

latitude by Linear Mixed Models (LMM). The shaded grey areas correspond to the 95% 

confidence intervals predicted. 

 

The clutch size of kingbirds varied among the main climates (Table 1.2, Figure 

1.3A). Taking the Equatorial climates as the intercept, where the clutches were smaller, 

the clutch sizes were larger in all other climates. Among all the main climates, the Snow 

climate had the largest clutches. Like clutch size, egg size was smaller in Equatorial 

climates and larger in Snow climates (Table 1.2, Figure 1.3B).  
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Figure 1.3 - Variation in the clutch (A) and egg sizes (B) of kingbird species in Equatorial (A), 

Arid (B), Warm temperate (C), and Snow (D) climates classified from (Kottek et al. 2006). Clutch 

and egg size variations were standardised with a mean of zero and a standard deviation of one. 

Significant effects are classified by p-value (* p<0.05;   ** p<0.01;   *** p<0.001).  

 

Also, for egg size, there was no significant difference between Equatorial and Arid 

climates.  

 

Table 1.2 - A summary of the Linear Mixed Models investigating variation in clutch and egg sizes 

of kingbirds as a function of the main Koppën-Geiger main climates. All variations were 

standardised with a mean of zero and a standard deviation of one. Significant effects are classified 

by p-value (* p<0.05;   ** p<0.01;   *** p<0.001). The marginal R² value represents the 

variance explained by fixed effects, and conditional R² represents the variance of the entire model. 

  Clutch size   Egg size 

Predictors Estimates SE CI  Estimates SE CI 

[A] Equatorial climates (Intercept) -0.24 0.21 -0.65 – 0.17 
 

-0.16 0.3 -0.76 – 0.43 

[B] Arid Climates 0.29 *** 0.09 0.12 – 0.46 
 

0.04 0.07 -0.08 – 0.17 

[C] Warm Temperate climates  0.38 *** 0.07 0.25 – 0.51 
 

0.16 ** 0.05 0.06 – 0.26 

[D] Snow Climates 0.45 *** 0.12 0.21 – 0.69 
 

0.34 *** 0.09 0.16 – 0.51 

Marginal / Conditional R2 0.025 / 0.359   0.007 / 0.890 

 

Among the Equatorial sub-climates, in equatorial with dry summer places (As), 

there was a significant positive variation in clutch size (Table 1.3).  
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Figure 1.4 - Variation in the clutch size of kingbird species in sub-climates of Equatorial (A), 

Arid (B), Warm temperate (C), and Snow (D) climates, classified by (Kottek et al. 2006). Clutch 

size variation was standardised with a mean of zero and a standard deviation of one. Significant 

effects are classified by p-value (* p<0.05;   ** p<0.01;   *** p<0.001). 

 

The clutches were larger (Figure 1.5A), and the eggs were smaller (Figure 1.6A) 

in the As climate, a climate characterised by dry summers with minimum precipitation of 

less than 60 mm. Eggs were also smaller in the Aw climate (Figure 1.6A), where the 

major characteristic is dry winters, with average minimum precipitation rates of less than 

60mm. Only egg size had significant variation between arid sub-climates (Table 1.3). 
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Table 1.3 - A summary of the Linear Mixed Models investigating variation in clutch and egg sizes 

of kingbirds as a function of the Koppën-Geiger sub-climates. All variations were standardised 

with a mean of zero and a standard deviation of one. Significant effects are classified by p-value 

(* p<0.05;   ** p<0.01;   *** p<0.001). The marginal R² value represents the variance explained 

by fixed effects, and conditional R² represents the variance of the entire model. 

  Clutch size   Egg size 

Predictors Estimates SE CI  Estimates SE CI 

Equatorial 

climates 
       

Af (Intercept) -0.62 0.33 -1.27 – 0.03  0.2 0.45 -0.69 – 1.08 

Am 0.17 0.17 -0.17 – 0.52  0.01 0.15 -0.28 – 0.30 

As 1.40 *** 0.33 0.75 – 2.05  -0.56 * 0.28 -1.10 – -0.01 

Aw 0.17 0.16 -0.14 – 0.48  -0.34 * 0.13 -0.60 – -0.07 

Marginal/ 

Conditional R2 
0.039 / 0.412  0.020 / 0.924 

        

Arid Climates        

BSh (Intercept) 0.12 0.23 -0.33 – 0.58  -0.35 0.28 -0.90 – 0.21 

BSk 0.03 0.13 -0.23 – 0.29  0.21 ** 0.08 0.05 – 0.37 

BWh 0.33 0.27 -0.21 – 0.87  -0.15 0.16 -0.47 – 0.17 

BWk -0.37 0.31 -0.99 – 0.25  0.53 ** 0.19 0.17 – 0.90 

Marginal/ 

Conditional R2 
0.011 / 0.261  0.022 / 0.891 

        

Warm 

Temperate 

climates 

       

Cfa (Intercept) 0.19 0.24 -0.29 – 0.67  -0.01 0.33 -0.65 – 0.63 

Cfb -0.46 0.24 -0.94 – 0.01  0.35 0.18 -0.01 – 0.71 

Csa -0.31 0.18 -0.67 – 0.05  -0.16 0.14 -0.44 – 0.11 

Csb -0.36 * 0.18 -0.71 – -0.00  0.12 0.14 -0.15 – 0.39 

Cwa -0.03 0.16 -0.34 – 0.27  0.08 0.12 -0.16 – 0.31 

Cwb 0.19 0.44 -0.67 – 1.05  -0.62 0.33 -1.27 – 0.03 

Marginal/ 

Conditional R2 
0.021 / 0.460  0.007 / 0.892 

        

Snow Climates        

Dfa (Intercept) -0.05 0.3 -0.65 – 0.55  -0.06 0.17 -0.40 – 0.28 

Dfb 0.55 ** 0.21 0.14 – 0.96  0.25 0.14 -0.02 – 0.52 

Dfc 0.28 0.38 -0.48 – 1.05  0.66 ** 0.25 0.17 – 1.16 

Marginal/ 

Conditional R2 
0.069 / 0.200  0.052 / 0.579 
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Kingbird eggs were larger in the BSk climate and even larger in the BWk climate 

(Figure 1.6B). These two Arid climates have in common the recording of average annual 

temperatures below 18°C and differ in precipitation rates. While BSk has a precipitation 

threshold between 5 and 10 mm, in the BWk climate, the species experiences a 

precipitation threshold of less than 5, characterising the region as desert. In Warm 

temperate climates, the clutch size was significantly smaller in the Csb climate (Table 

1.3, Figure 1.5C), which is characterised by dry summers, with higher precipitation rates 

in winter and at least four months with average temperatures between 10 and 22 °C. In 

Snow climates, climate Dfb showed the largest clutches (Table 1.3), and climate Dfc was 

where eggs were significantly larger (Figure 1.6D). In common, these climates have high 

humidity and high precipitation and differ in summer temperatures. While Dfb has a 

warm summer, Dfc has a cool summer. 

 

Figure 1.5 - Variation in the egg size of kingbird species in sub-climates of Equatorial (A), Arid 

(B), Warm temperate (C), and Snow (D) climates, classified by (Kottek et al. 2006). Egg size 

variation was standardised with a mean of zero and a standard deviation of one. Significant 

effects are classified by p-value (* p<0.05;   ** p<0.01;   *** p<0.001). 
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The LMM best-adjusted for clutch size was composed of three climatic variables, 

including isothermality (β = -0.42 ± 0.04; Table 1.4; Figure 1.7A), seasonality of 

precipitation (β = 0.18 ± 0.03; Table 1.4; Figure 1.7B), and minimum temperature of the 

coldest month (β = 0.11 ± 0.04; Table 1.4; Figure 1.7C).  

 

 

Figure 1.6 - Relationships between clutch size of kingbirds and climatic parameters by Linear 

Mixed Models (LMM). The backward selection resulted in the model with the variables 

(anomalies): (A) isothermality (Tiso), (B) precipitation seasonality (Psea), and (C) minimum 

temperature of the coldest month (Tmin). The shaded grey areas correspond to the 95% 

confidence intervals predicted. 

 

In this model, all variables had significant coefficients and showed a marginal R² 

= 0.096 and a conditional R² = 0.367. This model indicated that the kingbird's clutch size 

is larger in locations with more stable annual temperatures, more distributed rainfall, and 

the coldest month of the year with higher minimum temperatures. 
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Table 1.4 - Linear mixed models, adjusted by the backward selection, for clutch and egg sizes and 

long-term mean parameters of precipitation and temperature. Significant effects are classified by 

p-value (* p<0.05;   ** p<0.01;   *** p<0.001). The marginal R² value represents the variance 

explained by fixed effects, and conditional R² represents the variance of the entire model. 

  Clutch size   Egg size 

Predictors Estimates SE CI   Estimates SE CI 

Intercept 0.03 0.18 -0.32 – 0.37  -0.04 0.3 -0.62 – 0.55 

Isot -0.42 *** 0.04 -0.51 – -0.34  - - - 

Pmin - - -  0.10 *** 0.02 0.05 – 0.14 

Pseas 0.18 *** 0.03 0.12 – 0.24  - - - 

Tmax - - -  -0.09 *** 0.02 -0.12 – -0.05 

Tmin 0.11 * 0.04 0.02 – 0.20  -0.11 *** 0.02 -0.15 – -0.06 

Marginal/ 

Conditional R2 
0.096 / 0.367  0.027 / 0.891 

 

For egg size, the best-adjusted LMM contained three variables, including 

precipitation of the driest month (β = 0.10 ± 0.02; Table 1.4; Figure 1.8A), maximum 

temperature of the warmest month (β = -0.09 ± 0.02; Table 1.4; Figure 1.8B), and 

minimum temperature of the coldest month (β = -0.11 ± 0.02; Table 1.4; Figure 1.8C). 

All three variables that compound the model were p-significant. These model coefficients 

show that kingbird's egg sizes are larger where the year's driest month has more rainfall 

and tends to be smaller where the warmest month have higher maximum temperatures 

and the coldest month have higher minimum temperatures. This model presented a 

marginal R² = 0.027 and conditional R² = 0.891. 

 

 

Figure 1.7 - Relationships between egg size of kingbirds and climatic parameters by Linear Mixed 

Models (LMM). The backward selection resulted in the model with the variables (anomalies): (A) 

maximum temperature of the warmest month (Tmax), (B) minimum temperature of the coldest 

month (Tmin), and (C) precipitation of driest month (Pmin). The shaded grey areas correspond 

to the 95% confidence intervals predicted. 
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1.4.DISCUSSION 

 

Based on a dataset of 158 years (1858-2016), covering a latitude interval of 94° 

(37.9°S – 56.13°N) in the American continent, we analysed the variation in two breeding 

traits of eight kingbird species, clutch and egg size as a function of geo-climatic variables. 

We showed that kingbirds' clutch and egg sizes change not only with latitude but also 

with regional and local climates. Our results demonstrate that a great extent of the residual 

variation in these traits is due to adaptations to climatic conditions, both at regional and 

local levels, related or not to latitude variation. 

The clutches of kingbirds were larger at sites with higher rainfall seasonality 

(Psea) and thermal variation (Tiso). It is already agreed that species inhabiting more 

seasonal environments tend to have larger clutches, especially concerning temperature 

variation (Jetz et al. 2008, Stevens 1989). The increase in seasonality with latitude is one 

of the most accepted explanations for bird clutch size among ornithologists (Ashmole 

1963, Lundblad & Conway 2021). Ashmole's hypothesis considers that harsher winter 

conditions tend to leave individuals more vulnerable and susceptible to starvation and 

hypothermia, decreasing population density for the breeding season. However, the 

temperature variability parameter relevant for clutch size was not temperature seasonality 

(Tsea) but isothermality (Tiso). While the temperature seasonality measure is based on 

average temperatures, isothermality uses monthly and annual ranges, with maximum and 

minimum temperatures for each range (O'Donnell & Ignizio, 2012). Studies have shown 

that extreme temperatures have been a better predictor than average temperatures 

(Schaper et al. 2012) because these parameters have a higher potential to cause 

physiological stress in the species. Our results also show that clutches tend to be larger in 

environments with higher precipitation seasonality. Additionally, in Equatorial climates, 

kingbirds tend to have larger clutches in subclimates with dry summers (As).  

Precipitation is an important primary productivity factor and crucial for increasing 

invertebrate populations (Pinheiro et al. 2002). It is, therefore, important to note that 

Tyrannus is a tyrant flycatcher genus and thus primarily insectivorous flycatchers  

(Fitzpatrick 1980, Murphy 1983b), which tends to correlate its reproductive output with 

insect abundance (Blancher & Robertson 1987), and the reproductive event is highly 

dependent on invertebrates as a protein source for egg development. Low seasonality of 

precipitation keeps insect populations at equilibrium throughout the year (Wolda 1988). 
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Furthermore, kingbirds at sites with higher precipitation in the drier months of the year 

(Pmin) had larger egg sizes. This means that more pronounced droughts, even if not 

occurring in the reproductive season, can affect egg size. Given that larger eggs generate 

larger chicks, higher-fitness offspring mean an excellent breeding season (Krist 2011). 

However, it is necessary to understand how egg composition, in addition to their size, can 

also ensure chick quality (Birchard & Deeming 2015). This result suggests a more direct 

relationship between precipitation and egg size. This time lag effect of the weather on 

breeding traits seems very important and deserves further consideration. 

Sites with warmer winters, with higher minimum temperatures (>Tmin), had 

larger clutches and smaller eggs. As well as for local parameters, sub-climates with colder 

winter temperatures also presented smaller clutches (Csb). Breeding sites with higher 

maximum temperatures in the warmest month (Tmax) also had smaller eggs. Combined 

with this result, the arid subclimates where Kingbirds' eggs were largest were those with 

the lowest annual temperatures (BSk, BWk). Drier, warmer environments create a more 

significant challenge for eggs due to the dehydration process (Sauve et al., 2021). The 

high energy expenditure of birds can be justified in both cold and hot environments. In 

warmer environments the thermal potential can lead to dehydration, mainly in water-

limited environments, such as arid regions (Sauve et al. 2021, Schifferli et al. 2014, 

Whitfield et al. 2015).  However, in warm environments, productivity tends to lead to 

higher insect availability (Grüebler et al. 2008), main food resources of kingbirds.  

The thermal potential of colder environments subjects female Tyrannus, as a 

unique parental incubator species (Blancher & Robertson 1985, Murphy 1996), to greater 

difficulties in maintaining optimum incubation temperature (Gillette et al. 2021), 

generating greater energy expenditure. Thus, the energy expenditure for heating and re-

heating eggs in cold environments appears to be even higher than in warm environments. 

The premise that the low availability of resources triggered by lower temperatures leads 

to a decrease in the physiological conditions of the females, who would have lower body 

mass and consequently lay smaller eggs (Järvinen & Ylimaunu 1986), is refuted by our 

results. Larger chicks from larger eggs may show greater tolerance and resistance to heat 

loss in colder environments (Krist 2011). Larger eggs, which ensure greater fitness of 

offspring, when associated with an after-hatching attendance increase, must compensate 

for the lower resource conditions in cooler than in warmer environments (Gebhardt-

Henrich & Richner 1998). Furthermore, in cooler climates, laying larger eggs have better 
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heat conservation, allowing females more time outside the nest foraging and improving 

their condition (Gillette et al. 2021). 

In Snow climates, Tyrannus only breeds in wet subclimates (Df*), but larger 

clutches occur only in subclimates that have warm summers (Dfb), while larger eggs are 

found in subclimates that have cool summers (Dfc). The high precipitation in this last 

subclimate, combined with the increased egg size in environments with more rain in the 

driest month of the year (>Pmin), also shows the importance of rainfall for kingbird's egg 

size, even though other studies have found no significant effect of precipitation for species 

in this group (Murphy 1983a). Even if precipitation occurs during winter, climatic events 

tend to influence individuals and populations in subsequent seasons (Marra et al. 2015). 

Kingbird's clutch sizes were largest in Snow climates, followed by Warm temperate and 

Arid climates, and were smallest in equatorial climates. This progression does not 

coincide with summer temperatures or precipitation but coincides with a decrease in 

winter temperatures. Higher latitude species tend to cover a higher latitudinal range and 

be better tolerant to temperature variation (Stevens 1989). In addition, local and regional 

sites with lower minimum winter temperatures tend to have smaller clutches. The 

progression of egg sizes followed the trend observed for clutch size, and Snow climates 

had the largest eggs. Particularly for egg size, Equatorial and Arid climates did not differ. 

Our findings so far indicate a combination of local factors that underlie the geographic 

variation in kingbird breeding traits. 

The latitudinal variation in kingbird's clutch size corroborates again the pattern 

observed since Moreau (1944), increasing significantly toward the poles (Cody 1966). 

Environments with more seasonal climates and temperature variations promote larger 

clutches (Griebeler et al. 2004), and climate seasonality was a common factor among the 

climates and climatic conditions that caused Tyrannus to increase their clutches and high 

latitudes. However, harsher winter conditions do not promote larger clutches. Thus, even 

if winters are harsh and decrease population density (Lv et al. 2023), and increase per 

capita resource availability during the breeding season, the quality of resources in these 

locations does not provide the energy demands to increase the clutch size (Ockendon et 

al. 2013). Egg size followed the same trend as clutch size and increased with latitude. As 

an important factor for primary productivity, regions with milder winters can reflect in a 

breeding season with greater resource abundance but also high competitiveness (Newton 

1998b). The progression of egg size with latitude appears to be negatively related to 
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temperatures, as observed for other vertebrate groups (Feiner et al. 2016, Sheader 1996). 

Higher latitudes share the climatic characteristics that enable kingbirds lay larger eggs. 

As the explanation of life history patterns is based on complex interactions of traits 

(Bennett & Owens 2002), the investment in clutch size can be correlated with adjustment 

in egg size (Roff & Fairbairn 2007, Stearns 1992), which depends on the short term 

strategy females will adopt when meeting the environmental conditions in the 

reproduction cycle (Aranzamendi et al. 2019). Tyrannus lacks a trade-off between clutch 

and egg sizes, varying among species in positive, negative, and no apparent trade-off. A 

trade-off in these traits tends to be a species-specific characteristic of Tyrannus and does 

not appear to be a general rule since most species already assessed do not show a 

correlation between clutch and egg size (Christians 2002, Sakai 2021). 

It is important to note the potential effect of climate, weather conditions at the 

time and place of breeding, and their environmental consequences, on changes in the 

reproductive output of birds. In addition to the direct parental effect on clutch and egg 

size, much of the variation of an offspring trait is due to environmental impacts (Krist 

2011). Eastern Kingbird (T. tyrannus), for example, changes its reproductive performance 

interannually as a function of environmental quality (Blancher & Robertson 1985). Since 

species adapt their reproductive traits to a climate, interannual variation in climatic 

conditions tends to pressure the plasticity of their traits (Visser 2008). Kingbirds have 

characteristics that are dependent on climatic conditions. Members of this genus have 

high fidelity to the breeding site (Blancher & Robertson 1985, Murphy 1996) and select 

habitats based on climatic parameters, as is the case for T. savana and T. tyrannus, where 

temperature is a cue for breeding sites (MacPherson et al. 2018), and T. savana uses 

precipitation to select wintering sites (Jahn et al. 2013). In addition, heritability reinforces 

the relationship between species and local climate across generations (Christians 2002). 

It is essential, therefore, to know how climates define species' reproductive traits and how 

they respond to variations in climatic conditions.  

Climate unpredictability is one of the most significant factors experienced by 

species through global climate change (Hansen et al., 2012), with negative effects on their 

fitness (McNamara et al. 2011). Kingbirds and other species are more responsive to 

extreme than average temperatures (Schaper et al. 2012). The extreme climate parameters 

will be most impacted by global climate change (Marcelino et al. 2020). Heat waves, 

droughts, and extreme rainfall are consequences of climate change and can affect birds 
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depending on which stage of reproduction they experience these conditions (Cady et al. 

2019, Sauve et al. 2021). Projections of future climate change scenarios show that birds 

are more vulnerable to future thermal stresses, greater even than mammals (Riddell et al. 

2021).  

In conclusion, our findings show that kingbirds clutch and egg sizes vary 

according to regional and local climate and that these correlations shed light on the 

latitudinal cline of reproductive investment. Still, it is not possible to assert whether the 

variation in investment in reproduction is a life history strategy or a physiological 

response (Dunn 2019, Martin & Mouton 2020). Therefore, more research relating 

climatic conditions to life history traits is indispensable (Christians 2002). Importantly, 

there is a recognition that species from different biogeographic regions may have 

common or divergent responses to climatic conditions and that responses of one species 

restricted to the Nearctic region are not necessarily similar to those by a Neotropical 

species. Here, we were looking for residual variation in clutch and egg sizes shared by a 

genus across a large latitudinal range, covering different biogeographic regions, climates, 

and local climatic conditions. For this, we accessed scientific egg collections, an 

important data source with robust and highly reliable information, and still poorly 

explored to answer ecological questions (Marini et al. 2020). Furthermore, long-term and 

longitudinal data is essential to understand the effects of global climate change on species 

reproduction (Järvinen 1994) and how their expressed traits will buffer future climatic 

conditions (McNamara et al. 2011, Sauve et al. 2021). 
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ABSTRACT 

 

Natural selection defines a large part of species reproductive output, though fluctuations 

in temperature and precipitation can directly or indirectly influence birds’ breeding traits. 

However, it is still unclear how weather conditions are used as cues by females to define 

their strategy for investing in the quality of their offspring. To assess weather effects on 

egg volume and clutch size, we used 1145 clutches and 4061 eggs of eight Kingbird 

species (Tyrannus) over 116 years (1901-2016) deposited in 35 ornithological collections. 

We used linear mixed models (LMM) to evaluate the relationships between egg (mm3) 

and clutch sizes and weather anomalies (temperature and precipitation) of the year before 

laying (long-term time window) and the month before egg-laying (short-term time 

window). Temperature and precipitation variables affected the kingbird’s reproductive 

output. The long-term window had the main effect on egg and clutch sizes. Kingbirds 

tended to be larger egg and clutch sizes in years with more stable weather conditions, 

while rainfall affect differently between these breeding traits. In the short-term window, 

only temperature parameters had an effect on the reproductive output of Kingbirds. The 

source of resources for egg production by Tyrannus species is probably affected by the 

fluctuation of precipitation and temperature, which alter ecosystem productivity in the 

long term and possibly change the phenology and availability of food supplies. Some 

climatic aspects may decrease while others tend to increase reproductive output. Still, the 

overall condition of these traits can only be defined by associating these variables and 

giving them the specific weight supplied by the statistical model. Given the rapid and 

increasing World climatic changes, it is necessary to understand the physiological limits 

involved in investing in offspring, their relationship with climate, and their consequences 

on population dynamics. 

 

KEYWORDS 

Weather, climate, climate change, kingbirds, egg size, clutch size, biogeography, 

seasonality 
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RESUMO 

 

A seleção natural define grande parte das características reprodutivas das espécies, 

embora condições de temperatura e precipitação possam influenciar direta ou 

indiretamente a reprodução das aves. No entanto, ainda não está claro como as condições 

climáticas são usadas como pistas pelas fêmeas para definir sua estratégia de investimento 

na qualidade da prole. Para avaliar os efeitos do clima sobre o tamanho dos ovos e das 

ninhadas, usamos 1.145 ninhadas e 4.061 ovos de oito espécies de tiranídeos papa-moscas 

(aves do gênero Tyrannus) ao longo de 116 anos (1901-2016) depositados em 35 coleções 

ornitológicas. Utilizamos modelos lineares de efeitos mistos (MLEM) para avaliar as 

relações entre os tamanhos dos ovos (volume, mm³) e das ninhadas e as anomalias 

climáticas (temperatura e precipitação) do ano anterior à postura (janela de tempo de 

longo prazo) e do mês anterior à postura dos ovos (janela de tempo de curto prazo). As 

variáveis de temperatura e precipitação afetaram a taxas reprodutivas das espécies de 

Tyrannus e a janela de longo prazo teve o principal efeito sobre o tamanho dos ovos e das 

ninhadas. As aves tenderam a ter ovos e ninhadas maiores em anos com condições 

climáticas mais estáveis, enquanto a precipitação afetou de forma diferente essas 

características reprodutivas. Na janela de curto prazo, somente os parâmetros de 

temperatura tiveram efeito sobre a taxa reprodutiva dos Tyrannus. A fonte de recursos 

para a produção de ovos pelas espécies de Tyrannus provavelmente é afetada pela 

flutuação da precipitação e da temperatura, que alteram a produtividade do ecossistema a 

longo prazo e possivelmente mudam a fenologia e a disponibilidade de recursos 

alimentares. Alguns aspectos climáticos podem diminuir, enquanto outros tendem a 

aumentar a produção reprodutiva. Ainda assim, a condição geral dessas características só 

pode ser definida associando-se essas variáveis e atribuindo-lhes o peso específico 

fornecido pelo modelo estatístico. Dadas as rápidas e crescentes mudanças climáticas 

mundiais, é necessário entender os limites fisiológicos envolvidos no investimento na 

prole, sua relação com o clima e suas consequências na dinâmica das populações. 
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2.1. INTRODUCTION 

 

On the road to adaptation, birds’ egg-laying seasons must be synchronised with 

the best conditions to provide the energetic demands of the female and the nestlings 

(McNamara et al. 2011). As organisms respond to environmental conditions through the 

plasticity of their life history traits (Forchhammer et al. 1998, Kuleska 1990), the 

interannual variation in climatic conditions, as an essential environmental aspect, tends 

to affect their reproductive traits (Töpfer 2018). Birds can lay larger clutches or eggs after 

experiencing good years or habitats as they are highly adapted to the local climate (Martin 

1987). An increase in reproductive output could be partially related to an improvement in 

the physiological condition of females, which is provided by the climatic conditions 

encountered in their breeding area in the time of highest energy demand (Bêty et al. 2003, 

Christians 2002, Liu et al. 2018, Price & Liou 1989). Similarly, the reduced reproductive 

output may increase female longevity in years with adverse climatic conditions and thus 

reach the next breeding season (Edward & Chapman 2011, Martin 1987, Stearns 1992). 

Part of the normal variation in breeding traits can be dampened to a lesser degree but can 

impact those species with lower plasticity to environmental fluctuations (Perez et al. 

2020). However, given site fidelity, the size of eggs and clutches may reflect a response 

to the weather that birds encounter during breeding. Thus, as components of the climatic 

conditions, temperature and precipitation changes can affect residual variation in 

breeding traits. 

Birds use physical parameters as cues for almost their entire life, and the weather 

is one of the main factors driving bird phenology. Migratory species use climate 

conditions in habitat selection, such as temperature at breeding sites (MacPherson et al., 

2018) or precipitation at their wintering sites (Jahn et al. 2013). Species use climate cues 

during fall (Therrien et al. 2017) and spring (Jenni & Kery 2003), when migration and 

weather conditions have been higher priority cues for breeding readiness (Crick et al. 

1997), making day length a secondary factor (Boersma et al. 2022). Weather does not 

affect only movements but is an essential cue in the breeding season. Since laying dates 

can vary with temperatures (Crick & Sparks 1999, Crick et al. 1997) and rainfall 

(Aranzamendi et al. 2019), organisms can anticipate better conditions for their offspring 

with possible consequences for increased clutch size (Blancher & Robertson 1985, 

Selonen et al. 2021) and egg size (Christians 2002). The weather of a region during the 
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year, influencing the quality of the environment through the quality of the resources or 

conditions, may affect species’ reproductive output.  

Every environment that organisms move through has the potential to affect their 

reproductive traits. Associated with income breeders (Ockendon et al. 2013), even 

migratory populations will use the resources of the breeding sites to increase their 

reproductive output (Selonen et al. 2021). Even winters reflect higher productivity and 

resource volume per capita during the reproductive season (Selonen et al. 2021). This 

correlation makes winter conditions at breeding sites important for migrants and residents 

when both will need resources for reproduction. During spring, conditions closer to the 

reproductive event reflect before, during, and after laying or incubation. These conditions 

can affect different aspects of reproduction, from breeding readiness (Boersma et al. 2022, 

Ockendon et al. 2013) with potential consequences on clutch size (Selonen et al. 2021), 

the delivery rate of food for the hatchlings (Schifferli et al. 2014) to direct influence on 

the recruitment rate of fledglings (Gullett et al. 2015). The weather conditions in the 

breeding season may reflect on the physiological needs and beyond their energy 

investment in the offspring to the detriment of the parents’ survival (Schifferli et al. 2014, 

Stearns 1992). Thus, conditional on the weather conditions that occur throughout the year, 

birds’ reproductive output can vary in egg size, clutch size, egg shape (Gómez‐Bahamón 

et al. 2023, Stoddard et al. 2017) and the recruitment rate of fledglings as a function of 

clutch size (Gullett et al. 2015, Nägeli et al. 2022, Runge & Marra 2005, Selonen et al. 

2021). 

Different conditions during the year can result in a more favourable environment 

for breeding. Besides climatic variables, the time windows and the time it takes place can 

be critical in expressing breeding traits (van de Pol et al. 2016). Despite the evident 

correlation of species phenology with climate, it is not entirely clear which temporal 

variables are most important and how they interfere with each trait (Bevacqua et al. 2021, 

van de Pol et al. 2016). Conditions closer to the biological event have often been treated 

as more relevant (Schwartz & Liang 2019). Still, it is essential to evaluate in a 

complementary way how the conditions of the entire seasonal cycle (Runge & Marra 

2005, Selonen et al. 2021), as well as those of the breeding season, affect species’ 

reproductive output. With the date and place of a reproductive event (a clutch) and the 

necessary tools, estimating the pre-reproduction “year” conditions for these respective 

parents is achievable. Thus, it is possible to consider relative time windows and evaluate 
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how the previous year’s climatic conditions affected each female breeding trait (van de 

Pol & Cockburn 2011, van de Pol et al. 2016). Whether it is a difference of one month or 

more between laying events, two females can have relatively different years, reflected 

mainly by extreme weather events. What highlights the harsh weather and indices of 

temperature and precipitation variability is the direct influence on the phenological 

parameters of the species and requires rapid responses from organisms, but also long-

term adaptation due to the potential effects of climate change (Thompson et al. 2013). 

Monthly precipitation and temperature data (Schwartz & Liang 2019) associated with the 

breeding site may provide sufficiently relevant information for analysing the weather’s 

interference with the breeding traits of some groups (Trautmann 2018). Understanding 

temperature and precipitation and when they influence the reproductive output of birds 

will help us better understand how the environment can affect the structure of populations 

(Christians 2002, Runge & Marra 2005). 

In recent decades, organisms have experienced increasingly broad climatic 

anomalies and more frequent extreme weather events (Hansen et al. 2012). Consequently, 

it has been known since the middle of the last century that climate changes have 

influenced birds’ life history traits (Crick 2004). There is increased interest in the effect 

of recent and relatively rapid climate change on breeding patterns in birds (Bennett & 

Owens 2002), and recent studies have evaluated their interference in the reproduction of 

modern birds (Dunn & Møller 2019). Climate anomalies, variations in climate variables 

relative to a baseline (Chen et al. 2021), represent the interannual variation from the 

conditions to which the organisms are adapted, which can create another layer of temporal 

complexity for the organisms to establish themselves. Climate change will likely go 

beyond an increase in average temperatures, stressing the effects of increased climate 

variability and extreme conditions. Extreme weather events during the breeding season 

can adversely affect birds (van de Pol et al. 2010), and severely dry and cold weather 

tends to decrease the volume of resources during the year that could be invested in eggs 

(Simmons et al. 2004). By the most apparent responses to climatic maximum and 

minimum, it is possible, at this moment, to understand how the climatic extremes can 

affect species’ responses to climatic fluctuations, especially what interference these 

extremes have on their breeding traits. Interannual climate variation can change 

reproductive output, an important factor affecting population maintenance, which brings 

us to the importance of better understanding these processes in the face of the 
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consequences of climate change. Despite this, how interannual climate variation alters 

birds’ clutch size and egg volume is not fully understood, especially in tropical regions 

(Aranzamendi et al. 2019).  

We propose in this paper to clarify how weather conditions at the breeding site 

can alter the breeding traits of Kingbirds (Tyrannus). Specifically, we will answer the 

following questions: 1) how do weather variables affect egg volume and clutch size in 

short and long-term windows; 2) which time window - short-term (month of laying and a 

month before); long term (a year before laying) - tends to affect more egg and clutch sizes 

of the Tyrannus species. We tested the following hypotheses: (1) an increase in 

precipitation over the long and short terms tends to increase egg and clutch sizes; (2) an 

increase in temperature tends to increase egg and clutch sizes in the long term and tends 

to decrease egg size and increase clutch sizes in the short term; (3) an increase in 

precipitation seasonality tends to decrease egg size but increase clutch size; (4) an 

increase in isothermality tends to increase egg size and decrease clutch size; (5) that 

harsher conditions of the year – coldest and driest months – decrease egg and clutch sizes 

and; (6) the long-term time window tends to affect reproductive output more than the 

short-term window. To achieve these goals, we built statistical models separately for 

clutch and egg sizes on different time windows. Our models are Kingbirds (Tyrannus 

spp.), a genus of New World flycatchers, primarily insectivorous flycatchers (Fitzpatrick 

1980), single-parent incubators with high breeding site fidelity (Blancher & Robertson 

1985, Murphy 1996) and distributed throughout almost all the American continent. 

 

2.2. METHODS 

 

Database  

 

We gathered reproductive data from Kingbird species on visits to ornithological 

collections and natural history museums in South America, the USA, and Europe 

(Supplementary material Tabela S1). At the collections, we applied a visual inspection to 

confirm the main Tyrannidae characteristics for each egg set and the matching with their 

labels. We also checked egg sizes, colours, and mark patterns, looking for 

misidentifications and eggs from nest parasites within the set. All the clutches that could 
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somehow bias clutch size and the individuality of the clutch, like nest parasitism and 

predation, were noted. We arranged the eggs in clutches on a black base and a ruler scale, 

levelled them horizontally, and took digital pictures with their respective museum 

labels/cards. Date, site, collector, and first taxonomic classification were crucial for 

resolving the outdated taxonomy diagnosed in most collections. Starting from the site and 

date of collection of the specimens, we were able to conduct a taxonomic 

validation/synonymisation, following: Sclater (1888), then Cory and Hellmayr (1927), 

Amadon et al. (1979), Phillips (1994), and lastly updated the species names following 

eBird/Clements check-list (Clements et al. 2022). To extract egg dimensions, we used the 

photos obtained from the collections using ImageJ software (Schneider et al. 2012). We 

associated the software with the EggTools package (Troscianko 2014), where we could 

extract egg volume (mm³), treated in this study as egg size, based on the primary 

dimensions of the egg (maximum length and width). 

We took the collection site of the clutch to obtain the geocode through the ggmap 

package, established by the centroid point from the place by Google Maps service (Kahle 

& Wickham 2013). So, we set a spatial error of ±25km for those clutches that did not 

have a precise collection site. Therefore, clutches that did not report the site but came 

from islands or provinces were smaller than the error we included in the data set. This 

spatial resolution allowed us to extract weather conditions at the time and locality of egg-

laying using the coordinates. 

 

Climate variables 

 

The interannual climate variations, characterised here by climatic anomalies, are 

the deviation of weather conditions and laying dates from the historical climate average. 

We extracted this variation through the difference between each weather record – time 

series (TS) – regarding the laying date and the historical value for the same variable – 

long-term mean (LTM) – defined by the average of the variables for the period from 1970 

and 2000. We gathered the long-term means from WorldClim Bioclimatic Database (Fick 

& Hijmans 2017) and used the time series from the Centre for Environmental Data 

Analyses (CEDA) (Harris et al. 2020). We obtained temperature and precipitation time 

series for 12 months from CEDA, starting from the laying month and the 11 previous 



50 

 

months of each clutch (Figure 2.1). Then, two time windows were defined – A long-term 

window (annual anomalies) which variables were: minimum temperature of the coldest 

month (Anom.Tmin), the maximum temperature of the warmest month (Anom.Tmax), 

annual isothermality (Anom.Tiso), precipitation of the driest month (Anom.Pmin), 

precipitation of the wettest month (Anom.Pmax), and the annual precipitation seasonality 

(Anom.Pseas); And a short-term window (the laying month and the previous month) 

which variables were: maximum and minimum temperatures (Anom.Tmx.m; 

Anom.Tmxm1; Anom.Tmn.m; Anom.Tmnm1) and the accumulated rainfall for these 

months (Anom.Pre.m; Anom.Prm1). – We independently took the LTM attributed for the 

short-time window and calculated the time series average for the specific month between 

1970 and 2000. All minimum and maximum temperature metrics were defined in degrees 

celsius (°C), while minimum and maximum precipitation metrics were in cubic 

millimetres (mm³). The minimum and maximum monthly temperature values reflect the 

daily average of these parameters, while precipitation reflects the accumulated values for 

the respective months. The index defined for precipitation seasonality is expressed as a 

percentage (%), a ratio of the monthly and annual precipitation indices, which can be read 

as a coefficient of variation. Finally, isothermality, also expressed as a percentage (%), 

quantifies the oscillation among minimum and maximum monthly and annual 

temperatures of the year under analysis (O'Donnell and Ignizio 2012). To avoid 

multicollinearity among the explanatory variables, we estimated the pairwise Pearson’s 

correlation coefficients (Supplementary material Figura S4), and we judged the high 

correlations (|r| > 0.7) for each of the combinations individually. In this case, we included 

only one of the most relevant variables in the model. 
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Figure 2.1 - Weather windows assessed in the effects on clutch and egg size of kingbirds: (a) 

long-term window (minimum temperature of the coldest month (Anom.Tmin); maximum 

temperature of the warmest month (Anom.Tmax); precipitation of the driest month (Anom.Pmin); 

precipitation of the wettest month (Anom.Pmax); annual isotermality (Anom.Tiso); annual 

precipitation seasonality (Anom.Pseas)); and (b) short-term window (maximum temperature of 

previous month Anom.Tmxm1; minimum temperature of previous month (Anom.Tmnm1); 

precipitation of previous month (Anom.Prm1); maximum temperature of laying month 

(Anom.Tmx.m); minimum temperature of laying month (Anom.Tmn.m); precipitation of laying 

month (Anom.Pre.m)) 

 

Statistics 

 

We first checked the variation of the breeding dataset spatially, temporally, and 

by taxonomy using linear models. Thus, we considered grouping and tendencies as 

random variables to remove effects outside this work’s scope and improve data 

independence. So, as a random variable, we identified and set the climate polygon based 

on the Köppen-Geiger climate classification (KG) (Kottek et al. 2006) as a population 

parameter and controlled the spatial variation effect (intercept). Additionally, since we 

considered that it is not justified to establish a complex nested phylogenic structure, we 

included “Species” as a random effect (intercept) and the possibility of a temporal trend 

through the interaction “Species*Year” (slope). We also considered the possibility of 

intraclutch pseudoreplication in the egg size analyses. We solved this issue by identifying 

the eggs belonging to the same female with the “clutch ID”. We also included the 

interaction between “Species*Clutch size” after verifying that the relationship between 

the eggs and clutch size varies among the Tyrannus species (slope) (Christians 2002). 

Neither the migration status set for each subspecies nor mean body mass nor the 
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interaction of these variables (Migration status*Mean species body mass) significantly 

affected the distribution of clutch and egg sizes of the Tyrannus species. 

After checking data distribution, we set to evaluate the relationship between 

breeding traits and climate anomalies through Linear Mixed Models (LMMs). We 

performed the analyses in four steps. First, we assessed the long-term effects on egg size 

and clutch size. Then, in the third step, we used the short-time variables to evaluate the 

effects of the conditions of the laying month and the previous month on egg size and, 

ultimately, in the fourth step, on clutch sizes. We constructed each model by combining 

fixed variables, determined by the climatic anomalies and egg size (mm³) and clutch size 

as dependent variables (Table 2.1). We fitted both models using the Akaike information 

criteria (AIC) for backward deletion, adjusting the model excluding variables to obtain 

the optimal fixed structure by maximum likelihood (Zuur et al. 2009). All the continuous 

variables were standardised to mean zero and standard deviation equal to one, and the 

significance threshold was set at α = 0.05 for all models.  
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Table 2.1 – Variables used to build the global model of the effect of climate anomalies on Kingbird 

egg and clutch size 

Response variable Fixed structure Random structure 

Egg size 

(long-term) 

Anom.Pmax + Anom.Pmin + 

Anom.Pseas + Anom.Tiso + 

Anom.Tmax + Anom.Tmin 

• Species 

• Latitudinal syndrome 

(by species) 

• Climate by KG 

• Time effect (by 

species) 

• Clutch size trade-off 

(by species) 

• Female ID 

Egg size 

(short-term) 

Anom.Tmx.m + Anom.Tmn.m + 

Anom.Tmxm1 + Anom.Tmnm1 + 

Anom.Pre.m + Anom.Prem1 

Clutch size 

(long-term) 

Anom.Pmax + Anom.Pmin + 

Anom.Pseas + Anom.Tiso + 

Anom.Tmax + Anom.Tmin 

• Species 

• Latitudinal syndrome 

(by species) 

• Climate by KG 

• Time effect (by 

species) 

Clutch size 

(short-term) 

Anom.Tmx.m + Anom.Tmn.m + 

Anom.Tmxm1 + Anom.Tmnm1 + 

Anom.Pre.m + Anom.Prem1 

 

Additionally, we checked the residuals for overdispersion, and no overdispersion 

was detected. All these steps were applied using the software R (R Core Team, 2022), 

where we used the “lme4” package (Bates et al., 2015) to analyse the LMM. We 

associated it with the “lmerTest” package (Kuznetsova et al. 2017) to calculate p values 

for each model output. To identify how much the final model of each time window 

contributed to the variation in reproductive traits, we calculated marginal R², where we 

obtained the variance explained by the fixed effects, and the conditional R², which gave 

us the variance of the fixed and random effects (Nakagawa & Schielzeth 2013). 
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2.3. RESULTS  

 

Dataset 

 

We gathered a dataset of 2931 clutches and 9529 eggs among the 13 Kingbird 

species. Of this set, 1657 clutches were photographed at the egg collections, totalling 

5644 photographed eggs. After filtering by inconsistency in the taxonomy, clutch sizes, 

geographic distribution, and overlaps with climate time series, we reached a set of 1156 

clutches that included photographs of 4097 eggs (Supporting information Table S2). 

Then, because of the discrepancy in species data, we chose to proceed with the analyses 

with only eight species. In the end, therefore, we analysed 1145 clutches and 4061 eggs 

covering almost the entire genus in terms of geographical distribution (Supporting 

information Figure S1), which we consider robust to evaluate the effects of weather 

parameters in the breeding traits of Kingbirds. 

The dataset included breeding events over 116 years (1901-2016) at sites with 

monthly rainfall indexes ranging from total drought in the driest month of the year (0 

mm³) up to 784.3 mm³ in the year’s wettest month. These indexes resulted in rainfall 

anomalies of -55 to 94.4 mm³ in the driest month and -382.1 to 293.2 mm³ in the year’s 

wettest month. Concerning the laying month, 32 clutches were laid in a month with a 

minimal rainfall index (e.g., San Diego, California, USA, 1950; 0 mm³). On the other 

hand, three clutches were laid in months with rainfall indexes higher than 500 mm³. The 

laying month’s highest rainfall index (562.1 mm³) was registered for a T. melancholichus 

at Oaxaca, Mexico, in 1961. Three hundred and ten clutches were at sites with 

precipitation seasonality higher than 100%. This index varied between 17.43 and 

213.87% and presented anomalies between -21.77 and 148.56%. 

Extreme temperatures varied between -34.4 oC (Manitoba, Canada, 1907) and 

42.5 oC (North Dakota, United States, 1931). Temperature anomalies for the coldest 

month varied between -6.6 and 11.6 oC, and for the warmest month of the year, between 

-9.9 to 10 oC. The weather in the laying months presented minimal temperatures ranging 

between 0.5 and 24.5 oC and warmest temperatures between 12.1 and 38.8 oC. These 

values resulted in anomalies of the coldest temperatures between -3.6 and 3.0 oC and the 

warmest temperatures between -4.9 and 5.2 oC. The registered isothermality contrasted 
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21.06 for the highest variation in the temperature up to 83.72 for the most increased 

stability in the annual temperatures. 

 

Long-term window 

 

The top model for egg size in the long-term window contained four variables, 

including Anom.Pmin (β = 0.046 ± 0.023; Figure 2.2B), Anom.Pseas (β = -0.052 ± 0.025; 

Figure 2.2A), Anom.Pmax (β = -0.009 ± 0.021; Figure 2.2C) and Anom.Tmax (β = 0.016 

± 0.020; Figure 2.2D), in which only the first two variables had significant coefficients. 

These model coefficients (Table 2.2) indicate that kingbirds’ egg sizes increase with more 

precipitation in the driest month and decrease in years with more seasonal rainfall, 

respectively. This model presented a conditional R² = 0.920 and marginal R² = 0.002. 

  



56 

 

Table 2.2 - Linear mixed models, adjusted by the backward selection, for egg and clutch sizes for 

climate anomalies in the long-term window. Significant effects are in bold. The marginal R² value 

represents the variance explained by fixed effects, and the entire model explains the conditional 

R². 

 
Estimate SE t value P value 

Egg size 

Marginal R² = 0.002 Conditional R² = 0.920 

Intercept -0.304 0.267 -1.137 0.29 

Anom.Pmin 0.046 0.023 1.963 < 0.05 

Anom.Pseas -0.052 0.025 -2.119 < 0.05 

Anom.Pmax -0.009 0.021 -0.420 0.67 

Anom.Tmax 0.016 0.020 0.837 0.40 

     

Clutch size 

Marginal R² = 0.001 Conditional R² = 0.988 

Intercept -0.130 0.316 -0.413 0.70 

Anom.Pmax -0.067 0.026 -2.583 < 0.05 

Anom.Pseas -0.064 0.030 -2.160 < 0.05 

Anom.Tmin -0.056 0.024 -2.288 < 0.05 

Anom.Tiso 0.225 0.041 5.438 < 0.05 
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Figure 2.2 - Relationships between egg size of Kingbird species and long-term window weather 

conditions by Linear Mixed Models (LMM). The backward selection resulted in the model with 

the variables (anomalies): (A) precipitation seasonality (Anom.Pseas), (B) minimum 

precipitation of the driest month (Anom.Pmin), (C) maximum precipitation of the wettest month 

(Anom.Pmax), and (D) maximum temperature of the warmest month (Anom.Tmax). 

 

The best-adjusted model for Kingbirds clutch size at the long-term window 

comprised four variables, including Anom.Pmax (β = -0.067 ± 0.026; Figure 2.3B), 

Anom.Pseas (β = -0.064 ± 0.030; Figure 2.3A), Anom.Tiso (β = 0.225 ± 0.041; Figure 

3C) and Anom.Tmin (β = -0.056 ± 0.024; Figure 2.3D), in which all the variables had 

significant coefficients and showed a marginal R² = 0.001 and a conditional R² = 0.988. 

This model indicates that Kingbirds tended to decrease clutch sizes in years with more 

precipitation in the wettest months, in years with more seasonal rainfall and lower 

temperatures in the coldest month and increase clutch sizes in years with smaller 

temperature variation, respectively (Table 2.2).  
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Figure 2.3 - Relationships between the clutch size of Kingbird species and long-term window 

weather conditions by Linear Mixed Models (LMM). The backward selection resulted in the 

model with the variables (anomalies): (A) precipitation seasonality (Anom.Pseas), (B) maximum 

precipitation of the wettest month (Anom.Pmin), (C) isothermality (Anom.Tiso), and (D) minimum 

temperature of the coldest month (Anom.Tmin). 

 

Short-term window 

 

Each top model for egg size and clutch size in the short-term window contained 

only one temperature variable. The top model for egg size included the Anom.Tmxm1 (β 

= -0.033 ± 0.017; Figure 2.4) means a tendency for smaller eggs when maximum 

temperatures were above the historical average in the month preceding laying. The short-

term model for egg size presented a marginal R² = 0.0008 and conditional R² = 0.916. For 

clutch size, the variable that composed the top model was Anom.Tmnm1 (β = 0.050 ± 

0.023; Figure 2.5), indicating increased clutch size when minimum temperatures were 

higher in the month before laying. The short-term model showed a marginal R² = 0.002 

for clutch size and conditional R² = 0.481. Both short-term models had significant 

coefficients (Table 2.2).  
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Table 2.3 - Linear mixed models, adjusted by the backward selection, for egg and clutch sizes for 

climate anomalies in the short-term window. Significant effects are in bold. The marginal R² value 

represents the variance explained by fixed effects, and the entire model explains the conditional 

R². 

 
Estimate SE t value p-value 

Egg size     

Marginal R² = 0.0008 Conditional R² = 0.916 

Intercept -0.305 0.297 -1.029 0.34 

Anom.Tmxm1 -0.033 0.017 -1.970 < 0.05 

     

Clutch size 

Marginal R² = 0.002 Conditional R² = 0.481 

Intercept 0.123 0.237 0.518 0.62 

Anom.Tmnm1 0.050 0.023 2.195 < 0.05 

 

 

 

 

Figure 2.4 - Relationships between egg size of Kingbird species and short-term window weather 

conditions by Linear Mixed Models (LMM). The backward selection resulted in the model with 

the variable (anomalies): maximum temperature of the month before laying (Anom.Tmxm1). 
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Figure 2.5 - Relationships between the clutch size of Kingbird species and short-term window 

weather conditions by Linear Mixed Models (LMM). The backward selection resulted in the 

model with the variable (anomalies): minimum temperature of the month before laying 

(Anom.Tmnm1). 

  

2.4. DISCUSSION 

 

Based on a dataset of 116 years for the whole of America’s distribution, we 

associated weather variables for the year and months preceding the breeding event and 

two breeding traits of eight kingbird species. We simultaneously analysed whether and 

how weather conditions influence (a) egg size in short- and long terms; and (b) clutch 

size in short- and long terms. Our results show that Kingbird egg and clutch sizes are 

influenced by the interannual climate variation at the breeding site, regardless of whether 

conditions occur before or during the breeding season. Precipitation and temperature year 

parameters interfered with clutch and egg size reproductive output.  

Our analyses showed that over the year (eleven months before the month of the 

laying event), temperature and precipitation conditions potentially change the clutch size 

of Kingbirds, while only annual rainfall affected egg size. The long-term time window 

best explained the variation in breeding traits in kingbirds, corroborating our hypothesis. 

The long-term time window tends to be more relevant for several species (Cady et al. 

2019). Effects on birds can be correlated with breeding site conditions of the last year or 

previous years before laying, even when away from the site (Selonen et al. 2021) (Norris 

& Taylor 2006). This result shows the greater importance of environmental conditions 

during the entire seasonal cycle than requirements only during breeding. Tyrannus’s 

needs during the breeding season reflected that annual pre-breeding weather was 

important for egg and clutch size. Larger egg size occurred when the year preceding 
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laying had lower precipitation seasonality, which can also be interpreted as the year with 

less concentrated and more spread rainfall. This condition agrees with the fact that 

Tyrannus also has larger eggs in years with the rainiest drier months. Clutch size also 

tends to increase in more stable years, with less precipitation seasonality and more 

isothermality. In addition, clutch size tends to be larger in years with less rainfall in the 

wettest month and lower temperatures in the coldest months. 

The temperature was the only variable affecting the egg or clutch size of Kingbirds 

in the short-term window. The association of temperature with reproduction is known to 

affect breeding phenology, where spring temperature before the breeding season usually 

explains the variation in laying dates (Crick et al. 1997, Ockendon et al. 2013, Schaper et 

al. 2012). Temperature parameters in the month before laying had effects on egg and 

clutch sizes. The increase in maximum temperature in the month before laying led 

Kingbirds to lay smaller eggs, similar to that already found by Heming & Marini (2015) 

for tyrant flycatchers. In contrast, the increase in the minimum temperature in the month 

preceding the laying led Kingbirds to lay more eggs. Goławski (2008) assumed that the 

clutch and egg size of red-backed shrike (Lanius collurio) could be affected by weather 

conditions up to four days before laying but found no effect, while Barkowska et al. 

(2003) found temperature effects on egg size variation in tree sparrow (Passer montanus) 

eggs from seven days before the first egg until the third egg of the clutch was laid. 

Precipitation had a low weight in our model in the short term, though, in some cases, it 

can predict growth and body mass increase and is directly related to breeding readiness 

and moulting (Aranzamendi et al. 2019). 

Based on R2 values, long-term conditions had a better fit in our models than short-

term conditions, but the conditions during the breeding season can still be important in 

some aspects. Other physiological processes, such as moulting (van de Pol & Cockburn 

2011), demand high energy and can be more related to long-term conditions where 

precipitation is crucial to increase food resources. At the same time, temperature may 

have a more direct, short-term influence (Gillette et al. 2021). One possible explanation 

is that precipitation has a more substantial ecosystem effect by influencing long-term 

environmental conditions through ecosystem productivity. It is, therefore, essential to 

understanding how weather conditions throughout the year can affect organisms, 

primarily through their most important food resources (Aranzamendi et al. 2019). 

Meanwhile, the temperature can more immediately affect the relationship between 
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individuals and their environment, such as changes in clutch size (Järvinen & Ylimaunu 

1986) and incubation behaviour (Schöll et al. 2020). 

Studies focusing only on short-term windows found significant relationships 

between reproductive output and weather conditions, both for temperature (Nägeli et al., 

2022; van de Pol & Cockburn, 2011) and precipitation (Aranzamendi et al. 2019). 

Although, since it is difficult to detect the short-term effects of weather on egg size 

(Christians 2002, Griffith et al. 2020, Nager & Van Noordwijk 1992, Thomson & 

Hadfield 2017), our study was able to detect these effects. Breeding traits can be 

expressed in different time lags (Runge & Marra 2005, van de Pol & Cockburn 2011) that 

become evident when approached independently and with specific resolutions. When 

evaluating the expression of an environmental factor in an attribute, it is essential to 

consider different and flexible time windows (van de Pol et al. 2016). According to Cady et 

al. (2019), even though drought conditions are unfavourable for the species in general, 

the western kingbird (T. verticalis) responded most strongly to drought at a month 

temporal window, while scissor-tailed-flycatcher (T. forficatus) responded most strongly 

to the year-window. Here, we have chosen to approach other time windows relative to the 

month of laying. However, more studies on the effects of non-breeding seasons (Runge 

& Marra 2005), including wintering sites, for those migratory birds, will be able to clarify 

further this meaningful relationship (Selonen et al. 2021). 

Precipitation was an important weather variable for the expression of Tyrannus 

breeding traits. Kingbirds tend to have larger eggs and clutches in years with better 

distribution and less seasonal rainfall. Moreover, the driest month of the year negatively 

affects egg size when precipitation is below historical averages, resulting in more 

pronounced droughts. Precipitation in non-breeding seasons can improve growth rates 

and increase the body mass of organisms breeding in the following reproductive season 

(Sauve et al. 2021). Precipitation is essential for increasing protein resources and 

fundamental for reproduction, even for primarily non-invertivore species (Hau 2001). 

Precipitation during the wettest season increases productivity, nest success, and fecundity 

of puaiohi (Myadestes palmeri) (Fantle-Lepczyk et al. 2016). As primary production 

following rainfall tends to influence the development of insects (Tidon 2006, Wolda 

1988, 1978), we expected that the increase in precipitation, regardless of the time window, 

would increase egg and clutch sizes. A potential controversial point to highlight, however, 

is that increased rainfall in the wettest months affects clutch size negatively. Extra rain 
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close to the reproductive event can create difficulties for the incubation of large clutches, 

causing the females to spend more energy reheating the eggs during foraging intervals 

(Gillette et al. 2021). However, precipitation was neither a relevant variable for clutch nor 

egg size in the short-term window, as reported for T. tyrannus (Murphy 1983a). Clutch 

size seems to be a much more complex component, varying even among species, with a 

significant trade-off bias with other traits when compared to egg size. 

The temperature had no significant influence on egg size at the long-term window. 

Although, at the short-term window, the increase in the maximum temperature in the 

month before laying had a negative effect on the egg size, corroborating our hypothesis. 

Organisms tend to expend more energy when the environment is warmer (Schifferli et al. 

2014) and can compromise the resources for the production of eggs. Moreover, despite 

promoting productivity and insect availability (Grüebler et al. 2008), a warming 

environment can leave parents, nestlings, and eggs vulnerable to dehydration, mainly in 

water-limited environments (Sauve et al. 2021, Whitfield et al. 2015). On the other hand, 

low temperatures also increase energy expenditure since they require higher incubation 

attendance to heat and re-warm the eggs and reduce food supplies. Smaller eggs could 

occur in colder years because the cold weather subjects females to less productive 

environments, which tend to decrease their body mass (Järvinen & Ylimaunu 1986). 

Temperatures beyond the optimum, whether higher or lower, can lead to higher energy 

expenditure and create challenges for the offspring’s development. Laying larger eggs 

and paying more attention to the offspring should compensate for the lower resource 

availability in cold environments (Gebhardt-Henrich & Richner 1998). Clutches with 

larger eggs can be essential in incubation, whose heat potential promotes slower cooling 

and can decrease the energy expenditure in incubation (Gillette et al. 2021).  

As for the short-term time window, temperature positively affected the clutch size 

of Kingbirds, which increased with a higher minimum temperature of the month before 

laying, corroborating our hypothesis. Higher temperatures close to laying are also 

favourable for the clutch size of the Red-cockaded Woodpecker (Dryobates borealis) 

(Fullerton et al. 2021). For the migratory Pied Flycatcher (Ficedula hypoleuca), the 

temperature during wintering positively affected reproductive output, having an even 

stronger effect on fledglings’ survival when coupled with precipitation during the 

breeding season (Selonen et al. 2021). Even though precipitation is an essential factor 

driving the increase of invertebrates, once rainfall is unpredictable, the rise of temperature 
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can predict arthropod supply (Ockendon et al. 2013, Tökölyi et al. 2012). Furthermore, 

the low resources supply associated with the low temperatures decreases nestlings’ 

survival (Blancher & Robertson 1985, Nägeli et al. 2022). However, warmer 

temperatures resulted in slower growth and smaller nestlings for Eastern Kingbird (T. 

tyrannus) (Murphy 1985, Sauve et al. 2021). In addition, for Kingbirds, the uniparental 

incubator behaviour represents an extra energy cost for females compared to biparental 

incubators (Schöll et al. 2020). Besides being a physiological response, laying smaller 

clutches in adverse conditions can be an adaptation for a better investment of resources, 

ensuring the survival of the own parents. However, Martin & Mouton (2020) consider it 

impossible to assert whether the variation in investment in reproduction is a life history 

strategy or a physiological response. 

We found that Kingbirds’ clutches and eggs tend to be larger in years with more 

stable weather conditions. Precipitation seasonality negatively affected breeding traits in 

egg and clutch sizes. In addition, temperature variation also affected clutch size, which 

tended to be larger in years with higher isothermal indices. Although environmental 

stability is expected to be inversely proportional to the clutch size of Passeriformes 

(Ashmole 1963, Cody 1966), there is evidence for the opposite effect in some species 

(e.g., Young, 1994, Winkler et al., 2002). But our findings still support the importance of 

resource seasonality overruling the short-time conditions of the breeding season (Jetz et 

al. 2008). Despite the suggestion that a minimum abundance of food resources for 

insectivores may be enough for reproduction (Aranzamendi et al., 2019), it appears to 

limit reproductive output and increase variation in egg and clutch sizes of Kingbirds. 

Better-nourished females will have a larger relative mass and lay larger eggs, resulting in 

larger nestlings (Christians 2002, Järvinen & Ylimaunu 1986), which have higher quality 

and fitness (Krist 2011). 

Less extreme weather conditions in the year before breeding have contradictory 

effects on the breeding traits. For egg size, less extreme drought in the driest month of the 

year increased egg size. Reducing energy expenditure in direct response to precipitation 

levels instead of interrupting reproduction can buffer the effects of droughts (Martin & 

Mouton 2020). Kingbirds’ clutch size, in turn, tends to decrease in years with higher 

minimum temperatures in the coldest months. Somehow, colder winters can guarantee 

better conditions for the populations in the following months. From the Ashmole 
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hypothesis perspective (Ashmole 1963, Ricklefs 1980), harsh winters act as population 

control, guaranteeing greater per capita resources during the reproductive season. 

A large part of our data set comprises species with some migratory behaviour. We 

assert that for the population dynamics of migrants, it is essential to consider the weather 

in regions where individuals are currently inhabiting (Selonen et al. 2021). Conditions 

faced by migratory species during breeding, migration, and overwintering periods are 

essential to understanding the dynamics of these populations (Runge & Marra 2005). It 

is important to study winter conditions for the wintering, breeding, and stopover sites 

during migration (Selonen et al., 2021) and the carry-over effects to better understand the 

seasonal interactions (Runge & Marra 2005). These conditions are valid even for 

migratory species affected by places not yet visited (Selonen et al. 2021). The breeding 

ground’s temperature could explain more about clutch size than precipitation at the 

wintering ground (Ockendon et al. 2013). This correlation agrees with the results of two 

migratory species in our dataset (T. savana and T. tyrannus), where temperature cues 

these species to select their breeding grounds (MacPherson et al. 2018). However, since 

our pre-analyses found no effect of migratory status on Tyrannus reproductive output, we 

assumed that carry-over would not have a more significant effect. 

The multi-year compilation of climate variables can be used as a predictor of the 

quality of the environment (Norris & Taylor 2006), with direct effects on reproductive 

output. Here we observed that different aspects of the same variable (e.g., maximum and 

minimum temperature) can affect a trait differently (Sauve et al. 2021). Climate averages 

are usually the most widely used predictors in studies (van de Pol et al. 2016), which can 

mask the effects of extreme temperature and precipitation conditions. When we consider 

climate anomalies, we highlight how much and how the deviation from climatic patterns 

can alter the investment among Kingbirds species.  

The species-environment relationship may have physiological and behavioural 

aspects influencing life history strategies. It is essential to highlight that individual 

foraging behaviour and the different landscape characteristics at the nest site may confer 

different ways of coping with weather conditions. Kingbird species show high breeding 

site fidelity (Murphy 1996), which could mean that the species are adapted to the breeding 

site climate. Climatic condition is a complex set of factors between precipitation and 

temperature that, when taken together, generally proves more relevant (van de Pol & 

Cockburn 2011). That is why constructing a model by backward selection and not by 
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testing independent variables was adopted here. A good example is the more pronounced 

effect of high temperature with higher precipitation in the reproductive output of pied 

flycatcher (Ficedula hypoleuca)  (Selonen et al. 2021). Working by associating data from 

natural history collections and climate databases may allow us to explore different 

scenarios on the date of the reproductive event. Still, this data may present information 

gaps for groups with migratory behaviours due to the lack of knowledge of their place of 

origin. Without this information, one solution is to create climate averages for their region 

of population origin, but this requires a broad knowledge of each population that is 

unavailable. 

It is essential to know how climate affects the reproductive patterns of many taxa 

(Hau 2001). Even when the weather does not indicate changes in the reproductive output 

of birds, it may be affecting the availability of resources for breeding (Morrissey et al. 

2020). Precipitation increases the body size of female white-shouldered fairywren 

(Malurus alboscapulatus), which declines throughout the nesting period without changes 

in egg sizes, meaning a more significant investment in offspring by females (Boersma et 

al. 2022). When dealing with low rainfall rates, males, on the other hand, invest less in 

reproduction in favour of moulting (Boersma et al. 2022). The heating of the experimental 

nests caused tree swallows to increase their body mass and time in the nest since the 

females in the heated treatment had lower energy expenditure (Ardia et al. 2009). When 

analysing other oviparous, with the increasing annual rainfall, the striped plateau lizard 

(Sceloporus virgatus) increased body and clutch size (Abell, 1999), while the clutch size 

of common five-lined skinks (Plestiodon fasciatus) was positively associated with the 

mean annual temperature and with mean annual precipitation (Morrissey et al. 2020). 

Keeping clutch size within the average and ensuring the offspring’s survival even under 

adverse conditions may depend on the strategy of the species (Martin & Mouton 2020). 

Instead, egg size is correlated with offspring quality, faster growth, decreasing the 

vulnerability of the young, and increasing the survival of chicks (Krist 2011). Since larger 

eggs increase the fitness of the chicks, this will contribute directly to population 

maintenance (Järvinen 1994). 

Studies involving weather have become frequent due to the imminent impacts 

related to climate change. To know how climate change will affect species, it is essential 

first to understand the best environmental predictors associated with physiological, 

behavioural, life-history, demographic, population, species, and community responses 
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(van de Pol et al. 2016). Future population projections in the face of climate change need 

an understanding of the current vulnerability of species under current conditions (Martin 

& Mouton 2020). The speed of climate change may not offer enough time for species to 

adjust to new conditions in the region (Järvinen 1994, Trautmann 2018). As soon as the 

breeding site does not offer the best conditions due to biotic interactions, extreme weather, 

and food availability, the population may be limited to occupying a few local patches 

(Boucher-Lalonde et al. 2014). Identifying the climatic variables and the time windows 

allow us to better project future climatic conditions and their impact on the traits of these 

species that will face new environmental conditions. Our results in this work add an 

essential layer of understanding about species’ relationship with weather conditions, 

which will potentially be impacted by climate change. Once year-specific weather 

conditions can explain variations in egg and clutch size (Järvinen & Ylimaunu 1986), the 

interaction of species with the weather could mean how difficult it will be to cope with 

climate change (Sauve et al. 2021). Even species that inhabit warmer and more arid 

regions will be negatively impacted by the average temperature increase (Riddell et al. 

2021). Once a weather condition affects reproductive rates, it will affect population size 

(Selonen et al. 2021). Identifying the climatic variables and the time windows allow us to 

better project future climatic conditions and their impact on the traits of these species that 

will face new environmental conditions. 

About our findings, we highlight that: (1) the final sample size, which we based 

on our analysis, we considered highly robust for detecting large patterns; (Bennett & 

Owens 2002), and (2) we were able to detect how the interannual climate variation 

influences the breeding traits of a bird group distributed throughout almost the entire 

American continent. Our results show that Kingbirds change their breeding according to 

the year’s weather conditions. This work helps us understand how species reduce 

reproduction under adverse conditions (Martin & Mouton 2020), which may provide 

directions for future studies of other life-history traits. The reproductive effort is a 

complex component in life history, which must interact with the age and breeding 

experience of the parents (McCleery et al. 2008). It is affected by the trade-off between 

investment in the offspring at the expense of the parents’ survival. We highlight the egg 

collections’ relevance in providing a well-documented and widely geographically 

distributed database. Considering sources of primary information on morphology and 

geographic distribution (Marini et al. 2020, Töpfer 2018), egg collections are still little 
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explored and can help answer a wide range of questions, from life history to effects of 

climate change (Xiao et al. 2017). 
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ABSTRACT 

 

In the face of ongoing climatic changes, many studies have reported the effects of shifts 

in temperature and precipitation regimes on the biological traits of birds. Despite the 

robust estimates of future climate scenarios, the few projections for the reproductive traits 

of birds are based mainly on phenological changes. We established clutch and egg sizes 

projections to visualize climate change effects on reproductive output in a tyrant 

flycatcher genus (Kingbirds, Tyrannus ssp). We relied on estimated parameters of 

statistical models (α, β), where we detected the effects of weather variables on 4,061 eggs 

and 1,145 clutches of Kingbirds gathered from 23 worldwide egg collections. Based on 

four Shared Socio-economic Pathways scenarios (SSP), ensembled from four Global 

Climate Models (GCMs) of Coupled Model Intercomparison Project (CMIP6), we 

generated 68 scenarios for each breeding trait between 2020 and 2100. Clutch (CS) and 

egg (ES) sizes decreased in the end in all future scenarios (e.g., SSP5-8.5/2100; ES: β= -

0.002, p<0.001; CS: β= -0.04, p<0.01), driven mainly by increasing temperature and 

seasonality parameters. The projections based on the most pessimistic model (SSP5-8.5) 

predict the most pronounced changes in breeding traits. Kingbirds show a close 

relationship between their reproductive output and the climatic conditions of their 

breeding grounds. It is important to highlight the imminent implications of the local 

climate change on species' physiology, with decreased fitness of organisms hatching from 

smaller eggs and potential population losses, even for widely distributed groups such as 

Kingbirds. 
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RESUMO 

 

Diante das iminentes mudanças climáticas, muitos estudos já relataram os efeitos das 

mudanças nos regimes de temperatura e precipitação sobre os padrões biológicos das 

aves. Apesar das estimativas robustas para cenários climáticos futuros, as poucas 

projeções para os atributos reprodutivos das aves baseiam-se principalmente em 

mudanças na fenologia. Estabelecemos projeções de tamanhos de ninhadas e ovos para 

estimar os efeitos das mudanças climáticas sobre a reprodução de um gênero de tiranídeos 

a partir de parâmetros ajustados por modelos estatísticos (α, β), nos quais detectamos os 

efeitos de variáveis climáticas em 4.061 ovos e 1.145 ninhadas de espécies de Tyrannus 

coletados em 23 coleções de ovos. Com base em quatro cenários de Caminhos 

Socioeconômicos Compartilhados (Shared Socio‐Economic Pathways - SSP), reunidos a 

partir de quatro Modelos Climáticos Globais (General Circulation Model - GCM) do 

Projeto de Intercomparação de Modelos Acoplados (Coupled Model Intercomparison 

Project - CMIP6), geramos 68 cenários para cada atributo reprodutivo entre os anos de 

2020 e 2100. Os tamanhos da ninhada (CS) e ovos (ES) diminuíram em todos os cenários 

futuros (e.g. SSP5-8.5/2100; ES: β= -0.001, p<0.001; CS: β= -0.04, p<0.001), 

impulsionados principalmente pelo aumento dos parâmetros de temperatura e 

sazonalidade. As projeções baseadas nos modelos SSP5-8.5, o modelo mais pessimista, 

são onde as mudanças nos atributos reprodutivos são mais acentuadas. As espécies de 

Tyrannus mostram uma relação estreita entre seus atributos reprodutivos e as condições 

climáticas nos seus locais de reprodução, e aqui nossos resultados mostram um impacto 

significativo das mudanças climáticas em seu investimento reprodutivo. É importante 

destacar as implicações iminentes das mudanças climáticas locais na fisiologia das 

espécies, com diminuição da aptidão dos organismos que eclodem de ovos menores e 

possíveis perdas populacionais, mesmo para grupos amplamente distribuídos, como as 

espécies de Tyrannus. 
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3.1. INTRODUCTION 

 

Climate change is one of the most worrying environmental problems of the 21st 

century. An average increase of up to 4.4ºC is predicted for up to 2100 in the most extreme 

scenario (IPCC 2021) and tends to alter the climatic dynamics of the whole Planet. Its 

effects are not only on average temperatures on Earth but also on changes in 

biogeochemical cycles (Ciais et al. 2013), ocean dynamics (Church et al. 2013) and 

seasonality of rainfall regimes/patterns (Feng et al. 2013, Lee et al. 2021, Vera et al. 

2006). As a consequence, there are increases in extreme events such as droughts, storms 

and fires (Bellard et al. 2012, Chou & Lan 2012, Dore 2005, Easterling et al. 2000, Lee 

et al. 2021, Seneviratne et al. 2021). The impact on the biotic environment is indubitable. 

Since some species are less physiologically sensitive to climate change, many use 

physical and climatic cues to express their biological traits. In general, the climatic 

conditions in scenarios of future changes have the potential to affect species persistence 

in many ways (Lovejoy & Hannah 2019). 

The influence of climate on birds has been known for decades, and the effects of 

changing climate dynamics on birds can already be seen (Crick 2004). Climate changes 

have affected birds’ metabolic and behavioural patterns (Dakin et al. 2016) and have been 

related to direct and indirect influences on ecological interactions (Crick 2004, Hoover & 

Tylianakis 2012, Walther et al. 2002), reproductive parameters (e.g., breeding success) 

and, consequently, in population sizes (Brown et al. 1999, Crick 2004, Newton 1998a, 

Stevenson & Bryant 2000). Changes in the breeding phenology of some bird species have 

also been identified as relevant and a potential threat (Trautmann 2018). In many cases, 

the laying dates of birds are related to spring temperatures, which are advancing with 

warmer spring temperatures (Crick et al. 1997, McCleery & Perrins 1998, Potti 2009).  

The expected climate change effects may generate further adverse conditions for 

birds. To understand the effects of how the future will unfold, it is necessary to quantify 

climatic sensitivity of species (van de Pol & Bailey 2019). In the case of climate change, 

an essential step is to know how species deal with the conditions at the time of their 

interaction with the environment. Temperature and precipitation are important variables 

for the interaction of birds with the environment and can act in different ways and time 

windows on biological traits (van de Pol et al. 2016). A large, comprehensive dataset at 

both temporal and spatial scales can show how species' life history traits correlate with 
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environmental conditions.. In this context, one way to assess biological responses to 

climate change is through climate anomalies. Since species adapt to climate averages, 

where they express their traits, the temporal variation in these conditions can show how 

plastic the traits of these species are. This plasticity can show how much environmental 

change each species will endure as different conditions progress. 

GCMs are a valuable and elaborate tools, actually updated by the sixth 

Assessment Report version (AR6; IPCC 2021), allowing us to project future weather 

conditions. With the evolution of simulations throughout the phases of the Coupled 

Model Intercomparison Project (CMIP), the models have become accessible to the 

scientific community as projections become increasingly reliable, allowing better 

knowledge of the climate dynamics of the past, present and future (Eyring et al. 2016, 

Stouffer et al. 2017). As a product of the CMIP6, the Shared Socioeconomic Pathways 

framework (SSP) include regional forces such as land use, air quality public policies, and 

non-CO2 greenhouse gas emissions (O’Neill et al. 2014). Even though the sixth and latest 

phase of the CMIP is underway and has more analytical layers that make climate 

projections more reliable (Eyring et al. 2016), few studies have explored the new CMIP6 

scenarios and their effects on birds' biological traits. In addition, climate projections have 

been made mainly concerning changes in species distribution in complex models 

supported by high-level processing algorithms (Marini et al. 2009). And so far, no study 

has investigated these scenarios regarding bird reproductive output. Bird clutch and egg 

sizes have a strong relationship with temporal and spatial climatic conditions and are 

expected to be strongly affected by the worsening effects of climate change. 

Based on recent climate change models, this study aimed to evaluate the potential 

effect of future weather conditions on egg and clutch sizes of Kingbirds of the Tyrannus 

genus. Based on previous analyses, this group responds to different climates across space 

and weather through interannual variations in climatic conditions. Based on these results, 

we hypothesise that higher temperature increase scenarios and more variable climatic 

conditions, through seasonality index, with higher greenhouse gas emissions (SSP 

models), will have more prominent negative effects on clutch and egg size.  
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3.2. METHODS 

 

 Database 

 

We collected breeding data of species of the Tyrannus genus gathered from 

ornithological collections and natural history museums in South America, the USA, and 

Europe (Supplementary material Table S1). For each egg set, we applied a series of 

inspections to improve the robustness of the data. We visually checked the matching with 

their labels/cards to search for eggs from nest parasites, checking the clutch size and date 

and site of collection. Then we resolved the outdated taxonomy following Tyrannidae 

catalogues and taxonomy checklists (Amadon et al. 1979, Clements et al. 2022, Cory & 

Hellmayr 1927, Phillips 1994, Sclater 1888). We extracted egg size (egg volume, mm³) 

from the pictures obtained from the collections using ImageJ software (Schneider et al. 

2012) associated with the EggTools package (Troscianko 2014). 

Using Linear Mixed Models (LMM), we separately analysed the effects of 

interannual variation in weather conditions on the egg and clutch size of eight Tyrannus 

species (Capítulo 2). We used three precipitation and three temperature anomalies as fixed 

variables. For each category, we defined four extreme year weather variables – 

precipitation of the driest month (Anom.Pmin), precipitation of the wettest month 

(Anom.Pmax), minimum temperature of the coldest month (Anom.Tmin), and the 

maximum temperature of the warmest month (Anom.Tmax) – and two annual weather 

variable – isothermality (Anom.Tiso), and the precipitation seasonality (Anom.Pseas). 

Data independence was corrected using “species” as taxonomic grouping, “year” as a 

temporal trend, the “absolute latitude” and Köppen-Geiger geographical climates (KG) 

population grouping and, only for egg size analyses, the “clutch ID” as intraclutch 

correlation. With all the continuous variables standardised to mean zero and standard 

deviation equal to one, we fitted both models for backward deletion, excluding variables 

to achieve the best fixed structure, via the Akaike information criteria (Zuur et al. 2009). 

Four weather variables compound each of the fitted models (Table 3.2). 
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 Future projections 

  

Projections of future climate scenarios were performed in the period between the 

years 2020 and 2100 based on raster files in the Earth System Grid Federation (ESGF) 

archive (https://esgf-node.llnl.gov/projects/cmip6/) (Eyring et al. 2019). To maintain 

cohesion with previous analyses of the influence of climate anomalies on egg and clutch 

sizes of Tyrannus species, we established the same criteria for variable selections. Thus, 

we filtered the monthly time-scale and spatial projections with a 1º Longitude × 1º 

Latitude grid to obtain the minimum and maximum temperatures and precipitation data. 

Following the example of Yue et al. (2021), we only used the first realisation (r1i1p1f1) 

of each GCM compatible with the established scales to maintain consistency among the 

scenarios in the database. Four integrated SSP and RCP scenarios: SSP1-2.6 (SSP1 + 

RCP2.6), SSP2-4.5 (SSP2 + RCP4.5) SSP3-7.0 (SSP3 + RCP7.0) and SSP5-8.5 (SSP5 + 

RCP8.5), were used in this study. Of these scenarios, one represents the most optimistic 

climate change model, with a lower emission scenario (SSP1-2.6), two intermediate 

scenarios (SSP2-4.5 and  SSP3-7.0), and one more pessimistic scenario, with a forecast 

of higher greenhouse gas emissions (SSP5-8.5). With their established settings, we 

extracted these scenarios from 4 GCMs (INM-CM5-0, MRI-ESM2-0, GFDL-ESM4, 

CAS-ESM2-0; Table 3.1). 

 

Table 3.1 - List of the CMIP6 GCMs used in this study 

Model Institution /Country Reference 

INM-CM5-0 Institute of Numerical Mathematics (INM) / Russia (Volodin et al. 2019) 

MRI-ESM2-0 Meteorological Research Institute (MPI) / Japan 
(Yukimoto et al. 

2019) 

GFDL-ESM4 

National Oceanic and Atmospheric Administration, 

Geophysical Fluid Dynamics Laboratory (NOAA-

GFDL) / USA 

(Guo et al. 2018) 

CAS-ESM2-0 Chinese Academy of Sciences (CAS) / China (Chai 2020) 

 

For each SSP scenario, we extracted six weather variables (Table 3.2) over 17 

(every five years) different periods between 2020 and 2100. Taking the original breeding 

dataset used to analyse the effect of weather on the reproductive characteristics of 

Tyrannus species, we used the location and month of recording of each clutch to mirror 
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the specific annual interval between 2020 to 2100. Temperature values, obtained in 

degrees Kelvin (ºK), were converted to degrees Celsius (ºC), and the precipitation values, 

obtained as the monthly average of kilograms per square meter per second (kg/m²/s), were 

converted to monthly accumulated cubic millimetres (mm³/m). We made an ensemble 

average of the GCMs for each variable. From this average, we calculated the climate 

anomalies from the mean historical climate values (LTM - long-term mean), taken 

between 1970 and 2000, extracted from the WorldClim Bioclimatic Database (Fick & 

Hijmans 2017). Finally, to determine the compatibility between the previous analyses and 

the projections, all anomalies’ variables were standardised to mean zero and standard 

deviation equal to one. 

For future statistical downscaling projections, the breeding traits were simulated 

based on the parameters of the fitted LMM (Table 3.2, see chapter2), reconstructing the 

models by checking the intercept (α-values) and the weight of each climate anomaly (β-

values) for each scenario. The effects of each variable in the projected scenarios were 

determined individually for each egg (egg size projections) and clutch (clutch size 

projections) by randomising the value from a normal distribution, where the estimated 

values of α and β were taken as the mean, and their respective standard error (SE) values 

were taken as standard deviation. 
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Table 3.2 - Linear mixed models, adjusted by the backward selection, for egg and clutch sizes of 

Tyrannus species for climate anomalies. Significant effects are in bold.  

 
Estimate SE P value 

Egg size  

Intercept -0.304 0.267 0.289 

Anom.Pmin 0.046 0.023 0.049 

Anom.Pseas -0.052 0.025 0.034 

Anom.Pmax -0.009 0.021 0.675 

Anom.Tmax 0.016 0.020 0.40 

    

Clutch size    

Intercept -0.130 0.316 0.698 

Anom.Pmax -0.067 0.026 0.009 

Anom.Pseas -0.064 0.030 0.031 

Anom.Tmin -0.056 0.024 0.000 

Anom.Tiso 0.225 0.041 0.022 

 

To assess changing climate parameters and residual variation in reproductive 

outputs over time, we performed linear models taking each of the egg and clutch size and 

climate anomalies associated with each breeding trait as dependent variables while time 

(Year) was treated as a continuous variable, was defined as the independent variable. We 

judged the trends statistically significant for linear models with a P < 0.05. 

 

3.3.RESULTS  

 

Using six weather anomalies, we projected 4097 egg sizes and 1202 clutch sizes 

in 17 different years for four climate scenarios in an 80-year interval, totalling 68-

year/SSP scenarios for each breeding trait. 
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Future changes in weather variables 

 

All variables showed some significant time trend in at least one SSP scenario, 

except for Anom.Pmin (Figure 3.1B) (Table 3.3). The temporal effects on precipitation 

occurred in the other two variables, Pmax and Pseas. In all scenarios, Pmax showed a 

positive effect with time (Table 3.3, Figure 3.1A). However, in three of four scenarios, 

did the wettest month precipitation increase significantly (SSP1-2.6, β= 0.13, p<0.05; 

SSP3-7.0, β=0.33, p<0.001; SSP5-8.5, β=0.43, p<0.05). As for the seasonality of 

precipitation, there was a positive trend in all scenarios, but only two were significant 

(SSP1-2.6, β=0.03, p<0.01; SSP5-8.5, β=0.04, p<0.001).  
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Table 3.3 – Trends of precipitation of the wettest month (Anom.Pmax), precipitation of the driest 

month (Anom.Pmin), precipitation seasonality (Anom.Pseas), maximum temperature of the 

warmest month (Anom.Tmax), minimum temperature of the coldest month (Anom.Tmin) and 

isothermality (Anom.Tiso) analysed by linear models. Significant effects are classified by p-value 

(* p<0.05;   ** p<0.01;   *** p<0.001) 

Anomalies SSP scenario Intercept α Estimates β CI 

 
    

Pmax 

1-2.6 -208.74 0.13 * 0.02 – 0.24 

2-4.5 -174.72 0.11 -0.00 – 0.23 

3-7.0 -613.82 *** 0.33 *** 0.21 – 0.44 

5-8.5 -818.35 *** 0.43 *** 0.31 – 0.55 

     

Pmin 

1-2.6 -16.16 -0.002 -0.03 – 0.02 

2-4.5 -25.97 0.001 -0.02 – 0.02 

3-7.0 -27.27 0.002 -0.02 – 0.02 

5-8.5 -21.77 0.001 -0.02 – 0.02 
     

Pseas 

1-2.6 -24.2 0.03 ** 0.01 – 0.06 

2-4.5 8.99 0.02 -0.01 – 0.04 

3-7.0 6.35 0.02 -0.01 – 0.04 

5-8.5 -39.8 0.04 *** 0.02 – 0.06 

     

Tmax 

1-2.6 -19.53 * 0.01 * 0.00 – 0.02 

2-4.5 -49.81 *** 0.02 *** 0.02 – 0.03 

3-7.0 -85.99 *** 0.04 *** 0.03 – 0.05 

5-8.5 -116.46 *** 0.06 *** 0.05 – 0.07 

     

Tmin 

1-2.6 -26.18 ** 0.01 * 0.00 – 0.02 

2-4.5 -64.87 *** 0.03 *** 0.02 – 0.04 

3-7.0 -100.06 *** 0.05 *** 0.04 – 0.05 

5-8.5 -124.71 *** 0.06 *** 0.05 – 0.07 

     

Tiso 

1-2.6 14.08 * 0.01 -0.00 – 0.01 

2-4.5 23.83 *** 0.00 -0.01 – 0.01 

3-7.0 42.38 *** -0.01 ** -0.01 – -0.00 

5-8.5 38.23 *** -0.01 -0.01 – 0.00 
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Time had the most evident effects in the temperature variables. Tmin had a 

positive trend reaching higher values in 2100 (Table 3.3, Figure 3.1F), and the coefficients 

were increasingly higher for the more drastic scenarios (SSP1-2.6, β= 0.01, p<0.05; 

SSP2-4.5, β= 0.03, p<0.001; SSP3-7.0, β=0.05, p<0.001; SSP5-8.5, β=0.06, p<0.001). 

Tmax scenarios were also positively progressive in the scenarios of higher greenhouse 

gas emissions (Table 3.3, Figure 3.1E). The maximum temperature of the warmest month 

tended to increase under all projected scenarios (SSP1-2.6, β= 0.01, p<0.05; SSP2-4.5, 

β= 0.02, p<0.001; SSP3-7.0, β=0.04, p<0.001; SSP5-8.5, β=0.06, p<0.001). Isothermality 

trends varied among the scenarios (Table 3.3, Figure 3.1D). However, only the SSP3-7.0 

scenario, where isothermality tends to decrease, had a significant statistical effect 

(β=0.01, p<0.01). 

 

 

Figure 3.1 – Temporal trends for six climate anomalies with potential effects on egg and clutch 

sizes of Tyrannus species in four SSP scenarios (1-2.6, red; 2-4.5, blue; 3-7.0, green; and 5-8.5, 

purple).  

 

Future changes in breeding traits 

 

Kingbirds’ breeding traits decreased in all future scenarios (Table 3.4). For clutch 

size, the coefficient slopes were progressively more negative from the most optimistic to 

the most drastic scenario (Figure 3.2B), reaching the lowest coefficient in the SSP5-8.5 

scenarios  (SSP1-2.6, β= 0.01, p<0.01; SSP2-4.5, β= 0.01, p<0.001; SSP3-7.0, β=0.03, 

p<0.001; SSP5-8.5, β=0.04, p<0.001). Kingbirds’ egg size also tended to decrease in all 
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scenarios, reaching the lowest values in the SSP5-8.5 scenario by 2100 (Figure 3.2A). 

However, unlike clutch size, the intermediate SSP2-4.5 scenario showed the coefficient 

with the slightest slope (SSP1-2.6, β= 0.002, p<0.001; SSP2-4.5, β= 0.0008, p<0.05; 

SSP3-7.0, β=0.0002, p<0.001; SSP5-8.5, β=0.001, p<0.001). 

 

Table 3.4 – Temporal trends of clutch and egg size of Tyrannus analysed by linear models. 

Significant effects are classified by p-value (* p<0.05;   ** p<0.01;   *** p<0.001) 

 Clutch size  Egg size 

SSP 

Scenario 

Intercept 

α 

Estimates 

β 
CI  Intercept 

α 

Estimates  

β 
CI 

1-2.6 18.35 ** -0.01 ** -0.02 – -0.00  0.48 -0.002 *** -0.004 – -0.001 

2-4.5 23.48 *** -0.01 *** -0.02 – -0.01  -1.42 -0.0008 * -0.003 – -0.000 

3-7.0 66.23 *** -0.03 *** -0.04 – -0.03  0.00 -0.0002 *** -0.004 – -0.001 

5-8.5 77.53 *** -0.04 *** -0.04 – -0.03  3.05 * -0.001 *** -0.005 – -0.002 

 

 

 

Figure 3.2 – Temporal trends for egg and clutch sizes between the years 2020 and 2100 in four 

SSP scenarios (1-2.6, red; 2-4.5, blue; 3-7.0, green; and 5-8.5, purple) 

 

3.4. DISCUSSION 

 

We observed time changes in clutch and egg sizes throughout all projected 

scenarios. Regardless of future climate conditions, our models show that the size of 

Kingbird clutches and eggs will decrease significantly and reach the lowest values by 

2100. 
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Tyrannus clutch size decreased progressively from the mildest to the most extreme 

model. The statistical model used for downscaling clutch size of Kingbirds is composed 

of two temperature variables and two precipitation variables. Tyrannus tends to decrease 

clutch size with an increase in the minimum temperature in the year’s coldest month. 

Progressively, as expected, these variables tend to increase by the year 2100. In addition, 

years with more significant temperature variability will also negatively affect clutch size. 

Even though only one scenario for isothermality had a statistically significant negative 

result, this variable has the highest coefficient among the variables for clutch size. 

Therefore, even a minor variation will have an increased effect on this reproductive trait. 

Like Tiso, the Pseas increase scenarios will decrease Tyrannus’ clutch size. Seasonality 

is only one of many explanations for the changes in clutch size among regions (Jetz et al. 

2008, Lundblad & Conway 2021, Stevens 1989). However, our models show the 

opposite, and therefore the more significant climatic variation, the smaller clutch sizes of 

Kingbirds will be. 

Kingbirds’ egg size decreased significantly throughout the years under all 

projected scenarios. The statistical models used for downscaling egg size comprise three 

precipitation variables and one temperature variable, where only Pmin and Pseas had p-

significant coefficients and, therefore, more expressive β-coefficients. Kingbirds tend to 

decrease their eggs in warmer environments and years with warmer temperature 

anomalies in birds (Heming & Marini 2015, Tryjanowski et al. 2004) and other taxa, as 

reef fishes and amphipods (Kokita 2003, Sheader 1996). The egg size projections 

resemble precipitation seasonality models, but in an inversely proportional way (Figures 

3.1C and 3.2A). While Kingbirds tend to lay larger eggs in more climatically stable years, 

what we project in the future scenarios is increased climate variability, especially with 

increased seasonality. Conversely, the strong effect of Pmin indices in egg size will not 

be apparent, as the projections showed no significant change over time for this weather 

variable. Overall, precipitation regimes in future scenarios will be more complex and less 

linear, which may be the result of variation among GCM models. 

Tmax and Tmin increase progressively over the next century, even for the most 

optimistic scenario (Figures 3.1E and 3.1F). General warming scenarios are expected and 

robust and bring the challenge of species that respond directly to environmental 

temperature in their traits (Sauve et al. 2021, Schifferli et al. 2014, Whitfield et al. 2015).  

However, isothermality does not have the same behaviour, and only one scenario showed 
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a statistically significant trend. In this scenario, isothermality tends to decrease, causing 

an increase in annual temperature variation, negatively affecting Kingbird’s clutch size. 

Some predictions include an increase in annual temperature variability in future scenarios, 

with different regional effects, where the most significant reduction in variability is 

expected in winter temperatures at mid and high latitudes (Lee et al. 2021). 

The weather scenarios showed regions that should not face a continuous and 

progressive drought over time but large increasing volumes of concentrated rainfall 

during the wettest time window of the year, as demonstrated by the Pmin and Pmax time 

trend results. However, even with no linear trend, fluctuations can cause stochastic 

drought events (IPCC 2021). Drought affects bird populations by dehydration (Albright 

et al. 2010, Riddell et al. 2021), even in arid regions (Roberts et al. 2021). Rainfall is also 

an essential cue for breeding energetics demands because it increases invertivore food 

(Hau 2001). Hence, food limitation is a crucial factor in the variation of the surviving-

fecundity trade-off (Martin 1995) and tends to explain a relevant part of the variation in 

egg size (Barkowska et al. 2003). These stochastic events can compromise their fitness 

for subsequent breeding seasons, influencing reproductive or survival rates, even if they 

do not have fatal effects on breeding individuals (Marra et al. 2015). The rainfall index 

increases directly with temperatures (Lee et al. 2021). However, the increase will be 

different among regions. Precipitation tends to increase in the extratropical areas (30-90º 

latitude) and decrease in the subtropical regions (Lee et al., 2021), including arid areas. 

Knowledge about how species’ will responding to drought will be essential for 

conservation policies (Cady et al. 2019). 

Our study shows that this increase will be seasonal, in line with the positive trends 

in Pseas over time. Precipitation seasonality is expected to increase in all SSP scenarios 

up to 2100 in high latitudes and humid regions and decrease in arid (subtropical) regions 

(Lee et al. 2021). Moreover, although not captured in our models, cycles of the El Niño 

Southern Oscillation (ENSO) will cause a significant increase in the amplitude of rainfall 

variability over the 21st century in the four SSP scenarios (Lee et al. 2021). ENSO effects 

can already be seen in birds’ reproduction (Englert Duursma et al. 2018) and survival 

(Wolfe et al. 2015). In general, precipitation seems to be a more complex component, 

with temperature as one of its components of variation. Still, its importance in breeding 

traits further reinforces the need to understand its dynamics in future scenarios. 
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The breeding traits studied here will directly reflect the effects of environmental 

conditions on their parents (Krist, 2011), where the possibility of maintainingclutch and 

egg size will be compromised at the cost of physiological conditions (Christians 2002). 

Kingbirds tend to have high nest site fidelity, and this characteristic can be reinforced 

when the environment provides suitable conditions for breeding success in previous years 

(Blancher & Robertson 1985). Then, offspring may experience similar environmental 

conditions as their parents, inflating the trait’s apparent heritability (Christians 2002). A 

search for new areas when previously established ones are of poorer quality or weather 

conditions are unfavourable (Cady et al. 2019) is a mechanism that can be compromised 

in future scenarios where there are predicted changes in suitable habitats for the species 

(Marini et al. 2009). 

Genetically-determined reproductive characteristics will suffer less interference 

in more favourable environments and conditions (Sauve et al. 2021). However, species 

with higher survival rates have lower reproductive rates under adverse conditions (Martin 

& Mouton 2020), prioritising their survival. Clutch size is directly related to the number 

of fledglings, meaning that population density may decrease in unfavourable scenarios 

for large clutches (Selonen et al. 2021). Additionally, Tyrannus does not show a 

correlation between egg and clutch size, as already examined for most species (Christians 

2002, Sakai 2021). Therefore an increase in egg size is not expected as a trade-off to 

increase chicks’ survival probability. Since larger eggs give rise to higher fitness 

organisms (Krist 2011) and larger clutches increase reproductive rates, smaller chicks 

from smaller clutches (Sakai 2021), can result a relevant stress on reproduction (Delgado 

et al. 2021). 

In summary, this study reinforces the probability of adverse effects of climate 

change on bird traits,  a projected decrease of clutch and egg sizes. The climate scenarios 

presented here show adverse conditions for reproduction, mainly due to increasing 

temperatures and climate variability. Despite the increased complexity in the construction 

of projections, the models obtained in GCMs assembled and interpolated still need 

caution due to the complexity of climate models and can still be biased in some points 

(Yue et al. 2021). On the other hand, we reinforce that this work was designed using only 

ornithological databases and collections, building a unique, robust dataset that empirical 

results are unlikely to achieve. Ornithological collections can provide robust information 

on species’ life history traits and their sensitivity to climate variables, which allows for 
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assessing the effects of environmental changes on these traits (Marini et al. 2020, Møller 

& Hochachka 2019). Finding the impact of climate change only reinforces the need for 

urgent changes in climate change policies, either for populations or species. The inertia 

in these policies stresses, even more, the problems described above, with consequences 

for human populations and ecosystems in general (Diffenbaugh & Field 2013, Walther et 

al. 2002).  
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CONCLUSÃO GERAL 

 

 Testamos se (e como) o tamanho das ninhadas e ovos das espécies do gênero 

Tyrannus variam em função de variáveis climáticas, em dimensões espaciais e temporais. 

Para responder essa pergunta recorremos às coleções ornitológicas dispersas pelo mundo, 

uma fonte de dados ainda pouco explorada e que nos permitiu checar a integridade de 

cada ninhada e ovo disponível. Ao final, reunimos informações de 9.529 ovos de 2.931 

ninhadas. Desse conjunto, fotografamos 1.657 ninhadas, das quais 4.750 ovos foram 

medidos individualmente. Identificamos e removemos, sempre que possível, as variações 

residuais causadas pelas diferenças entre populações, espécies e os padrões espaciais e 

temporais nas características reprodutivas. Bancos de dados climáticos e meteorológicos 

de alta qualidade nos permitiram obter informações regionais e temporais para o passado, 

e projeções de cenários climáticos futuros. Conseguimos assim reunir um banco de dados 

reprodutivo/climático singular e robusto que nos permitiu responder três de várias 

perguntas possíveis de se fazer com essa informação. 

No primeiro capítulo analisamos os padrões geoclimáticos das características 

reprodutivas do gênero Tyrannus, com objetivo de compreender melhor a variação 

espacial do tamanho de ninhadas e ovos. Encontramos resultados que correspondem a 

padrões debatidos a décadas por ecólogos, como o aumento do tamanho das ninhadas em 

função da latitude. As ninhadas e ovos das espécies de Tyrannus aumentam em função da 

latitude, mas também respondem aos padrões de temperatura e precipitação 

característicos de altas latitudes. Então, no nosso ponto de vista, parte da variação 

latitudinal no tamanho das ninhadas e ovos ocorre em função do clima. 

No segundo capítulo avaliamos o efeito da variação interanual das condições 

climáticas nas características reprodutivas, assumindo que as espécies de Tyrannus são 

adaptadas ao clima do seu local de reprodução, e a variação entre anos afetaria esses 

atributos. Como muitas ninhadas foram coletadas antes de 1900, e como os dados 

meteorológicos não estão disponíveis para o período anterior ao século 20, nosso conjunto 

de dados foi menor para o Capítulo 2. Ainda com um conjunto de dados robusto, 

composto por 1.156 ninhadas e 4.097 ovos, conseguimos observar que o tamanho das 

ninhadas e ovos das espécies de Tyrannus variam entre anos, principalmente em função 

das condições climáticas a longo prazo. A variação das características reprodutivas pode 

ocorrer em função das condições climáticas através de respostas plásticas das espécies, 
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sem que haja efeitos mais drásticos. No entanto é preciso maior conhecimento sobre o 

limite fisiológico das espécies frente às variações do clima, bem como qual o limite 

fisiológico mínimo para que o tamanho dos ovos dê origem a filhotes viáveis. A resolução 

mensal para dados meteorológicos não foi uma barreira para encontrarmos relações gerais 

entre as condições climáticas e a variação nas características reprodutivas das espécies de 

Tyrannus, mas o aumento da resolução, com a disponibilidade de dados diários, poderá 

permitir  uma perspectiva mais refinada sobre a relação dos organismos com o clima. 

No terceiro capítulo, nos baseamos na sensibilidade à variação das condições 

climáticas das espécies, analisada no Capítulo 2, para avaliar os impactos das condições 

climáticas futuras. Em quatro cenários de mudanças climáticas (cenários SSP), as 

condições climáticas terão impacto negativo no tamanho de ovos e ninhadas das espécies 

de Tyrannus. Ovos maiores não só dão origem a filhotes maiores, mas também com mais 

chances de sobrevivência, enquanto ninhadas maiores aumentam a probabilidade de 

sucesso reprodutivo. Além disso, projeções têm sido feitas usando algoritmos e machine 

learning, para avaliar as mudanças na distribuição das espécies. Embora não estejam 

voltadas para as variações de características reprodutivas, as mudanças no habitat terão 

efeitos sobre a reprodução de Tyrannus, principalmente por se tratar de um grupo com 

alta fidelidade ao sítio de reprodução, características que permite transmitir padrões 

reprodutivos entre as gerações. As condições e as características do ambiente em que o 

organismo se encontra refletem em sua reprodução, e uma mudança forçada, em um 

intervalo muito menor do que a seleção natural atua, terá potencial de afetar 

negativamente a estrutura das populações. 

Muito tem se discutido sobre o potencial efeito das mudanças climáticas sobre as 

espécies e ecossistemas, além da economia, saúde e bem-estar da população humana. No 

entanto, muitas discussões deveriam dar espaço a políticas concretas para um caminho de 

retorno. É esperado que mudanças na evolução das mudanças climáticas sejam sentidas 

com um atraso de no mínimo 20 anos após a redução das emissões de gases estufa. Essa 

contagem regressiva, no entanto, só começará a partir de ações efetivas. 

De forma geral Tyrannus tendem a responder a variáveis de temperatura e 

precipitação. Quanto aos índices de temperatura, é importante ressaltar que Tyrannus 

coloca ovos maiores em climas e sub-climas de invernos frios, regiões e locais com 

temperaturas mais baixas e em anos que as temperaturas próximas à reprodução são 

menores. Nesta perspectiva, mesmo sem abordar as demais variáveis, é factível esperar 
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que o aumento das temperaturas causadas pelas mudanças climáticas afetaria 

negativamente o tamanho dos ovos a curto e longo prazo.  

Cada uma das variáveis que afetam as características reprodutivas aqui 

encontradas, compõe a reposta para a principal pergunta desse trabalho final de 

doutorado. Ao final deste trabalho, portanto, eu concluo que os resultados obtidos nesses 

três capítulos corroboram minha tese de que “o tamanho dos ovos e ninhadas das espécies 

do gênero Tyrannus variam em função das condições climáticas no espaço e tempo”. 
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MATERIAL SUPLEMENTAR (FIGURAS) 

 

 

Figura S1 - Distribuição dos registros de reprodução coletados de 13 espécies do gênero 

Tyrannus (T. albogularis; T. caudifasciatus; T. couchii; T. crassirostris; T. cubensis; T. 

dominicensis; T. forficatus; T. melancholicus; T. niveigularis; T. savana; T. tyrannus; T. 

verticalis; e T. vociferans). Com cores e formas diferentes por espécie, os pontos mostram os 

locais onde as ninhadas foram coletadas.  
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Figura S2 - Distribuição dos registros de reprodução coletados de oito espécies do gênero 

Tyrannus analisados no capítulo 1 (T. couchii; T. dominicensis; T. forficatus; T. 

melancholicus; T. savana; T. tyrannus; T. verticalis; e T. vociferans). Com cores e formas 

diferentes por espécie, os pontos mostram os locais onde as ninhadas foram coletadas.  
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Figura S3 - Distribuição dos registros de reprodução coletados de oito espécies do gênero 

Tyrannus analisados nos capítulos 2 e 3 (T. couchii; T. dominicensis; T. forficatus; T. 

melancholicus; T. savana; T. tyrannus; T. verticalis; e T. vociferans). Com cores e formas 

diferentes por espécie, os pontos mostram os locais onde as ninhadas foram coletadas. 
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Figura S4 - Análises de correlação (-1, 1) entre anomalias de variáveis meteorológicas. 

 

.  
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Figura S5 - Processo de obtenção de registros fotográficos de ninhadas de aves em coleções de 

ovos. A) Smithsonian National Museum of Natural History (Washington DC/EUA); B) American 

Museum of Natural History (Nova Iorque/EUA); C) Harvard Museum of Comparative Zoology 

(Cambridge/EUA); D) Museo Argentino de Ciencias Naturales (Buenos Aires/Argentina); E) 

Western Foundation of Vertebrate Zoology (Camarillo/EUA); F) Natural History Museum 

(Tring/Inglaterra); e G) Museum d'Histoire naturelle (Genebra/Suíça). 
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Figura S6 – Processo de extração digital das medidas dos ovos utilizando o software ImageJ, 

seguindo a metodologia de Troscianko (2014): 1) Definição de pontos nas extremidades 

principais; 2) Visualização e reajuste da circunferência do ovo gerado; 3) Ajuste da escala; e 4) 

Dimensões calculadas. 
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Figura S7 - Distribuição das espécies do gênero Tyrannus e seus registros reprodutivos 

obtidos em coleções de museus. Região em azul representa sua área de invernada e a região em 

verde sua área reprodutiva. Pontos vermelhos mostram as localizações dos dados reprodutivos 

obtidos. A) T. albogularis; B) T. caudifasciatus; C) T. crassirostris; D) T. couchii. 
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Figura S8 – Distribuição das espécies do gênero Tyrannus e seus registros reprodutivos 

obtidos em coleções de museus. Região em azul representa sua área de invernada e a região em 

verde sua área reprodutiva. Pontos vermelhos mostram as localizações dos dados reprodutivos 

obtidos. A) T. cubensis; B) T. dominicensis; C) T. forficatus; D) T. melancholicus. 
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Figura S9 – Distribuição das espécies do gênero Tyrannus e seus registros reprodutivos obtidos 

em coleções de museus. Região em azul representa sua área de invernada e a região em verde 

sua área reprodutiva. Pontos vermelhos mostram as localizações dos dados reprodutivos obtidos. 

A) T. niveigularis; B) T. savana; C) T. tyrannus e D) T. verticalis. 
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Figura S10 - Distribuição das espécies do gênero Tyrannus e seus registros reprodutivos 

obtidos em coleções de museus. Região em azul representa sua área de invernada e a região em 

verde sua área reprodutiva. Pontos vermelhos mostram as localizações dos dados reprodutivos 

de T. vociferans. 
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MATERIAL SUPLEMENTAR (TABELAS) 

 

Tabela S1 – Conjunto de dados de ninhadas e ovos de 13 espécies de do gênero Tyrannus. As ninhadas foram fotografadas em 23 coleções de ovos na América 

do Sul, nos EUA e na Europa. O número fora dos parênteses refere-se às ninhadas, enquanto o valor dentro dos parênteses refere-se ao número de ovos. 
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AMNH - New York 12 (41) 34 (109) 5 (21) 4 (11)    3 (10)      58 (192) 

CAS - San Francisco 
   1 (4)    1 (3)      2 (7) 

COMB - Brasília 
   17 (28)    13 (25) 2 (4)     32 (57) 

DMNH - Delaware 20 (78) 46 (138)  23 (64)    27 (86)      116 (366) 

IAvH - Villa de Leyva 3 (9) 1 (4) 1 (5) 2 (4) 1 (5) 7 (28)  1 (3)      16 (58) 

MACN - Buenos Aires 
   2 (6)  1 (4)  8 (25)      11 (35) 

MCZ - Harvard 12 (49) 7 (20) 1 (4) 1 (2)  8 (27)  2 (8)  1 (2)    32 (112) 

MLP - La Plata 
   1 (2)    3 (9)      4 (11) 

MLUH - Halle 
 4 (8)  8 (22)    4 (10)   1 (1)   17 (41) 

MN - Rio de Janeiro 
   8 (23) 1 (5) 1 (3)  12 (36)      22 (67) 

MPEG - Belém 
   1 (1)          1 (1) 

MVZ - Berkeley 
  1 (1) 2 (2)    2 (5)      5 (8) 

MZUSP - São Paulo 1 (4)   4 (14)  1 (3)  1 (3)      7 (24) 

NBCN - Leiden 
 3 (7)  5 (15)          8 (22) 

NHM - Tring 7 (24) 7 (14) 2 (7) 33 (79) 4 (16) 14 (46)  12 (40)  2 (8) 2 (3) 1 (2)  84 (239) 
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NMBE - Berna 
   6 (16)          6 (16) 

NMS - Edinburgh 
 1 (3)  2 (5)    6 (16)      9 (24) 

NMW - Viena 
  1 (3) 1 (4) 1 (5) 2 (6)  1 (3)      6 (21) 

SBCM - San Bernardino 
 1 (2)  20 (53)   1 (4)       22 (59) 

UFRRJ - Rio de Janeiro 
   1 (3)    1 (3)      2 (6) 

USNM - Washington 19 (68) 26 (72) 16 (53) 11 (36) 2 (10) 4 (15)  4 (12)  3 (9)    85 (275) 

WFVZ - Camarillo 
186 

(787) 

109 

(361) 
90 (366) 39 (118) 

125 

(561) 

147 

(532) 
60 (218) 36 (112)   3 (9) 4 (17) 1 (2) 800 (3083) 

ZMB - Berlin 
 5 (10)  1 (2)    1 (1)  3 (7) 2 (4) 1 (2)  13 (26) 

Total by species 

260 

(1060) 

244 

(748) 

117 

(460) 

193 

(514) 

134 

(602) 

185 

(664) 
61 (222) 

138 

(410) 
2 (4) 9 (26) 8 (17) 6 (21) 1 (2) 

1358 

(4750) 
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Tabela S2 - Descrição das características de reprodução das 13 espécies de Tyrannus. A tabela mostra o tamanho médio da ninhada e do ovo, o desvio padrão, 

o intervalo e o número da amostra entre parênteses. 

Species Clutch size Clutch size range Egg size Egg size range (mm3) 

T. albogularis 2 2 (2) 3522.5 ± 435.77 3140-3980, (4) 

T. caudifasciatus 4 4 (1) 4631.14 ± 185.12 4356.55-4760.02, (4) 

T. couchii 3.58 ± 0.6 3-5 (55) 4186.37 ± 355.38 3227.2-5281.53, (196) 

T. crassirostris 4.25 ± 0.96 3-5 (4) 4545.88 ± 403.51 3514.43-5260, (17) 

T. cubensis 3 3 (1) 5565 ± 21.21 5550-5580, (2) 

T. dominicensis 3.17 ± 0.62 2-5 (212) 4470.08 ± 358.12 3413.45-5711.94, (665) 

T. forficatus 4.59 ± 0.69 2-6 (123) 3337.61 ± 292.82 2434.46-4472.76, (554) 

T. melancholicus 2.65 ± 0.65 2-4 (158) 3874.83 ± 387.74 2770-5199.03, (398) 

T. niveigularis 3 ± 1 2-4 (3) 3733.33 ± 164.16 3490-3940, (9) 

T. savana 3.13 ± 0.71 2-5 (129) 2933.71 ± 288.05 2233.46-3827.19, (393) 

T. tyrannus 3.68 ± 0.69 2-6 (159) 3853.3 ± 377.41 2245.13-5140, (573) 

T. verticalis 4.27 ± 0.71 2-6 (215) 3703.83 ± 322.52 2465.92-4925.18, (902) 

T. vociferans 4.07 ± 0.74 3-6 (94) 3699.06 ± 319.38 2891.56-4823.67, (380) 
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Tabela S3 – Climas de acordo com Köppen-Geiger e suas descrições de temperatura e precipitação para os quais as respectivas espécies de Tyrannus foram 

registradas. O tamanho da amostra de ninhadas e ovos é mostrado para cada clima principal e subclima para cada espécie. Fonte: Adaptado de Kottek et al. 

(2006). 

 

Main climate 

Main 

climate 

sample 

Sub-climate 
Sub-climate 

sample 
Species 

A 

Equatorial climates 

(Tmin ≥+18 ◦C) 

  

309 (838) 

Af 

Rainforest, fully humid 

Pmin ≥ 60 mm 

31 (74) 
Tyrannus dominicensis (12[27]), Tyrannus melancholicus (12[30]), Tyrannus 

niveigularis (3[5]), Tyrannus savana (4[12]) 

Am 

Monsoon 

Pann ≥ 25(100−Pmin) 

48 (129) 

Tyrannus caudifasciatus (4[12]), Tyrannus couchii (4[14]), Tyrannus cubensis 

(1[2]), Tyrannus dominicensis (8[23]), Tyrannus melancholicus (29[71]), 

Tyrannus savana (2[7]) 

As 

Savannah, with dry summer  

Pmin < 60 mm in summer 

9 (31) Tyrannus crassirostris (2[4]), Tyrannus melancholicus (7[27]) 

Aw 

Savannah, with dry winter  

Pmin < 60 mm in winter 

221 (604) 

Tyrannus albogularis (2[4]), Tyrannus caudifasciatus (5[14]), Tyrannus couchii 

(30[106]), Tyrannus dominicensis (42[105]), Tyrannus forficatus (1[5]), Tyrannus 

melancholicus (71[181]), Tyrannus niveigularis (4[9]), Tyrannus savana 

(66[180]) 

B 

Arid climates 

(Pann < 10 Pth) 

246 (945) 

BSh 

Steppe climate 

Pann > 5 Pth 

Hot Tann ≥+18 ◦C 

79 (291) 

Tyrannus couchii (9[35]), Tyrannus crassirostris (2[8]), Tyrannus melancholicus 

(13[33]), Tyrannus savana (3[8]), Tyrannus verticalis (32[128]), Tyrannus 

vociferans (20[79]) 

BSk 

Steppe climate Pann > 5 Pth 

Cold Tann <+18 ◦C 

144 (568) 

Tyrannus crassirostris (1[5]), Tyrannus forficatus (5[23]), Tyrannus 

melancholicus (4[16]), Tyrannus savana (2[5]), Tyrannus tyrannus (10[36]), 

Tyrannus verticalis (77[303]), Tyrannus vociferans (45[180]) 

BWh 

Desert climate 

Pann ≤ 5 Pth 

Hot Tann ≥+18 ◦C 

14 (53) 
Tyrannus melancholicus (7[22]), Tyrannus niveigularis (1[3]), Tyrannus 

verticalis (5[24]), Tyrannus vociferans (1[4]) 

BWk 

Desert climate 

Pann ≤ 5 Pth 

Cold Tann <+18 ◦C 

9 (33) Tyrannus verticalis (4[16]), Tyrannus vociferans (5[17]) 
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C 

Warm temperate climate 

(-3 ◦C < Tmin <+18 ◦C) 

717 

(2649) 

Cfa  

Fully humid 

neither Cs nor Cw 

Hot summer 

Tmax ≥+22 ◦C  

518 (1882) 

Tyrannus couchii (15[56]), Tyrannus dominicensis (182[593]), Tyrannus 

forficatus (128[574]), Tyrannus melancholicus (34[89]), Tyrannus savana 

(44[144]), Tyrannus tyrannus (100[356]), Tyrannus verticalis (14[65]), Tyrannus 

vociferans (1[5]) 

Cfb  

Fully humid 

neither Cs nor Cw 

Warm summer 

not (a) and at least 4 Tmon ≥+10 ◦C 

10 (32) 
Tyrannus melancholicus (2[5]), Tyrannus savana (1[2]), Tyrannus tyrannus 

(5[18]), Tyrannus verticalis (1[3]), Tyrannus vociferans (1[4]) 

Csa  

Dry summer 

Psmin < Pwmin, Pwmax > 3 Psmin and 

Psmin < 40 mm 

Hot summer 

Tmax ≥+22 ◦C  

75 (306) 
Tyrannus crassirostris (1[4]), Tyrannus verticalis (58[241]), Tyrannus vociferans 

(16[61]) 

Csb 

Dry summer 

Psmin < Pwmin, Pwmax > 3 Psmin and 

Psmin < 40 mm 

Warm summer 

not (a) and at least 4 Tmon ≥+10 ◦C 

82 (329) 
Tyrannus tyrannus (1[4]), Tyrannus verticalis (53[215]), Tyrannus vociferans 

(28[110]) 

Cwa 

Dry winter 

Pwmin < Psmin and Psmax > 10 Pwmin 

Hot summer 

Tmax ≥+22 ◦C 

29 (89) 
Tyrannus couchii (3[11]), Tyrannus melancholicus (12[33]), Tyrannus savana 

(14[45]) 

Cwb 

Dry winter 

Pwmin < Psmin and Psmax > 10 Pwmin 

Warm summer 

not (a) and at least 4 Tmon ≥+10 ◦C 

3 (11) Tyrannus melancholicus (2[7]), Tyrannus verticalis (1[4]) 

D 

Snow climates 

(Tmin ≤-3 ◦C) 

84 (311) 

Dfa 

Fully humid 

Neither Ds (Psmin < Pwmin, Pwmax > 3 

Psmin and Psmin < 40 mm) nor Dw (Pwmin 

< Psmin and Psmax > 10 Pwmin) 

Hot summer 

Tmax ≥+22 ◦C 

21 (71) Tyrannus tyrannus (18[62]), Tyrannus verticalis (3[9]) 

Dfb 

Fully humid 
57 (219) Tyrannus tyrannus (48[178]), Tyrannus verticalis (9[41]) 
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Neither Ds (Psmin < Pwmin, Pwmax > 3 

Psmin and Psmin < 40 mm) nor Dw (Pwmin 

< Psmin and Psmax > 10 Pwmin) 

Warm summer 

not (a) and at least 4 Tmon ≥+10 ◦C  
Dfc 

Fully humid 

Neither Ds (Psmin < Pwmin, Pwmax > 3 

Psmin and Psmin < 40 mm) nor Dw (Pwmin 

< Psmin and Psmax > 10 Pwmin) 

Cool summer and cold winter 

not (b) and Tmin >−38 ◦C  

6 (21) Tyrannus tyrannus (3[10]), Tyrannus verticalis (3[11]) 
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Tabela S4 - Descrição das variáveis do local de reprodução usadas como preditores para analisar a relação entre as características reprodutivas (tamanho 

dos ovos e da ninhada) de espécies de aves do gênero Tyrannus com condições climáticas de longo e curto prazo. 

 Variável Descrição Justificativa 

Ja
n

el
a 

d
e 

lo
n

g
o

 p
ra

zo
 

Anom.Tmax Temperatura máxima do mês mais quente (ºC) 
A temperatura média máxima extrema registrada para o local de reprodução no mês mais 

quente determina o quanto as temperaturas aumentaram. 

Anom.Tmin Temperatura mínima do mês mais frio (ºC) 
A temperatura mínima média registrada para o local de reprodução no mês mais frio 

determina a severidade das condições de inverno. 

Anom.Tiso 
Isotermalidade (média da temperatura 

mensal/intervalo anual de temperatura) *100) 

Grau de variação da temperatura durante o ano anterior à data de postura. Quanto maior a 

isotermalidade, menor a variação de temperatura. 

Anom.Pseas Sazonalidade da precipitação 

Quanta chuva foi distribuída um ano antes da data de postura. Quanto maior for a 

sazonalidade da precipitação, maior será a probabilidade de períodos de seca e de chuvas 

concentradas nos períodos. 

Anom.Pmin Precipitação do mês mais seco (mm³) Precipitação acumulada registrada para o mês mais seco do ano antes da postura. 

Anom.Pmax Precipitação do mês mais úmido Precipitação acumulada que foi registrada no mês mais chuvoso do ano anterior à postura. 
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a 

d
e 

cu
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o
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 Anom.Tmxm1 
Temperatura máxima do mês anterior à postura 

(ºC) 
A média das temperaturas mais altas registradas pelos indivíduos no mês anterior à postura. 

Anom.Tmx.m Temperatura máxima do mês de postura (ºC) A média das temperaturas mais altas que os indivíduos experimentaram no mês de postura. 

Anom.Tmnm1 
A temperatura mínima do mês anterior à 

postura (ºC) 

A média das temperaturas mais baixas que os indivíduos experimentaram no mês anterior à 

postura. 

Anom.Tmn.m A temperatura mínima do mês de postura (ºC) A média das temperaturas mais baixas assistida pelos indivíduos no mês de postura. 

Anom.Pr.m1 Precipitação do mês anterior à postura (mm³) Precipitação acumulada assistida pelos indivíduos no mês anterior à postura. 

Anom.Pre.m Precipitação do mês de postura (mm³) Precipitação acumulada assistida pelos indivíduos no mês de postura. 
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