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Introduction 
 
In this thesis, I aimed to investigate how the stochastic environment influences temporal variation 
in nest success, and whether Red-capped larks adjust their phenotype through behavioral space use 
and physiological adjustments of body mass and immune function to adapt to the stochastic 
environment. I also tested whether variation in body mass and immune function followed the 
historical seasonal or a stochastic pattern reminiscent of current environmental variation. In this 
last chapter, starting with section 6.1, I revisit the uniqueness of the tropical system by highlighting 
the diversity encompassed by the occurrence of breeding. The aim of this section is to highlight 
why the near-equatorial tropical system is suited to tease apart the effects of social-environmental 
factors and life history stage in influencing nest survival, behavioral and physiological changes in 
birds. This is followed by section 6.2 that covers a chapter by chapter recap of the main results. In 
section 6.3, I integrate and synthesize the findings reported in this thesis in relation to other studies 
and the contribution this thesis makes to the understanding of near-equatorial tropical systems. 
Specifically, I start by examining the role of food and depredation, the two most advanced factors 
in determining nest survival in tropical systems. I then evaluate the role of social-environmental 
factors versus life history stages in influencing behavioral and physiological adjustments of Red-
capped larks. I end this section by evaluating whether phenotypic adjustments by Red-capped larks 
are resultant of a mismatch due to evolutionary adaptation or fixed genetic control to a seasonal 
environment or alternatively, a match to the current stochastic environment through phenotypic 
plasticity. Finally, the last section includes potential questions identified during my study to further 
our understanding of stochastic near-equatorial tropical environments.  
 
Tropical near-equatorial environments as model systems to decouple the influence of social-
environmental factors and life history stage on nest survival and phenotypic adjustments  
Skutch (1949, 1966) and Moreau (1950) observed that contrary to seasonal breeding in temperate 
zones, nesting in tropical birds occurred throughout the year. However, subsequent studies in near-
equatorial regions have shown both year-round (Perfito et al. 2007, Ndithia et al. 2017a) and 
seasonal breeding (Brown and Britton 1980, Wikelski et al. 2000, 2003), with diverse complexity 
such as seasonal and year-round breeding within the same areas (Chapman 1995), opportunistic 
breeding characterized by year-to-year variation (Hau et al. 2004, Perfito et al. 2007) and differing 
breeding schedules in conspecific populations in nearby areas (Brown and Britton 1980) or even 
for closely related species occupying the same areas (Ndithia et al. unpublished data). The diversity 
revealed in occurrence of breeding in these near equatorial tropical zones show no clear association 
between social-environmental factors and reproductive timing. Insights into nesting success at 
different times of the year and/or under different environmental conditions may help understand 
the causes and consequences of breeding at different times, by shifting the focus from the number 
of breeding birds to the success of their nests. Additionally, in these stochastic and unpredictable 
near equatorial habitats, organisms cannot anticipate change in social-environmental factors 
making these areas ideal model systems to study behavioral and physiological adaptations to 
different social-environments factors (Hau et al. 2004).  

In this thesis, I exploit the variable occurrence of breeding and the unpredictable nature of 
equatorial tropical systems to investigate if/how nest survival varies and to understand the 
behavioral and physiological adjustments of resident birds faced with changing social-
environmental factors. Specifically, building on the results by Ndithia et al. (2017) that showed 
neither current weather conditions nor food availability could explain timing of breeding in the 

 
 

 
 

year-round breeding Red-capped lark, I aimed to investigate how nesting success varied with time 
and social-environmental conditions and how the Red-capped larks adjust their behavior and 
physiology to cope with the unpredictable environment. Given that equatorial East Africa was 
historically considered seasonal, I also investigated whether the discrepancy between the timing 
of breeding and current environmental conditions could be indicative of a mismatch between the 
phenotype and the environmental conditions. 
 
 
Coping with uncertainty: A summary of the main findings 
 
Variation in Red-capped lark nest survival with social-environmental factors shows evidence 
of incidental nest predation  
To better understand the variable breeding schedules in tropical areas and provide more insights 
by shifting the focus from the more studied question of timing of breeding (Wikelski et al. 2003, 
Hau et al. 2004, Ndithia et al. 2017a) to the success of their nests, in chapter 2, we exploited the 
opportunity to tease apart the associations of population-level breeding activity and environmental 
conditions with the nesting success of year-round breeding Red-capped lark. In this chapter, we 
show that despite breeding year-round, nesting success is not consistent but rather varies in an 
inconsistent fashion both among months and years. Birds breeding when most conspecifics are 
also breeding have a higher nesting success than their counterparts breeding when nesting intensity 
is low. Adding to the unexpected result by Ndithia et al. (2017) where timing of breeding is not 
related to food availability and weather conditions, in our study increased food availability did not 
correlate with increased nest survival and neither did increased rain which is usually associated 
with increased environmental productivity. On the contrary, increased rain and flying invertebrates 
decreased nest survival. In addition to the convincing results that nest predation was the single 
most significant cause of nest failure, the negative correlation of nest success with flying 
invertebrates and rainfall pointed to incidental depredation. Incidental depredation occurs when 
nest contents are depredated as a secondary prey encountered by predators searching for a different 
primary prey (Vickery et al. 1992). Presumably these incidental nest predators were more abundant 
or active with more rain and flying invertebrates.  
 
Individual Red-capped larks exploit large home-ranges while space use changed with 
intensity of nesting  
In chapter 3, we aimed to understand year-round variation in home range size in the context of the 
highly aseasonal and unpredictable variation in weather and food resources, typical of many 
equatorial habitats. Consistent with our results in chapter 2, in chapter 3 we did not find evidence 
that food availability influenced space use and home range of Red-capped larks. Instead, intensity 
of nesting (nest index) was the main factor influencing the home range of Red-capped larks, which 
applied to both the combined composite home ranges of breeding and non-breeding birds and to 
the home ranges of non-breeding birds only. Red-capped larks differed in social organization 
between breeding and non breeding individuals through fusion of pairs to large groups when not 
in breeding and fission during breeding. In addition to the social organization change, Red-capped 
larks had larger home ranges in comparison to other phylogenetically related (Garza et al. 2005), 
and similar sized tropical and neotropical species (Newmark et al. 2010). The larger home ranges 
pointed to either a behavioral adjustment in response to spatial and/or temporal resource variation 
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In this thesis, I aimed to investigate how the stochastic environment influences temporal variation 
in nest success, and whether Red-capped larks adjust their phenotype through behavioral space use 
and physiological adjustments of body mass and immune function to adapt to the stochastic 
environment. I also tested whether variation in body mass and immune function followed the 
historical seasonal or a stochastic pattern reminiscent of current environmental variation. In this 
last chapter, starting with section 6.1, I revisit the uniqueness of the tropical system by highlighting 
the diversity encompassed by the occurrence of breeding. The aim of this section is to highlight 
why the near-equatorial tropical system is suited to tease apart the effects of social-environmental 
factors and life history stage in influencing nest survival, behavioral and physiological changes in 
birds. This is followed by section 6.2 that covers a chapter by chapter recap of the main results. In 
section 6.3, I integrate and synthesize the findings reported in this thesis in relation to other studies 
and the contribution this thesis makes to the understanding of near-equatorial tropical systems. 
Specifically, I start by examining the role of food and depredation, the two most advanced factors 
in determining nest survival in tropical systems. I then evaluate the role of social-environmental 
factors versus life history stages in influencing behavioral and physiological adjustments of Red-
capped larks. I end this section by evaluating whether phenotypic adjustments by Red-capped larks 
are resultant of a mismatch due to evolutionary adaptation or fixed genetic control to a seasonal 
environment or alternatively, a match to the current stochastic environment through phenotypic 
plasticity. Finally, the last section includes potential questions identified during my study to further 
our understanding of stochastic near-equatorial tropical environments.  
 
Tropical near-equatorial environments as model systems to decouple the influence of social-
environmental factors and life history stage on nest survival and phenotypic adjustments  
Skutch (1949, 1966) and Moreau (1950) observed that contrary to seasonal breeding in temperate 
zones, nesting in tropical birds occurred throughout the year. However, subsequent studies in near-
equatorial regions have shown both year-round (Perfito et al. 2007, Ndithia et al. 2017a) and 
seasonal breeding (Brown and Britton 1980, Wikelski et al. 2000, 2003), with diverse complexity 
such as seasonal and year-round breeding within the same areas (Chapman 1995), opportunistic 
breeding characterized by year-to-year variation (Hau et al. 2004, Perfito et al. 2007) and differing 
breeding schedules in conspecific populations in nearby areas (Brown and Britton 1980) or even 
for closely related species occupying the same areas (Ndithia et al. unpublished data). The diversity 
revealed in occurrence of breeding in these near equatorial tropical zones show no clear association 
between social-environmental factors and reproductive timing. Insights into nesting success at 
different times of the year and/or under different environmental conditions may help understand 
the causes and consequences of breeding at different times, by shifting the focus from the number 
of breeding birds to the success of their nests. Additionally, in these stochastic and unpredictable 
near equatorial habitats, organisms cannot anticipate change in social-environmental factors 
making these areas ideal model systems to study behavioral and physiological adaptations to 
different social-environments factors (Hau et al. 2004).  

In this thesis, I exploit the variable occurrence of breeding and the unpredictable nature of 
equatorial tropical systems to investigate if/how nest survival varies and to understand the 
behavioral and physiological adjustments of resident birds faced with changing social-
environmental factors. Specifically, building on the results by Ndithia et al. (2017) that showed 
neither current weather conditions nor food availability could explain timing of breeding in the 

 
 

 
 

year-round breeding Red-capped lark, I aimed to investigate how nesting success varied with time 
and social-environmental conditions and how the Red-capped larks adjust their behavior and 
physiology to cope with the unpredictable environment. Given that equatorial East Africa was 
historically considered seasonal, I also investigated whether the discrepancy between the timing 
of breeding and current environmental conditions could be indicative of a mismatch between the 
phenotype and the environmental conditions. 
 
 
Coping with uncertainty: A summary of the main findings 
 
Variation in Red-capped lark nest survival with social-environmental factors shows evidence 
of incidental nest predation  
To better understand the variable breeding schedules in tropical areas and provide more insights 
by shifting the focus from the more studied question of timing of breeding (Wikelski et al. 2003, 
Hau et al. 2004, Ndithia et al. 2017a) to the success of their nests, in chapter 2, we exploited the 
opportunity to tease apart the associations of population-level breeding activity and environmental 
conditions with the nesting success of year-round breeding Red-capped lark. In this chapter, we 
show that despite breeding year-round, nesting success is not consistent but rather varies in an 
inconsistent fashion both among months and years. Birds breeding when most conspecifics are 
also breeding have a higher nesting success than their counterparts breeding when nesting intensity 
is low. Adding to the unexpected result by Ndithia et al. (2017) where timing of breeding is not 
related to food availability and weather conditions, in our study increased food availability did not 
correlate with increased nest survival and neither did increased rain which is usually associated 
with increased environmental productivity. On the contrary, increased rain and flying invertebrates 
decreased nest survival. In addition to the convincing results that nest predation was the single 
most significant cause of nest failure, the negative correlation of nest success with flying 
invertebrates and rainfall pointed to incidental depredation. Incidental depredation occurs when 
nest contents are depredated as a secondary prey encountered by predators searching for a different 
primary prey (Vickery et al. 1992). Presumably these incidental nest predators were more abundant 
or active with more rain and flying invertebrates.  
 
Individual Red-capped larks exploit large home-ranges while space use changed with 
intensity of nesting  
In chapter 3, we aimed to understand year-round variation in home range size in the context of the 
highly aseasonal and unpredictable variation in weather and food resources, typical of many 
equatorial habitats. Consistent with our results in chapter 2, in chapter 3 we did not find evidence 
that food availability influenced space use and home range of Red-capped larks. Instead, intensity 
of nesting (nest index) was the main factor influencing the home range of Red-capped larks, which 
applied to both the combined composite home ranges of breeding and non-breeding birds and to 
the home ranges of non-breeding birds only. Red-capped larks differed in social organization 
between breeding and non breeding individuals through fusion of pairs to large groups when not 
in breeding and fission during breeding. In addition to the social organization change, Red-capped 
larks had larger home ranges in comparison to other phylogenetically related (Garza et al. 2005), 
and similar sized tropical and neotropical species (Newmark et al. 2010). The larger home ranges 
pointed to either a behavioral adjustment in response to spatial and/or temporal resource variation 
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historical seasonal or a stochastic pattern reminiscent of current environmental variation. In this 
last chapter, starting with section 6.1, I revisit the uniqueness of the tropical system by highlighting 
the diversity encompassed by the occurrence of breeding. The aim of this section is to highlight 
why the near-equatorial tropical system is suited to tease apart the effects of social-environmental 
factors and life history stage in influencing nest survival, behavioral and physiological changes in 
birds. This is followed by section 6.2 that covers a chapter by chapter recap of the main results. In 
section 6.3, I integrate and synthesize the findings reported in this thesis in relation to other studies 
and the contribution this thesis makes to the understanding of near-equatorial tropical systems. 
Specifically, I start by examining the role of food and depredation, the two most advanced factors 
in determining nest survival in tropical systems. I then evaluate the role of social-environmental 
factors versus life history stages in influencing behavioral and physiological adjustments of Red-
capped larks. I end this section by evaluating whether phenotypic adjustments by Red-capped larks 
are resultant of a mismatch due to evolutionary adaptation or fixed genetic control to a seasonal 
environment or alternatively, a match to the current stochastic environment through phenotypic 
plasticity. Finally, the last section includes potential questions identified during my study to further 
our understanding of stochastic near-equatorial tropical environments.  
 
Tropical near-equatorial environments as model systems to decouple the influence of social-
environmental factors and life history stage on nest survival and phenotypic adjustments  
Skutch (1949, 1966) and Moreau (1950) observed that contrary to seasonal breeding in temperate 
zones, nesting in tropical birds occurred throughout the year. However, subsequent studies in near-
equatorial regions have shown both year-round (Perfito et al. 2007, Ndithia et al. 2017a) and 
seasonal breeding (Brown and Britton 1980, Wikelski et al. 2000, 2003), with diverse complexity 
such as seasonal and year-round breeding within the same areas (Chapman 1995), opportunistic 
breeding characterized by year-to-year variation (Hau et al. 2004, Perfito et al. 2007) and differing 
breeding schedules in conspecific populations in nearby areas (Brown and Britton 1980) or even 
for closely related species occupying the same areas (Ndithia et al. unpublished data). The diversity 
revealed in occurrence of breeding in these near equatorial tropical zones show no clear association 
between social-environmental factors and reproductive timing. Insights into nesting success at 
different times of the year and/or under different environmental conditions may help understand 
the causes and consequences of breeding at different times, by shifting the focus from the number 
of breeding birds to the success of their nests. Additionally, in these stochastic and unpredictable 
near equatorial habitats, organisms cannot anticipate change in social-environmental factors 
making these areas ideal model systems to study behavioral and physiological adaptations to 
different social-environments factors (Hau et al. 2004).  

In this thesis, I exploit the variable occurrence of breeding and the unpredictable nature of 
equatorial tropical systems to investigate if/how nest survival varies and to understand the 
behavioral and physiological adjustments of resident birds faced with changing social-
environmental factors. Specifically, building on the results by Ndithia et al. (2017) that showed 
neither current weather conditions nor food availability could explain timing of breeding in the 

 
 

 
 

year-round breeding Red-capped lark, I aimed to investigate how nesting success varied with time 
and social-environmental conditions and how the Red-capped larks adjust their behavior and 
physiology to cope with the unpredictable environment. Given that equatorial East Africa was 
historically considered seasonal, I also investigated whether the discrepancy between the timing 
of breeding and current environmental conditions could be indicative of a mismatch between the 
phenotype and the environmental conditions. 
 
 
Coping with uncertainty: A summary of the main findings 
 
Variation in Red-capped lark nest survival with social-environmental factors shows evidence 
of incidental nest predation  
To better understand the variable breeding schedules in tropical areas and provide more insights 
by shifting the focus from the more studied question of timing of breeding (Wikelski et al. 2003, 
Hau et al. 2004, Ndithia et al. 2017a) to the success of their nests, in chapter 2, we exploited the 
opportunity to tease apart the associations of population-level breeding activity and environmental 
conditions with the nesting success of year-round breeding Red-capped lark. In this chapter, we 
show that despite breeding year-round, nesting success is not consistent but rather varies in an 
inconsistent fashion both among months and years. Birds breeding when most conspecifics are 
also breeding have a higher nesting success than their counterparts breeding when nesting intensity 
is low. Adding to the unexpected result by Ndithia et al. (2017) where timing of breeding is not 
related to food availability and weather conditions, in our study increased food availability did not 
correlate with increased nest survival and neither did increased rain which is usually associated 
with increased environmental productivity. On the contrary, increased rain and flying invertebrates 
decreased nest survival. In addition to the convincing results that nest predation was the single 
most significant cause of nest failure, the negative correlation of nest success with flying 
invertebrates and rainfall pointed to incidental depredation. Incidental depredation occurs when 
nest contents are depredated as a secondary prey encountered by predators searching for a different 
primary prey (Vickery et al. 1992). Presumably these incidental nest predators were more abundant 
or active with more rain and flying invertebrates.  
 
Individual Red-capped larks exploit large home-ranges while space use changed with 
intensity of nesting  
In chapter 3, we aimed to understand year-round variation in home range size in the context of the 
highly aseasonal and unpredictable variation in weather and food resources, typical of many 
equatorial habitats. Consistent with our results in chapter 2, in chapter 3 we did not find evidence 
that food availability influenced space use and home range of Red-capped larks. Instead, intensity 
of nesting (nest index) was the main factor influencing the home range of Red-capped larks, which 
applied to both the combined composite home ranges of breeding and non-breeding birds and to 
the home ranges of non-breeding birds only. Red-capped larks differed in social organization 
between breeding and non breeding individuals through fusion of pairs to large groups when not 
in breeding and fission during breeding. In addition to the social organization change, Red-capped 
larks had larger home ranges in comparison to other phylogenetically related (Garza et al. 2005), 
and similar sized tropical and neotropical species (Newmark et al. 2010). The larger home ranges 
pointed to either a behavioral adjustment in response to spatial and/or temporal resource variation 
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last chapter, starting with section 6.1, I revisit the uniqueness of the tropical system by highlighting 
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birds. This is followed by section 6.2 that covers a chapter by chapter recap of the main results. In 
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and the contribution this thesis makes to the understanding of near-equatorial tropical systems. 
Specifically, I start by examining the role of food and depredation, the two most advanced factors 
in determining nest survival in tropical systems. I then evaluate the role of social-environmental 
factors versus life history stages in influencing behavioral and physiological adjustments of Red-
capped larks. I end this section by evaluating whether phenotypic adjustments by Red-capped larks 
are resultant of a mismatch due to evolutionary adaptation or fixed genetic control to a seasonal 
environment or alternatively, a match to the current stochastic environment through phenotypic 
plasticity. Finally, the last section includes potential questions identified during my study to further 
our understanding of stochastic near-equatorial tropical environments.  
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Skutch (1949, 1966) and Moreau (1950) observed that contrary to seasonal breeding in temperate 
zones, nesting in tropical birds occurred throughout the year. However, subsequent studies in near-
equatorial regions have shown both year-round (Perfito et al. 2007, Ndithia et al. 2017a) and 
seasonal breeding (Brown and Britton 1980, Wikelski et al. 2000, 2003), with diverse complexity 
such as seasonal and year-round breeding within the same areas (Chapman 1995), opportunistic 
breeding characterized by year-to-year variation (Hau et al. 2004, Perfito et al. 2007) and differing 
breeding schedules in conspecific populations in nearby areas (Brown and Britton 1980) or even 
for closely related species occupying the same areas (Ndithia et al. unpublished data). The diversity 
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the causes and consequences of breeding at different times, by shifting the focus from the number 
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and social-environmental conditions and how the Red-capped larks adjust their behavior and 
physiology to cope with the unpredictable environment. Given that equatorial East Africa was 
historically considered seasonal, I also investigated whether the discrepancy between the timing 
of breeding and current environmental conditions could be indicative of a mismatch between the 
phenotype and the environmental conditions. 
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To better understand the variable breeding schedules in tropical areas and provide more insights 
by shifting the focus from the more studied question of timing of breeding (Wikelski et al. 2003, 
Hau et al. 2004, Ndithia et al. 2017a) to the success of their nests, in chapter 2, we exploited the 
opportunity to tease apart the associations of population-level breeding activity and environmental 
conditions with the nesting success of year-round breeding Red-capped lark. In this chapter, we 
show that despite breeding year-round, nesting success is not consistent but rather varies in an 
inconsistent fashion both among months and years. Birds breeding when most conspecifics are 
also breeding have a higher nesting success than their counterparts breeding when nesting intensity 
is low. Adding to the unexpected result by Ndithia et al. (2017) where timing of breeding is not 
related to food availability and weather conditions, in our study increased food availability did not 
correlate with increased nest survival and neither did increased rain which is usually associated 
with increased environmental productivity. On the contrary, increased rain and flying invertebrates 
decreased nest survival. In addition to the convincing results that nest predation was the single 
most significant cause of nest failure, the negative correlation of nest success with flying 
invertebrates and rainfall pointed to incidental depredation. Incidental depredation occurs when 
nest contents are depredated as a secondary prey encountered by predators searching for a different 
primary prey (Vickery et al. 1992). Presumably these incidental nest predators were more abundant 
or active with more rain and flying invertebrates.  
 
Individual Red-capped larks exploit large home-ranges while space use changed with 
intensity of nesting  
In chapter 3, we aimed to understand year-round variation in home range size in the context of the 
highly aseasonal and unpredictable variation in weather and food resources, typical of many 
equatorial habitats. Consistent with our results in chapter 2, in chapter 3 we did not find evidence 
that food availability influenced space use and home range of Red-capped larks. Instead, intensity 
of nesting (nest index) was the main factor influencing the home range of Red-capped larks, which 
applied to both the combined composite home ranges of breeding and non-breeding birds and to 
the home ranges of non-breeding birds only. Red-capped larks differed in social organization 
between breeding and non breeding individuals through fusion of pairs to large groups when not 
in breeding and fission during breeding. In addition to the social organization change, Red-capped 
larks had larger home ranges in comparison to other phylogenetically related (Garza et al. 2005), 
and similar sized tropical and neotropical species (Newmark et al. 2010). The larger home ranges 
pointed to either a behavioral adjustment in response to spatial and/or temporal resource variation 
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(Salgado-Ortiz et al. 2008), or an effect of conspecific behavior, specifically breeding on space 
use of the non breeding individuals (Morganti et al. 2017).   
 
Body mass in Red-capped lark decreases with higher food availability and more favorable 
environmental conditions independent of breeding or non-breeding  
To understand physiological adjustments in near-equatorial environments, in chapter 4, we 
examined body mass variation in Red-capped Larks to investigate; (1). If body mass in Red-capped 
larks was better explained by evolutionary adaptation to long term weather patterns or by 
phenotypically plastic responses to current weather conditions in light of the system having been 
previously described as seasonal while it currently is stochastic, (2). How strong of a cue are 
weather patterns in predicting future food availability or does food vary in an unpredictable 
manner, and if so, (3). Do Red-capped larks’ body masses increase with higher food availability 
to buffer against unanticipated harsh times in the stochastic environment or does body mass vary 
dependent on life history stage? Consistent with past findings (Hau et al. 2004, Perfito et al. 2007, 
Ndithia et al. 2017a), our results in this chapter attest to the stochasticity and unpredictability of 
food availability in the equatorial afro-tropical environments and the unreliability of weather as a 
cue for future food availability. Despite the stochastic nature of the social-environmental factors, 
body mass of Red-capped Larks was only partly explained by phenotypically plastic responses to 
current weather conditions, and also to some extent appeared evolutionarily adapted to long term 
weather patterns. Although in chapter 3 we found evidence that space use differed between birds 
in breeding and non-breeding birds, body mass did not differ between breeding and non-breeding 
birds as shown in chapter 4. This is contrary to the proposal that birds accumulate extra reserves 
for use during breeding (Moreno 1989, Kelly and Weathers 2002). Decreased body mass in Red-
capped larks with increased food availability independent of life history stage suggests year-round 
food availability despite the unpredictable nature of the environment. Alternate to food availability 
year-round, lack of a difference between breeding and non-breeding birds’ body masses provides 
indirect support for the hypothesis that birds in unpredictable environments with no strong 
predictive cues always maintain preparedness to opportunistically breed (Hau 2001, Perfito et al. 
2007). However, molting birds decreased mass with higher ambient temperatures and favourable 
environmental condition to even lower levels than birds in quiescence. With food sufficient year-
round, Red-capped larks may opt for a lean mass under good conditions to counter associated 
negative costs of higher body mass that include increased locomotory costs (Macleod and Gosler 
2006), more so during molting when flight efficiency is reduced due to missing feathers and 
reduced wing area (Carrascal and Polo 2006).  
 
Immune function in Red-capped larks varies more with social-environmental factors than 
with life history stage in a stochastic aseasonal environment  
In chapter five of this thesis, we tested whether variation in immune function is under a stronger 
environmental influence or more dependent on life history stages of breeding and non-breeding 
while testing if it follows the historical seasonal pattern or a stochastic pattern reminiscent of 
current environmental variation. Contrary to the predicted trade-off between immune function and 
life history stage, we found no evidence that immune function in Red-capped larks was reduced 
during breeding both at the population and within-individual level (Sheldon and Verhulst 1996). 
Instead, we found that all four immune indexes were explained by at least one or more of the socio-
environmental factors, while life history stage played a minor role only for haptoglobin. Red-
capped larks had lower haptoglobin, and higher nitric oxide with favourable social-environmental 

 
 

 
 

conditions for breeding and lower haptoglobin concentration with increased food availability. 
Lower haptoglobin concentration indicative of low inflammation/less infection (Legagneux et al. 
2014), while higher nitric oxide suggesting increased ability to eliminate pathogens (Bogdan et al. 
2000, Sild and Hõrak 2009) point to a lower rate of infection resultant of a better immune function 
during favorable environmental conditions (Rubenstein et al. 2008). In addition to variation of 
immune indices with favourable social-environmental factors, we discovered variation with 
temperature and rain: haemagglutination titer decreased with an increase in maximum daily 
temperature and a decrease in minimum daily temperature, while nitric oxide concentration 
decreased with a decrease in maximum daily temperature and increased with less rainfall. With 
the level of immune indices suggested to be reflective of threat of infection (Horrocks et al. 2011), 
variation of immune indices with temperature and rainfall may reflect increased disease risk and/or 
pathogen pressure in the environment (Adamo and Lovett 2011, Horrocks et al. 2012b, Nwaogu 
et al. 2019). We found no support that immune measures in Red-capped larks adjusted 
evolutionarily over a long period or are under fixed genetic control to a seasonal environment. 
Rather, variation in immune indices in relation to weather suggested stronger phenotypic plasticity 
and environmental dependency. 
 
 
Decoupling social-environmental factors and life history stage in a stochastic 
environment 
 
Not food limitation but nest depredation is the major factor influencing nest survival in the 
year-round breeding Red-capped larks  
David Lack (1947) attributed the smaller clutch size in tropical areas to reduced ability to provide 
food for nestlings due to shorter day length near the equator. Countering the proposal by Lack 
(1947), Skutch (1949) showed that tropical birds could successfully raise experimentally increased 
broods and instead, proposed that smaller clutches were to accord the birds less infrequent feeding 
trips to nests to reduce likelihood of betraying the nest position to nest predators. Following these 
earlier studies, which process limits annual reproductive success in tropical areas, food-restricted 
production (Moreau 1944, Lack 1947, 1950) or predator-induced loss (Skutch 1949, 2008, 
Ricklefs 1969), has been debated in the literature for decades (Zanette et al. 2006).  

Nest depredation accounted for most of the nest losses in Red-capped larks, consistent with 
patterns reported from other tropical and neo-tropical species (Ricklefs 1969, Oniki 1979, Skutch 
1985). For many bird species, individuals are thought to time their breeding when the risk of nest 
depredation is low (Lima 2009, Martin and Briskie 2009). But this is on the assumption that the 
birds have the capacity to assess and respond to changes in the risk of depredation to both 
themselves and their eggs or nestlings (Lima 2009) either through use of direct and/or indirect cues 
(Ibáñez-Álamo et al. 2015). In chapter 2 of this thesis, intensity of breeding did not correlate with 
nest survival, which suggests Red-capped larks did not time their nesting to coincide with low 
levels of nest depredation. Red-capped larks in the aseasonal unpredictable habitat probably face 
a challenge in anticipating or assessing the risk of predation due to the year-to-year variability in 
the timing and duration of social-environmental factors modulating predation (Hau 2001). Another 
factor beside environmental stochasticity that may limit Red-capped larks timing their breeding to 
coincide with low nest depredation, our results in this thesis point to incidental nest depredation 
(chapter 2). Incidental nest depredation occurs when nest contents are depredated as a secondary 
prey encountered by predators searching for a different primary prey (Vickery et al. 1992). 
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(Salgado-Ortiz et al. 2008), or an effect of conspecific behavior, specifically breeding on space 
use of the non breeding individuals (Morganti et al. 2017).   
 
Body mass in Red-capped lark decreases with higher food availability and more favorable 
environmental conditions independent of breeding or non-breeding  
To understand physiological adjustments in near-equatorial environments, in chapter 4, we 
examined body mass variation in Red-capped Larks to investigate; (1). If body mass in Red-capped 
larks was better explained by evolutionary adaptation to long term weather patterns or by 
phenotypically plastic responses to current weather conditions in light of the system having been 
previously described as seasonal while it currently is stochastic, (2). How strong of a cue are 
weather patterns in predicting future food availability or does food vary in an unpredictable 
manner, and if so, (3). Do Red-capped larks’ body masses increase with higher food availability 
to buffer against unanticipated harsh times in the stochastic environment or does body mass vary 
dependent on life history stage? Consistent with past findings (Hau et al. 2004, Perfito et al. 2007, 
Ndithia et al. 2017a), our results in this chapter attest to the stochasticity and unpredictability of 
food availability in the equatorial afro-tropical environments and the unreliability of weather as a 
cue for future food availability. Despite the stochastic nature of the social-environmental factors, 
body mass of Red-capped Larks was only partly explained by phenotypically plastic responses to 
current weather conditions, and also to some extent appeared evolutionarily adapted to long term 
weather patterns. Although in chapter 3 we found evidence that space use differed between birds 
in breeding and non-breeding birds, body mass did not differ between breeding and non-breeding 
birds as shown in chapter 4. This is contrary to the proposal that birds accumulate extra reserves 
for use during breeding (Moreno 1989, Kelly and Weathers 2002). Decreased body mass in Red-
capped larks with increased food availability independent of life history stage suggests year-round 
food availability despite the unpredictable nature of the environment. Alternate to food availability 
year-round, lack of a difference between breeding and non-breeding birds’ body masses provides 
indirect support for the hypothesis that birds in unpredictable environments with no strong 
predictive cues always maintain preparedness to opportunistically breed (Hau 2001, Perfito et al. 
2007). However, molting birds decreased mass with higher ambient temperatures and favourable 
environmental condition to even lower levels than birds in quiescence. With food sufficient year-
round, Red-capped larks may opt for a lean mass under good conditions to counter associated 
negative costs of higher body mass that include increased locomotory costs (Macleod and Gosler 
2006), more so during molting when flight efficiency is reduced due to missing feathers and 
reduced wing area (Carrascal and Polo 2006).  
 
Immune function in Red-capped larks varies more with social-environmental factors than 
with life history stage in a stochastic aseasonal environment  
In chapter five of this thesis, we tested whether variation in immune function is under a stronger 
environmental influence or more dependent on life history stages of breeding and non-breeding 
while testing if it follows the historical seasonal pattern or a stochastic pattern reminiscent of 
current environmental variation. Contrary to the predicted trade-off between immune function and 
life history stage, we found no evidence that immune function in Red-capped larks was reduced 
during breeding both at the population and within-individual level (Sheldon and Verhulst 1996). 
Instead, we found that all four immune indexes were explained by at least one or more of the socio-
environmental factors, while life history stage played a minor role only for haptoglobin. Red-
capped larks had lower haptoglobin, and higher nitric oxide with favourable social-environmental 
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2000, Sild and Hõrak 2009) point to a lower rate of infection resultant of a better immune function 
during favorable environmental conditions (Rubenstein et al. 2008). In addition to variation of 
immune indices with favourable social-environmental factors, we discovered variation with 
temperature and rain: haemagglutination titer decreased with an increase in maximum daily 
temperature and a decrease in minimum daily temperature, while nitric oxide concentration 
decreased with a decrease in maximum daily temperature and increased with less rainfall. With 
the level of immune indices suggested to be reflective of threat of infection (Horrocks et al. 2011), 
variation of immune indices with temperature and rainfall may reflect increased disease risk and/or 
pathogen pressure in the environment (Adamo and Lovett 2011, Horrocks et al. 2012b, Nwaogu 
et al. 2019). We found no support that immune measures in Red-capped larks adjusted 
evolutionarily over a long period or are under fixed genetic control to a seasonal environment. 
Rather, variation in immune indices in relation to weather suggested stronger phenotypic plasticity 
and environmental dependency. 
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Not food limitation but nest depredation is the major factor influencing nest survival in the 
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David Lack (1947) attributed the smaller clutch size in tropical areas to reduced ability to provide 
food for nestlings due to shorter day length near the equator. Countering the proposal by Lack 
(1947), Skutch (1949) showed that tropical birds could successfully raise experimentally increased 
broods and instead, proposed that smaller clutches were to accord the birds less infrequent feeding 
trips to nests to reduce likelihood of betraying the nest position to nest predators. Following these 
earlier studies, which process limits annual reproductive success in tropical areas, food-restricted 
production (Moreau 1944, Lack 1947, 1950) or predator-induced loss (Skutch 1949, 2008, 
Ricklefs 1969), has been debated in the literature for decades (Zanette et al. 2006).  

Nest depredation accounted for most of the nest losses in Red-capped larks, consistent with 
patterns reported from other tropical and neo-tropical species (Ricklefs 1969, Oniki 1979, Skutch 
1985). For many bird species, individuals are thought to time their breeding when the risk of nest 
depredation is low (Lima 2009, Martin and Briskie 2009). But this is on the assumption that the 
birds have the capacity to assess and respond to changes in the risk of depredation to both 
themselves and their eggs or nestlings (Lima 2009) either through use of direct and/or indirect cues 
(Ibáñez-Álamo et al. 2015). In chapter 2 of this thesis, intensity of breeding did not correlate with 
nest survival, which suggests Red-capped larks did not time their nesting to coincide with low 
levels of nest depredation. Red-capped larks in the aseasonal unpredictable habitat probably face 
a challenge in anticipating or assessing the risk of predation due to the year-to-year variability in 
the timing and duration of social-environmental factors modulating predation (Hau 2001). Another 
factor beside environmental stochasticity that may limit Red-capped larks timing their breeding to 
coincide with low nest depredation, our results in this thesis point to incidental nest depredation 
(chapter 2). Incidental nest depredation occurs when nest contents are depredated as a secondary 
prey encountered by predators searching for a different primary prey (Vickery et al. 1992). 



Chapter 6

106
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round, Red-capped larks may opt for a lean mass under good conditions to counter associated 
negative costs of higher body mass that include increased locomotory costs (Macleod and Gosler 
2006), more so during molting when flight efficiency is reduced due to missing feathers and 
reduced wing area (Carrascal and Polo 2006).  
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In chapter five of this thesis, we tested whether variation in immune function is under a stronger 
environmental influence or more dependent on life history stages of breeding and non-breeding 
while testing if it follows the historical seasonal pattern or a stochastic pattern reminiscent of 
current environmental variation. Contrary to the predicted trade-off between immune function and 
life history stage, we found no evidence that immune function in Red-capped larks was reduced 
during breeding both at the population and within-individual level (Sheldon and Verhulst 1996). 
Instead, we found that all four immune indexes were explained by at least one or more of the socio-
environmental factors, while life history stage played a minor role only for haptoglobin. Red-
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conditions for breeding and lower haptoglobin concentration with increased food availability. 
Lower haptoglobin concentration indicative of low inflammation/less infection (Legagneux et al. 
2014), while higher nitric oxide suggesting increased ability to eliminate pathogens (Bogdan et al. 
2000, Sild and Hõrak 2009) point to a lower rate of infection resultant of a better immune function 
during favorable environmental conditions (Rubenstein et al. 2008). In addition to variation of 
immune indices with favourable social-environmental factors, we discovered variation with 
temperature and rain: haemagglutination titer decreased with an increase in maximum daily 
temperature and a decrease in minimum daily temperature, while nitric oxide concentration 
decreased with a decrease in maximum daily temperature and increased with less rainfall. With 
the level of immune indices suggested to be reflective of threat of infection (Horrocks et al. 2011), 
variation of immune indices with temperature and rainfall may reflect increased disease risk and/or 
pathogen pressure in the environment (Adamo and Lovett 2011, Horrocks et al. 2012b, Nwaogu 
et al. 2019). We found no support that immune measures in Red-capped larks adjusted 
evolutionarily over a long period or are under fixed genetic control to a seasonal environment. 
Rather, variation in immune indices in relation to weather suggested stronger phenotypic plasticity 
and environmental dependency. 
 
 
Decoupling social-environmental factors and life history stage in a stochastic 
environment 
 
Not food limitation but nest depredation is the major factor influencing nest survival in the 
year-round breeding Red-capped larks  
David Lack (1947) attributed the smaller clutch size in tropical areas to reduced ability to provide 
food for nestlings due to shorter day length near the equator. Countering the proposal by Lack 
(1947), Skutch (1949) showed that tropical birds could successfully raise experimentally increased 
broods and instead, proposed that smaller clutches were to accord the birds less infrequent feeding 
trips to nests to reduce likelihood of betraying the nest position to nest predators. Following these 
earlier studies, which process limits annual reproductive success in tropical areas, food-restricted 
production (Moreau 1944, Lack 1947, 1950) or predator-induced loss (Skutch 1949, 2008, 
Ricklefs 1969), has been debated in the literature for decades (Zanette et al. 2006).  

Nest depredation accounted for most of the nest losses in Red-capped larks, consistent with 
patterns reported from other tropical and neo-tropical species (Ricklefs 1969, Oniki 1979, Skutch 
1985). For many bird species, individuals are thought to time their breeding when the risk of nest 
depredation is low (Lima 2009, Martin and Briskie 2009). But this is on the assumption that the 
birds have the capacity to assess and respond to changes in the risk of depredation to both 
themselves and their eggs or nestlings (Lima 2009) either through use of direct and/or indirect cues 
(Ibáñez-Álamo et al. 2015). In chapter 2 of this thesis, intensity of breeding did not correlate with 
nest survival, which suggests Red-capped larks did not time their nesting to coincide with low 
levels of nest depredation. Red-capped larks in the aseasonal unpredictable habitat probably face 
a challenge in anticipating or assessing the risk of predation due to the year-to-year variability in 
the timing and duration of social-environmental factors modulating predation (Hau 2001). Another 
factor beside environmental stochasticity that may limit Red-capped larks timing their breeding to 
coincide with low nest depredation, our results in this thesis point to incidental nest depredation 
(chapter 2). Incidental nest depredation occurs when nest contents are depredated as a secondary 
prey encountered by predators searching for a different primary prey (Vickery et al. 1992). 
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weather patterns. Although in chapter 3 we found evidence that space use differed between birds 
in breeding and non-breeding birds, body mass did not differ between breeding and non-breeding 
birds as shown in chapter 4. This is contrary to the proposal that birds accumulate extra reserves 
for use during breeding (Moreno 1989, Kelly and Weathers 2002). Decreased body mass in Red-
capped larks with increased food availability independent of life history stage suggests year-round 
food availability despite the unpredictable nature of the environment. Alternate to food availability 
year-round, lack of a difference between breeding and non-breeding birds’ body masses provides 
indirect support for the hypothesis that birds in unpredictable environments with no strong 
predictive cues always maintain preparedness to opportunistically breed (Hau 2001, Perfito et al. 
2007). However, molting birds decreased mass with higher ambient temperatures and favourable 
environmental condition to even lower levels than birds in quiescence. With food sufficient year-
round, Red-capped larks may opt for a lean mass under good conditions to counter associated 
negative costs of higher body mass that include increased locomotory costs (Macleod and Gosler 
2006), more so during molting when flight efficiency is reduced due to missing feathers and 
reduced wing area (Carrascal and Polo 2006).  
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with life history stage in a stochastic aseasonal environment  
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environmental influence or more dependent on life history stages of breeding and non-breeding 
while testing if it follows the historical seasonal pattern or a stochastic pattern reminiscent of 
current environmental variation. Contrary to the predicted trade-off between immune function and 
life history stage, we found no evidence that immune function in Red-capped larks was reduced 
during breeding both at the population and within-individual level (Sheldon and Verhulst 1996). 
Instead, we found that all four immune indexes were explained by at least one or more of the socio-
environmental factors, while life history stage played a minor role only for haptoglobin. Red-
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2014), while higher nitric oxide suggesting increased ability to eliminate pathogens (Bogdan et al. 
2000, Sild and Hõrak 2009) point to a lower rate of infection resultant of a better immune function 
during favorable environmental conditions (Rubenstein et al. 2008). In addition to variation of 
immune indices with favourable social-environmental factors, we discovered variation with 
temperature and rain: haemagglutination titer decreased with an increase in maximum daily 
temperature and a decrease in minimum daily temperature, while nitric oxide concentration 
decreased with a decrease in maximum daily temperature and increased with less rainfall. With 
the level of immune indices suggested to be reflective of threat of infection (Horrocks et al. 2011), 
variation of immune indices with temperature and rainfall may reflect increased disease risk and/or 
pathogen pressure in the environment (Adamo and Lovett 2011, Horrocks et al. 2012b, Nwaogu 
et al. 2019). We found no support that immune measures in Red-capped larks adjusted 
evolutionarily over a long period or are under fixed genetic control to a seasonal environment. 
Rather, variation in immune indices in relation to weather suggested stronger phenotypic plasticity 
and environmental dependency. 
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Not food limitation but nest depredation is the major factor influencing nest survival in the 
year-round breeding Red-capped larks  
David Lack (1947) attributed the smaller clutch size in tropical areas to reduced ability to provide 
food for nestlings due to shorter day length near the equator. Countering the proposal by Lack 
(1947), Skutch (1949) showed that tropical birds could successfully raise experimentally increased 
broods and instead, proposed that smaller clutches were to accord the birds less infrequent feeding 
trips to nests to reduce likelihood of betraying the nest position to nest predators. Following these 
earlier studies, which process limits annual reproductive success in tropical areas, food-restricted 
production (Moreau 1944, Lack 1947, 1950) or predator-induced loss (Skutch 1949, 2008, 
Ricklefs 1969), has been debated in the literature for decades (Zanette et al. 2006).  

Nest depredation accounted for most of the nest losses in Red-capped larks, consistent with 
patterns reported from other tropical and neo-tropical species (Ricklefs 1969, Oniki 1979, Skutch 
1985). For many bird species, individuals are thought to time their breeding when the risk of nest 
depredation is low (Lima 2009, Martin and Briskie 2009). But this is on the assumption that the 
birds have the capacity to assess and respond to changes in the risk of depredation to both 
themselves and their eggs or nestlings (Lima 2009) either through use of direct and/or indirect cues 
(Ibáñez-Álamo et al. 2015). In chapter 2 of this thesis, intensity of breeding did not correlate with 
nest survival, which suggests Red-capped larks did not time their nesting to coincide with low 
levels of nest depredation. Red-capped larks in the aseasonal unpredictable habitat probably face 
a challenge in anticipating or assessing the risk of predation due to the year-to-year variability in 
the timing and duration of social-environmental factors modulating predation (Hau 2001). Another 
factor beside environmental stochasticity that may limit Red-capped larks timing their breeding to 
coincide with low nest depredation, our results in this thesis point to incidental nest depredation 
(chapter 2). Incidental nest depredation occurs when nest contents are depredated as a secondary 
prey encountered by predators searching for a different primary prey (Vickery et al. 1992). 
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Conform to this pattern, nest survival in Red-capped larks was lower with an increase in flying 
invertebrates, the primary prey for the incidental nest predators (Vickery et al. 1992). When nest 
predation is caused by a primary nest predator, the relationship between nest abundance and 
survival is typically inverse (Schmidt et al. 2001, Gunnarsson and Elmberg 2008), however, nest 
survival increased when more Red-capped larks in the population were nesting although as earlier 
stated the relationship was weakly supported (chapter 3).  

Besides nest depredation, food availability has been shown to be the other major cause of 
nest failure in most bird species (Lack 1947, 1950, Ricklefs 1969, Martin 1987). In areas were 
food constrains breeding, birds time their breeding concurrent with increased food abundance 
(Skutch 1949, Lack 1950, Perrins 1970, Martin 1987). By timing their breeding with a peak of 
food abundance, birds increase their nesting success through increased ability to feed themselves 
(Martin 1987) and their chicks to independence (Becker et al. 2010), reduced intra-specific 
competition and chick begging (Klenova 2015), and fast growth of chicks (Martin 1987, Ndithia 
et al. 2017b). However, Ndithia et al. (2017a) found no evidence for adjustments in the timing of 
breeding in Red-capped larks in response to food availability. Instead, breeding in Red-capped 
larks occurred year-round despite the stochastic environment. Mistiming of breeding with peak 
food availability to cover for increased energy demands should have led to a lower nest survival 
with lower food abundance if food was limited. Low nest survival due to food shortage is typically 
characterized by partial nest losses usually limited to the nestling stage, an indication of starvation 
(Ricklefs 1969, Wiley and Wiley 1980), or total clutch loss due to desertion (Ricklefs 1969, Wiley 
and Wiley 1980, Zanette et al. 2006). In Red-capped larks, we did not observe instances of partial 
nest loss during the nestling stage or total brood loss attributable to starvation (i.e. no nests in 
which all the nestlings were dead but otherwise intact), and total clutch loss attributable to nest 
abandonment was extremely rare (Chapter 3). Nest survival in Red-capped larks was inversely 
related with increased rain (Shiao et al. 2015). Increased rainfall during breeding can also lead to 
Red-capped larks encountering adverse foraging conditions, which may result to less food being 
delivered to nestlings, and, consequently, poor nestling growth and nest failure. However, as 
earlier stated Red-capped larks did not have partial nest losses during nestling stage while total 
clutch loss attributable to nest abandonment was extremely rare (Ricklefs 1969). Moreover, the 
relationship between nest survival in Red-capped larks and invertebrate biomass, our proxy for 
food availability, showed contrasting results. Nest survival was not related to ground invertebrate 
biomass, while flying invertebrate biomass was negatively correlated to nest survival pointing to 
another effect other than as a food resource to the larks.  

In conclusion, our results support nest depredation as the major factor influencing nest 
survival of Red-capped larks. However, Red-capped larks may not be able to time their breeding 
coincident with times of low depredation due to the stochastic unpredictable variation of social-
environmental factors modulating predation and secondly nest loss is through incidental nest 
predators rather than by a primary predator. Drawing on the evidence that nest loss was not due to 
food shortage and neither was nest survival related to increased food availability, it is also plausible 
to conclude that Red-capped larks are faced with low food constraints with food resources 
sufficient throughout the year to support breeding. 
 
Behavioural and physiological adjustments in Red-capped larks are influenced by both 
social-environmental factors and by life history stage 
Red-capped larks shifted from flocks to pairs dependent on breeding status at the individual level. 
The switch to pairs was accompanied by defense of their territories during breeding (personal 

 
 

 
 

observation). Factors that have been shown to lead to the breakdown in sociality from flocks to 
pairs during breeding are manifold, varying from the need to defend nest sites, coupled with nest 
attendance and chick provisioning that constrain movement to areas closer to the nest (Morganti 
et al. 2017), spatiotemporal change in food availability and the need to defend priority sites for 
access to a stable food supply (Lima 2009, Braun and Bugnyar 2012, Loretto et al. 2017) or to 
reduce density-dependent nest depredation via the spacing of nests (Lima 2009). Although 
breeding birds were well-represented, in chapter 3, we could not tease apart the influence of 
breeding status and socio-environmental factors in occurrence or duration of pair formation. This 
partly resulted from having to define the breeding period as the period during which an individual 
was attending its nest (nest building until fledging), a period lasting 24 days in this species 
(Mwangi et al. 2018). 

Home range in Red-capped larks was not related to food availability or weather conditions 
but rather decreased with an increase in nesting intensity at the population level, which applied to 
both the combined composite home ranges of breeding and non-breeding birds and to the home 
ranges of non-breeding birds only (chapter 3). Variation in home ranges of Red-capped larks may, 
therefore, be influenced more by life history stage than by environmental factors. Consistent with 
our results in chapter 3, home ranges in birds have been shown to decrease with breeding (Willey 
& Van Riper Iii 2014, Morganti et al. 2017), but have also been shown to increase (Jahn et al. 
2010, Kolts & McRae 2017), or show no variation with breeding (Winiarski et al. 2017). For 
brooding birds and secondly birds with altricial young such as the Red-capped larks, home range 
of breeding birds may have been influenced by nest attendance during incubation and maintaining 
a continuous presence at the nest to minimize the risk of nest predation (Rothenbach and Kelly 
2012), while chick provisioning also constrains movement to areas closer to the nest (Morganti et 
al. 2017). As I stated earlier, Red-capped larks during breeding defend their nest sites against 
intrusion by conspecifics. Territoriality by breeding birds may explain the decrease of non-
breeding birds with increase in nesting intensity as territoriality reduces the area available to non-
breeding birds. Consequently, exclusion from some areas creates patchiness in areas accessible for 
non-breeding birds to exploit, restricting them to smaller areas that are not defended by the 
breeding pairs.  

Contrary to home range variation in response to breeding, body mass in Red-capped larks 
decreased with increased food availability independent of life history stage. However, molting 
birds decreased mass with higher minimum daily temperature and favorable environmental 
condition for breeding to even lower levels than breeding birds and those in quiescence. The 
general decrease in body mass with more food suggests a stronger influence of environmental 
factors but the lower mass of molting birds shows partial influence of life history stage as well in 
body mass variation. Decreased body mass in Red-capped larks with increased food availability 
despite the unpredictable nature of the environment provides support for the hypothesis of 
sufficient year-round food availability in near-equatorial tropical systems despite the unpredictable 
nature of the environment (Skutch 1949, Ricklefs 1969). With food sufficient year-round, it may 
pay off to have a lower body mass with increased food availability to counter associated negative 
costs of higher body mass that include increased locomotory costs (Blanckenhorn 2000, Cresswell 
2003, Carrascal and Polo 2006). For instance, with year-round breeding, flight efficiency and 
speed used when flying to and from foraging sites can be an important decision given that in some 
bird species parent birds makeup to 500 foraging trips per day to gather food for their nestlings 
(McLaughlin and Montgomerie 1990).  
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Conform to this pattern, nest survival in Red-capped larks was lower with an increase in flying 
invertebrates, the primary prey for the incidental nest predators (Vickery et al. 1992). When nest 
predation is caused by a primary nest predator, the relationship between nest abundance and 
survival is typically inverse (Schmidt et al. 2001, Gunnarsson and Elmberg 2008), however, nest 
survival increased when more Red-capped larks in the population were nesting although as earlier 
stated the relationship was weakly supported (chapter 3).  

Besides nest depredation, food availability has been shown to be the other major cause of 
nest failure in most bird species (Lack 1947, 1950, Ricklefs 1969, Martin 1987). In areas were 
food constrains breeding, birds time their breeding concurrent with increased food abundance 
(Skutch 1949, Lack 1950, Perrins 1970, Martin 1987). By timing their breeding with a peak of 
food abundance, birds increase their nesting success through increased ability to feed themselves 
(Martin 1987) and their chicks to independence (Becker et al. 2010), reduced intra-specific 
competition and chick begging (Klenova 2015), and fast growth of chicks (Martin 1987, Ndithia 
et al. 2017b). However, Ndithia et al. (2017a) found no evidence for adjustments in the timing of 
breeding in Red-capped larks in response to food availability. Instead, breeding in Red-capped 
larks occurred year-round despite the stochastic environment. Mistiming of breeding with peak 
food availability to cover for increased energy demands should have led to a lower nest survival 
with lower food abundance if food was limited. Low nest survival due to food shortage is typically 
characterized by partial nest losses usually limited to the nestling stage, an indication of starvation 
(Ricklefs 1969, Wiley and Wiley 1980), or total clutch loss due to desertion (Ricklefs 1969, Wiley 
and Wiley 1980, Zanette et al. 2006). In Red-capped larks, we did not observe instances of partial 
nest loss during the nestling stage or total brood loss attributable to starvation (i.e. no nests in 
which all the nestlings were dead but otherwise intact), and total clutch loss attributable to nest 
abandonment was extremely rare (Chapter 3). Nest survival in Red-capped larks was inversely 
related with increased rain (Shiao et al. 2015). Increased rainfall during breeding can also lead to 
Red-capped larks encountering adverse foraging conditions, which may result to less food being 
delivered to nestlings, and, consequently, poor nestling growth and nest failure. However, as 
earlier stated Red-capped larks did not have partial nest losses during nestling stage while total 
clutch loss attributable to nest abandonment was extremely rare (Ricklefs 1969). Moreover, the 
relationship between nest survival in Red-capped larks and invertebrate biomass, our proxy for 
food availability, showed contrasting results. Nest survival was not related to ground invertebrate 
biomass, while flying invertebrate biomass was negatively correlated to nest survival pointing to 
another effect other than as a food resource to the larks.  

In conclusion, our results support nest depredation as the major factor influencing nest 
survival of Red-capped larks. However, Red-capped larks may not be able to time their breeding 
coincident with times of low depredation due to the stochastic unpredictable variation of social-
environmental factors modulating predation and secondly nest loss is through incidental nest 
predators rather than by a primary predator. Drawing on the evidence that nest loss was not due to 
food shortage and neither was nest survival related to increased food availability, it is also plausible 
to conclude that Red-capped larks are faced with low food constraints with food resources 
sufficient throughout the year to support breeding. 
 
Behavioural and physiological adjustments in Red-capped larks are influenced by both 
social-environmental factors and by life history stage 
Red-capped larks shifted from flocks to pairs dependent on breeding status at the individual level. 
The switch to pairs was accompanied by defense of their territories during breeding (personal 

 
 

 
 

observation). Factors that have been shown to lead to the breakdown in sociality from flocks to 
pairs during breeding are manifold, varying from the need to defend nest sites, coupled with nest 
attendance and chick provisioning that constrain movement to areas closer to the nest (Morganti 
et al. 2017), spatiotemporal change in food availability and the need to defend priority sites for 
access to a stable food supply (Lima 2009, Braun and Bugnyar 2012, Loretto et al. 2017) or to 
reduce density-dependent nest depredation via the spacing of nests (Lima 2009). Although 
breeding birds were well-represented, in chapter 3, we could not tease apart the influence of 
breeding status and socio-environmental factors in occurrence or duration of pair formation. This 
partly resulted from having to define the breeding period as the period during which an individual 
was attending its nest (nest building until fledging), a period lasting 24 days in this species 
(Mwangi et al. 2018). 

Home range in Red-capped larks was not related to food availability or weather conditions 
but rather decreased with an increase in nesting intensity at the population level, which applied to 
both the combined composite home ranges of breeding and non-breeding birds and to the home 
ranges of non-breeding birds only (chapter 3). Variation in home ranges of Red-capped larks may, 
therefore, be influenced more by life history stage than by environmental factors. Consistent with 
our results in chapter 3, home ranges in birds have been shown to decrease with breeding (Willey 
& Van Riper Iii 2014, Morganti et al. 2017), but have also been shown to increase (Jahn et al. 
2010, Kolts & McRae 2017), or show no variation with breeding (Winiarski et al. 2017). For 
brooding birds and secondly birds with altricial young such as the Red-capped larks, home range 
of breeding birds may have been influenced by nest attendance during incubation and maintaining 
a continuous presence at the nest to minimize the risk of nest predation (Rothenbach and Kelly 
2012), while chick provisioning also constrains movement to areas closer to the nest (Morganti et 
al. 2017). As I stated earlier, Red-capped larks during breeding defend their nest sites against 
intrusion by conspecifics. Territoriality by breeding birds may explain the decrease of non-
breeding birds with increase in nesting intensity as territoriality reduces the area available to non-
breeding birds. Consequently, exclusion from some areas creates patchiness in areas accessible for 
non-breeding birds to exploit, restricting them to smaller areas that are not defended by the 
breeding pairs.  

Contrary to home range variation in response to breeding, body mass in Red-capped larks 
decreased with increased food availability independent of life history stage. However, molting 
birds decreased mass with higher minimum daily temperature and favorable environmental 
condition for breeding to even lower levels than breeding birds and those in quiescence. The 
general decrease in body mass with more food suggests a stronger influence of environmental 
factors but the lower mass of molting birds shows partial influence of life history stage as well in 
body mass variation. Decreased body mass in Red-capped larks with increased food availability 
despite the unpredictable nature of the environment provides support for the hypothesis of 
sufficient year-round food availability in near-equatorial tropical systems despite the unpredictable 
nature of the environment (Skutch 1949, Ricklefs 1969). With food sufficient year-round, it may 
pay off to have a lower body mass with increased food availability to counter associated negative 
costs of higher body mass that include increased locomotory costs (Blanckenhorn 2000, Cresswell 
2003, Carrascal and Polo 2006). For instance, with year-round breeding, flight efficiency and 
speed used when flying to and from foraging sites can be an important decision given that in some 
bird species parent birds makeup to 500 foraging trips per day to gather food for their nestlings 
(McLaughlin and Montgomerie 1990).  
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Conform to this pattern, nest survival in Red-capped larks was lower with an increase in flying 
invertebrates, the primary prey for the incidental nest predators (Vickery et al. 1992). When nest 
predation is caused by a primary nest predator, the relationship between nest abundance and 
survival is typically inverse (Schmidt et al. 2001, Gunnarsson and Elmberg 2008), however, nest 
survival increased when more Red-capped larks in the population were nesting although as earlier 
stated the relationship was weakly supported (chapter 3).  

Besides nest depredation, food availability has been shown to be the other major cause of 
nest failure in most bird species (Lack 1947, 1950, Ricklefs 1969, Martin 1987). In areas were 
food constrains breeding, birds time their breeding concurrent with increased food abundance 
(Skutch 1949, Lack 1950, Perrins 1970, Martin 1987). By timing their breeding with a peak of 
food abundance, birds increase their nesting success through increased ability to feed themselves 
(Martin 1987) and their chicks to independence (Becker et al. 2010), reduced intra-specific 
competition and chick begging (Klenova 2015), and fast growth of chicks (Martin 1987, Ndithia 
et al. 2017b). However, Ndithia et al. (2017a) found no evidence for adjustments in the timing of 
breeding in Red-capped larks in response to food availability. Instead, breeding in Red-capped 
larks occurred year-round despite the stochastic environment. Mistiming of breeding with peak 
food availability to cover for increased energy demands should have led to a lower nest survival 
with lower food abundance if food was limited. Low nest survival due to food shortage is typically 
characterized by partial nest losses usually limited to the nestling stage, an indication of starvation 
(Ricklefs 1969, Wiley and Wiley 1980), or total clutch loss due to desertion (Ricklefs 1969, Wiley 
and Wiley 1980, Zanette et al. 2006). In Red-capped larks, we did not observe instances of partial 
nest loss during the nestling stage or total brood loss attributable to starvation (i.e. no nests in 
which all the nestlings were dead but otherwise intact), and total clutch loss attributable to nest 
abandonment was extremely rare (Chapter 3). Nest survival in Red-capped larks was inversely 
related with increased rain (Shiao et al. 2015). Increased rainfall during breeding can also lead to 
Red-capped larks encountering adverse foraging conditions, which may result to less food being 
delivered to nestlings, and, consequently, poor nestling growth and nest failure. However, as 
earlier stated Red-capped larks did not have partial nest losses during nestling stage while total 
clutch loss attributable to nest abandonment was extremely rare (Ricklefs 1969). Moreover, the 
relationship between nest survival in Red-capped larks and invertebrate biomass, our proxy for 
food availability, showed contrasting results. Nest survival was not related to ground invertebrate 
biomass, while flying invertebrate biomass was negatively correlated to nest survival pointing to 
another effect other than as a food resource to the larks.  

In conclusion, our results support nest depredation as the major factor influencing nest 
survival of Red-capped larks. However, Red-capped larks may not be able to time their breeding 
coincident with times of low depredation due to the stochastic unpredictable variation of social-
environmental factors modulating predation and secondly nest loss is through incidental nest 
predators rather than by a primary predator. Drawing on the evidence that nest loss was not due to 
food shortage and neither was nest survival related to increased food availability, it is also plausible 
to conclude that Red-capped larks are faced with low food constraints with food resources 
sufficient throughout the year to support breeding. 
 
Behavioural and physiological adjustments in Red-capped larks are influenced by both 
social-environmental factors and by life history stage 
Red-capped larks shifted from flocks to pairs dependent on breeding status at the individual level. 
The switch to pairs was accompanied by defense of their territories during breeding (personal 

 
 

 
 

observation). Factors that have been shown to lead to the breakdown in sociality from flocks to 
pairs during breeding are manifold, varying from the need to defend nest sites, coupled with nest 
attendance and chick provisioning that constrain movement to areas closer to the nest (Morganti 
et al. 2017), spatiotemporal change in food availability and the need to defend priority sites for 
access to a stable food supply (Lima 2009, Braun and Bugnyar 2012, Loretto et al. 2017) or to 
reduce density-dependent nest depredation via the spacing of nests (Lima 2009). Although 
breeding birds were well-represented, in chapter 3, we could not tease apart the influence of 
breeding status and socio-environmental factors in occurrence or duration of pair formation. This 
partly resulted from having to define the breeding period as the period during which an individual 
was attending its nest (nest building until fledging), a period lasting 24 days in this species 
(Mwangi et al. 2018). 

Home range in Red-capped larks was not related to food availability or weather conditions 
but rather decreased with an increase in nesting intensity at the population level, which applied to 
both the combined composite home ranges of breeding and non-breeding birds and to the home 
ranges of non-breeding birds only (chapter 3). Variation in home ranges of Red-capped larks may, 
therefore, be influenced more by life history stage than by environmental factors. Consistent with 
our results in chapter 3, home ranges in birds have been shown to decrease with breeding (Willey 
& Van Riper Iii 2014, Morganti et al. 2017), but have also been shown to increase (Jahn et al. 
2010, Kolts & McRae 2017), or show no variation with breeding (Winiarski et al. 2017). For 
brooding birds and secondly birds with altricial young such as the Red-capped larks, home range 
of breeding birds may have been influenced by nest attendance during incubation and maintaining 
a continuous presence at the nest to minimize the risk of nest predation (Rothenbach and Kelly 
2012), while chick provisioning also constrains movement to areas closer to the nest (Morganti et 
al. 2017). As I stated earlier, Red-capped larks during breeding defend their nest sites against 
intrusion by conspecifics. Territoriality by breeding birds may explain the decrease of non-
breeding birds with increase in nesting intensity as territoriality reduces the area available to non-
breeding birds. Consequently, exclusion from some areas creates patchiness in areas accessible for 
non-breeding birds to exploit, restricting them to smaller areas that are not defended by the 
breeding pairs.  

Contrary to home range variation in response to breeding, body mass in Red-capped larks 
decreased with increased food availability independent of life history stage. However, molting 
birds decreased mass with higher minimum daily temperature and favorable environmental 
condition for breeding to even lower levels than breeding birds and those in quiescence. The 
general decrease in body mass with more food suggests a stronger influence of environmental 
factors but the lower mass of molting birds shows partial influence of life history stage as well in 
body mass variation. Decreased body mass in Red-capped larks with increased food availability 
despite the unpredictable nature of the environment provides support for the hypothesis of 
sufficient year-round food availability in near-equatorial tropical systems despite the unpredictable 
nature of the environment (Skutch 1949, Ricklefs 1969). With food sufficient year-round, it may 
pay off to have a lower body mass with increased food availability to counter associated negative 
costs of higher body mass that include increased locomotory costs (Blanckenhorn 2000, Cresswell 
2003, Carrascal and Polo 2006). For instance, with year-round breeding, flight efficiency and 
speed used when flying to and from foraging sites can be an important decision given that in some 
bird species parent birds makeup to 500 foraging trips per day to gather food for their nestlings 
(McLaughlin and Montgomerie 1990).  
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Conform to this pattern, nest survival in Red-capped larks was lower with an increase in flying 
invertebrates, the primary prey for the incidental nest predators (Vickery et al. 1992). When nest 
predation is caused by a primary nest predator, the relationship between nest abundance and 
survival is typically inverse (Schmidt et al. 2001, Gunnarsson and Elmberg 2008), however, nest 
survival increased when more Red-capped larks in the population were nesting although as earlier 
stated the relationship was weakly supported (chapter 3).  

Besides nest depredation, food availability has been shown to be the other major cause of 
nest failure in most bird species (Lack 1947, 1950, Ricklefs 1969, Martin 1987). In areas were 
food constrains breeding, birds time their breeding concurrent with increased food abundance 
(Skutch 1949, Lack 1950, Perrins 1970, Martin 1987). By timing their breeding with a peak of 
food abundance, birds increase their nesting success through increased ability to feed themselves 
(Martin 1987) and their chicks to independence (Becker et al. 2010), reduced intra-specific 
competition and chick begging (Klenova 2015), and fast growth of chicks (Martin 1987, Ndithia 
et al. 2017b). However, Ndithia et al. (2017a) found no evidence for adjustments in the timing of 
breeding in Red-capped larks in response to food availability. Instead, breeding in Red-capped 
larks occurred year-round despite the stochastic environment. Mistiming of breeding with peak 
food availability to cover for increased energy demands should have led to a lower nest survival 
with lower food abundance if food was limited. Low nest survival due to food shortage is typically 
characterized by partial nest losses usually limited to the nestling stage, an indication of starvation 
(Ricklefs 1969, Wiley and Wiley 1980), or total clutch loss due to desertion (Ricklefs 1969, Wiley 
and Wiley 1980, Zanette et al. 2006). In Red-capped larks, we did not observe instances of partial 
nest loss during the nestling stage or total brood loss attributable to starvation (i.e. no nests in 
which all the nestlings were dead but otherwise intact), and total clutch loss attributable to nest 
abandonment was extremely rare (Chapter 3). Nest survival in Red-capped larks was inversely 
related with increased rain (Shiao et al. 2015). Increased rainfall during breeding can also lead to 
Red-capped larks encountering adverse foraging conditions, which may result to less food being 
delivered to nestlings, and, consequently, poor nestling growth and nest failure. However, as 
earlier stated Red-capped larks did not have partial nest losses during nestling stage while total 
clutch loss attributable to nest abandonment was extremely rare (Ricklefs 1969). Moreover, the 
relationship between nest survival in Red-capped larks and invertebrate biomass, our proxy for 
food availability, showed contrasting results. Nest survival was not related to ground invertebrate 
biomass, while flying invertebrate biomass was negatively correlated to nest survival pointing to 
another effect other than as a food resource to the larks.  

In conclusion, our results support nest depredation as the major factor influencing nest 
survival of Red-capped larks. However, Red-capped larks may not be able to time their breeding 
coincident with times of low depredation due to the stochastic unpredictable variation of social-
environmental factors modulating predation and secondly nest loss is through incidental nest 
predators rather than by a primary predator. Drawing on the evidence that nest loss was not due to 
food shortage and neither was nest survival related to increased food availability, it is also plausible 
to conclude that Red-capped larks are faced with low food constraints with food resources 
sufficient throughout the year to support breeding. 
 
Behavioural and physiological adjustments in Red-capped larks are influenced by both 
social-environmental factors and by life history stage 
Red-capped larks shifted from flocks to pairs dependent on breeding status at the individual level. 
The switch to pairs was accompanied by defense of their territories during breeding (personal 

 
 

 
 

observation). Factors that have been shown to lead to the breakdown in sociality from flocks to 
pairs during breeding are manifold, varying from the need to defend nest sites, coupled with nest 
attendance and chick provisioning that constrain movement to areas closer to the nest (Morganti 
et al. 2017), spatiotemporal change in food availability and the need to defend priority sites for 
access to a stable food supply (Lima 2009, Braun and Bugnyar 2012, Loretto et al. 2017) or to 
reduce density-dependent nest depredation via the spacing of nests (Lima 2009). Although 
breeding birds were well-represented, in chapter 3, we could not tease apart the influence of 
breeding status and socio-environmental factors in occurrence or duration of pair formation. This 
partly resulted from having to define the breeding period as the period during which an individual 
was attending its nest (nest building until fledging), a period lasting 24 days in this species 
(Mwangi et al. 2018). 

Home range in Red-capped larks was not related to food availability or weather conditions 
but rather decreased with an increase in nesting intensity at the population level, which applied to 
both the combined composite home ranges of breeding and non-breeding birds and to the home 
ranges of non-breeding birds only (chapter 3). Variation in home ranges of Red-capped larks may, 
therefore, be influenced more by life history stage than by environmental factors. Consistent with 
our results in chapter 3, home ranges in birds have been shown to decrease with breeding (Willey 
& Van Riper Iii 2014, Morganti et al. 2017), but have also been shown to increase (Jahn et al. 
2010, Kolts & McRae 2017), or show no variation with breeding (Winiarski et al. 2017). For 
brooding birds and secondly birds with altricial young such as the Red-capped larks, home range 
of breeding birds may have been influenced by nest attendance during incubation and maintaining 
a continuous presence at the nest to minimize the risk of nest predation (Rothenbach and Kelly 
2012), while chick provisioning also constrains movement to areas closer to the nest (Morganti et 
al. 2017). As I stated earlier, Red-capped larks during breeding defend their nest sites against 
intrusion by conspecifics. Territoriality by breeding birds may explain the decrease of non-
breeding birds with increase in nesting intensity as territoriality reduces the area available to non-
breeding birds. Consequently, exclusion from some areas creates patchiness in areas accessible for 
non-breeding birds to exploit, restricting them to smaller areas that are not defended by the 
breeding pairs.  

Contrary to home range variation in response to breeding, body mass in Red-capped larks 
decreased with increased food availability independent of life history stage. However, molting 
birds decreased mass with higher minimum daily temperature and favorable environmental 
condition for breeding to even lower levels than breeding birds and those in quiescence. The 
general decrease in body mass with more food suggests a stronger influence of environmental 
factors but the lower mass of molting birds shows partial influence of life history stage as well in 
body mass variation. Decreased body mass in Red-capped larks with increased food availability 
despite the unpredictable nature of the environment provides support for the hypothesis of 
sufficient year-round food availability in near-equatorial tropical systems despite the unpredictable 
nature of the environment (Skutch 1949, Ricklefs 1969). With food sufficient year-round, it may 
pay off to have a lower body mass with increased food availability to counter associated negative 
costs of higher body mass that include increased locomotory costs (Blanckenhorn 2000, Cresswell 
2003, Carrascal and Polo 2006). For instance, with year-round breeding, flight efficiency and 
speed used when flying to and from foraging sites can be an important decision given that in some 
bird species parent birds makeup to 500 foraging trips per day to gather food for their nestlings 
(McLaughlin and Montgomerie 1990).  
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Similar to body mass, immune function varied more with socio-environmental factors than 
with life history. Specifically, we found that all four immune indexes were explained by at least 
one or more of the socio-environmental factors, while life history stage played a minor role only 
for haptoglobin. Although variation in immune function is hypothesized to reflect a trade-off with 
energetically expensive life-history events, where resources are sufficient, investing in other 
beneficial physiological expensive traits such as immune function may be selected for and not 
constrained by resource allocation to other energetically demanding life history traits. For instance, 
in an experiment on sand martin nestlings, Riparia riparia by Brzęk and Konarzewski (2007), 
growth and immune response are positively correlated when resources were plentiful and were 
only negative in food-restricted nestlings. Likewise in female breeding Tree swallows Tachycineta 
bicolor heavier birds that were more efficient at gathering food still mounted a strong immune 
response even in low quality habitat (Pigeon et al. 2012).  

The stronger influence of social-environmental factors may be due to the hypothesized 
higher parasite diversity and pathogen pressures in tropical areas compared to temperate regions 
(Salkeld et al. 2008). The immune system plays an important role in defending an animal against 
attack by pathogens and parasites (Norris and Evans 2000). Tracking and maintaining an optimal 
level of immune function dependent on pathogen pressure and disease risk in the environment 
may, therefore, be critical to Red-capped larks (Horrocks et al. 2011, 2012a).  

In conclusion, home range and space use in Red-capped larks show a stronger influence of 
life history stage than of social environmental factors. During breeding, nesting birds are confined 
to areas near their nest thereby reducing their home range, while the consequent territoriality of 
breeding pairs limits access of some areas to non-breeding birds and similarly leads to smaller 
home ranges. In relation to physiology, both body mass and immune function are better explained 
by social-environmental factors but also partially by life history stage. Red-capped larks had lower 
mass with favorable socio-environmental conditions to counter associated negative costs of higher 
body mass while the stronger relationship between immune function and social-environmental 
factors may have been due to the hypothesized higher disease risk and pathogens in tropical areas.  
 
Phenotypic adjustment in Red-capped larks is more consistent with plasticity to a stochastic 
environment rather than a mismatch resulting from evolutionary adaptation to a changed 
environment 
In the past, studies conducted in East Africa reported seasonal changes in weather between a dry 
season and two rainy seasons (Brown and Britton 1980, Helm and Gwinner 1999). However, 
Ndithia et al. (2017a) and our results in chapter 4 reveal current weather patterns as highly 
stochastic and unpredictable. In seasonal environments, birds can anticipate future conditions by 
use of ultimate and proximate environmental cues and, in response to the predicted environment, 
adjust their phenotype. However, the challenge of anticipating future conditions changes 
dramatically, if the system becomes stochastic characterized by substantial year-to-year variation 
in the timing or magnitude of environmental factors previously relied upon by the birds as cues 
leading to incorrect prediction and consequently phenotype‐environment‐mismatch. To 
investigate if current phenotypic adjustment in Red-capped larks was a mismatch due to 
evolutionary adaptation or fixed genetic control to a seasonal environment or alternatively, a match 
to the current stochastic environment through phenotypic plasticity, we assessed whether variation 
in body mass and immune indices of Red-capped Larks was better explained by long-term average 
weather patterns or current prevailing weather. Despite the change in seasonality, for body mass 
we found partial support of a phenotypic plastic response to current weather conditions and also 

 
 

 
 

to some extent adaptations of body mass to long term weather patterns dependent on sex and life 
history stage. However, variation in all the three immune measures we evaluated were better 
explained by current social-environmental factors and by none of the long term weather factors 
reflecting strong plastic response in shaping immune function. Even though our tropical equatorial 
system was reported as seasonal as determined by long-term averages, it may have been stochastic 
due to large inter and intra-year variation, as has been shown in other tropical equatorial 
environments such as the Australian tropics (Hau 2001, Wikelski et al. 2003, Perfito et al. 2007). 
Therefore, canalized (‘hard-wired’) traits are unlikely to have been selected for in such a system 
(Shine and Brown 2008), but rather plasticity should be selected for and more prominent (Piersma 
and Drent 2003). However, based on the available data we cannot at the present time entirely 
exclude the possibility that there is a mismatch because other than weather, there are alternative 
factors that modulate physiological adjustments in birds such as parasitic or microbial load that 
influence disease risk (Møller et al. 2003, Altizer et al. 2006, Horrocks et al. 2012a), predation risk 
(Cuthill et al. 2000, Cresswell 2003) or food availability (Cuthill 2000). These factors have not 
been monitored over the long-term. Another key limitation of our study is that we did not have 
historical body mass and immune indices measured to couple the historical weather data. 
 
 
Recommendations and future work 
 
While identifying factors that correlate with nest survival, variation in home range and space use, 
body mass and immune function has been an important step toward understanding life history 
strategies of the Red-capped lark our evidence is only correlative. To investigate causation and 
underlying mechanisms to the correlations reported in this thesis, it is important to combine 
individual level focus and experimental manipulation in future studies. I propose several future 
lines of studies I identified during the course of my thesis work to further our understanding of life 
history strategies in these stochastic unpredictable systems.  

Although the findings of year-round breeding had previously been widely reported 
(Moreau 1944, Skutch 1949, Hau 2001), it would be interesting to check whether reported year-
round breeding is due to individuals spreading their clutches year-round or that individual pairs 
breed at specific times of the years as suggested by Wikelski et al. (2003). Combining old 
monitoring methods such as bird ringing/colour banding and other new tracking technologies such 
as radio and satellite transmitters and the use of mobile phone network for animal tracking now 
make it possible to design research focused to answer individual level questions that will allow an 
in depth understanding of breeding schedules which cannot be attained by population level studies. 
Based on anecdotal evidence of color-ringed Red-capped larks, I hypothesize that individual birds 
breed multiple times per year but to have conclusive data, more long term research is required. To 
complement the ringing and tracking results, there is need to employ physiological techniques to 
directly monitor changes in reproductive state and responses to environmental fluctuations to 
provide more insights as to whether birds maintain physiological preparedness to breed year-round 
(Wikelski et al. 2003, Hau et al. 2004). 

The second attribute identified with tropical systems and also supported by our results is 
the general consensus that nest predation is a major factor influencing nesting survival in tropical 
systems (Skutch 1985). However a more complete understanding of nest predation has been 
limited by lack of studies identifying the actual nest predators responsible for the high levels of 
depredation. Subsequently even more lacking is information about the ecology of the nest 
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Similar to body mass, immune function varied more with socio-environmental factors than 
with life history. Specifically, we found that all four immune indexes were explained by at least 
one or more of the socio-environmental factors, while life history stage played a minor role only 
for haptoglobin. Although variation in immune function is hypothesized to reflect a trade-off with 
energetically expensive life-history events, where resources are sufficient, investing in other 
beneficial physiological expensive traits such as immune function may be selected for and not 
constrained by resource allocation to other energetically demanding life history traits. For instance, 
in an experiment on sand martin nestlings, Riparia riparia by Brzęk and Konarzewski (2007), 
growth and immune response are positively correlated when resources were plentiful and were 
only negative in food-restricted nestlings. Likewise in female breeding Tree swallows Tachycineta 
bicolor heavier birds that were more efficient at gathering food still mounted a strong immune 
response even in low quality habitat (Pigeon et al. 2012).  

The stronger influence of social-environmental factors may be due to the hypothesized 
higher parasite diversity and pathogen pressures in tropical areas compared to temperate regions 
(Salkeld et al. 2008). The immune system plays an important role in defending an animal against 
attack by pathogens and parasites (Norris and Evans 2000). Tracking and maintaining an optimal 
level of immune function dependent on pathogen pressure and disease risk in the environment 
may, therefore, be critical to Red-capped larks (Horrocks et al. 2011, 2012a).  

In conclusion, home range and space use in Red-capped larks show a stronger influence of 
life history stage than of social environmental factors. During breeding, nesting birds are confined 
to areas near their nest thereby reducing their home range, while the consequent territoriality of 
breeding pairs limits access of some areas to non-breeding birds and similarly leads to smaller 
home ranges. In relation to physiology, both body mass and immune function are better explained 
by social-environmental factors but also partially by life history stage. Red-capped larks had lower 
mass with favorable socio-environmental conditions to counter associated negative costs of higher 
body mass while the stronger relationship between immune function and social-environmental 
factors may have been due to the hypothesized higher disease risk and pathogens in tropical areas.  
 
Phenotypic adjustment in Red-capped larks is more consistent with plasticity to a stochastic 
environment rather than a mismatch resulting from evolutionary adaptation to a changed 
environment 
In the past, studies conducted in East Africa reported seasonal changes in weather between a dry 
season and two rainy seasons (Brown and Britton 1980, Helm and Gwinner 1999). However, 
Ndithia et al. (2017a) and our results in chapter 4 reveal current weather patterns as highly 
stochastic and unpredictable. In seasonal environments, birds can anticipate future conditions by 
use of ultimate and proximate environmental cues and, in response to the predicted environment, 
adjust their phenotype. However, the challenge of anticipating future conditions changes 
dramatically, if the system becomes stochastic characterized by substantial year-to-year variation 
in the timing or magnitude of environmental factors previously relied upon by the birds as cues 
leading to incorrect prediction and consequently phenotype‐environment‐mismatch. To 
investigate if current phenotypic adjustment in Red-capped larks was a mismatch due to 
evolutionary adaptation or fixed genetic control to a seasonal environment or alternatively, a match 
to the current stochastic environment through phenotypic plasticity, we assessed whether variation 
in body mass and immune indices of Red-capped Larks was better explained by long-term average 
weather patterns or current prevailing weather. Despite the change in seasonality, for body mass 
we found partial support of a phenotypic plastic response to current weather conditions and also 

 
 

 
 

to some extent adaptations of body mass to long term weather patterns dependent on sex and life 
history stage. However, variation in all the three immune measures we evaluated were better 
explained by current social-environmental factors and by none of the long term weather factors 
reflecting strong plastic response in shaping immune function. Even though our tropical equatorial 
system was reported as seasonal as determined by long-term averages, it may have been stochastic 
due to large inter and intra-year variation, as has been shown in other tropical equatorial 
environments such as the Australian tropics (Hau 2001, Wikelski et al. 2003, Perfito et al. 2007). 
Therefore, canalized (‘hard-wired’) traits are unlikely to have been selected for in such a system 
(Shine and Brown 2008), but rather plasticity should be selected for and more prominent (Piersma 
and Drent 2003). However, based on the available data we cannot at the present time entirely 
exclude the possibility that there is a mismatch because other than weather, there are alternative 
factors that modulate physiological adjustments in birds such as parasitic or microbial load that 
influence disease risk (Møller et al. 2003, Altizer et al. 2006, Horrocks et al. 2012a), predation risk 
(Cuthill et al. 2000, Cresswell 2003) or food availability (Cuthill 2000). These factors have not 
been monitored over the long-term. Another key limitation of our study is that we did not have 
historical body mass and immune indices measured to couple the historical weather data. 
 
 
Recommendations and future work 
 
While identifying factors that correlate with nest survival, variation in home range and space use, 
body mass and immune function has been an important step toward understanding life history 
strategies of the Red-capped lark our evidence is only correlative. To investigate causation and 
underlying mechanisms to the correlations reported in this thesis, it is important to combine 
individual level focus and experimental manipulation in future studies. I propose several future 
lines of studies I identified during the course of my thesis work to further our understanding of life 
history strategies in these stochastic unpredictable systems.  

Although the findings of year-round breeding had previously been widely reported 
(Moreau 1944, Skutch 1949, Hau 2001), it would be interesting to check whether reported year-
round breeding is due to individuals spreading their clutches year-round or that individual pairs 
breed at specific times of the years as suggested by Wikelski et al. (2003). Combining old 
monitoring methods such as bird ringing/colour banding and other new tracking technologies such 
as radio and satellite transmitters and the use of mobile phone network for animal tracking now 
make it possible to design research focused to answer individual level questions that will allow an 
in depth understanding of breeding schedules which cannot be attained by population level studies. 
Based on anecdotal evidence of color-ringed Red-capped larks, I hypothesize that individual birds 
breed multiple times per year but to have conclusive data, more long term research is required. To 
complement the ringing and tracking results, there is need to employ physiological techniques to 
directly monitor changes in reproductive state and responses to environmental fluctuations to 
provide more insights as to whether birds maintain physiological preparedness to breed year-round 
(Wikelski et al. 2003, Hau et al. 2004). 

The second attribute identified with tropical systems and also supported by our results is 
the general consensus that nest predation is a major factor influencing nesting survival in tropical 
systems (Skutch 1985). However a more complete understanding of nest predation has been 
limited by lack of studies identifying the actual nest predators responsible for the high levels of 
depredation. Subsequently even more lacking is information about the ecology of the nest 
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Similar to body mass, immune function varied more with socio-environmental factors than 
with life history. Specifically, we found that all four immune indexes were explained by at least 
one or more of the socio-environmental factors, while life history stage played a minor role only 
for haptoglobin. Although variation in immune function is hypothesized to reflect a trade-off with 
energetically expensive life-history events, where resources are sufficient, investing in other 
beneficial physiological expensive traits such as immune function may be selected for and not 
constrained by resource allocation to other energetically demanding life history traits. For instance, 
in an experiment on sand martin nestlings, Riparia riparia by Brzęk and Konarzewski (2007), 
growth and immune response are positively correlated when resources were plentiful and were 
only negative in food-restricted nestlings. Likewise in female breeding Tree swallows Tachycineta 
bicolor heavier birds that were more efficient at gathering food still mounted a strong immune 
response even in low quality habitat (Pigeon et al. 2012).  

The stronger influence of social-environmental factors may be due to the hypothesized 
higher parasite diversity and pathogen pressures in tropical areas compared to temperate regions 
(Salkeld et al. 2008). The immune system plays an important role in defending an animal against 
attack by pathogens and parasites (Norris and Evans 2000). Tracking and maintaining an optimal 
level of immune function dependent on pathogen pressure and disease risk in the environment 
may, therefore, be critical to Red-capped larks (Horrocks et al. 2011, 2012a).  

In conclusion, home range and space use in Red-capped larks show a stronger influence of 
life history stage than of social environmental factors. During breeding, nesting birds are confined 
to areas near their nest thereby reducing their home range, while the consequent territoriality of 
breeding pairs limits access of some areas to non-breeding birds and similarly leads to smaller 
home ranges. In relation to physiology, both body mass and immune function are better explained 
by social-environmental factors but also partially by life history stage. Red-capped larks had lower 
mass with favorable socio-environmental conditions to counter associated negative costs of higher 
body mass while the stronger relationship between immune function and social-environmental 
factors may have been due to the hypothesized higher disease risk and pathogens in tropical areas.  
 
Phenotypic adjustment in Red-capped larks is more consistent with plasticity to a stochastic 
environment rather than a mismatch resulting from evolutionary adaptation to a changed 
environment 
In the past, studies conducted in East Africa reported seasonal changes in weather between a dry 
season and two rainy seasons (Brown and Britton 1980, Helm and Gwinner 1999). However, 
Ndithia et al. (2017a) and our results in chapter 4 reveal current weather patterns as highly 
stochastic and unpredictable. In seasonal environments, birds can anticipate future conditions by 
use of ultimate and proximate environmental cues and, in response to the predicted environment, 
adjust their phenotype. However, the challenge of anticipating future conditions changes 
dramatically, if the system becomes stochastic characterized by substantial year-to-year variation 
in the timing or magnitude of environmental factors previously relied upon by the birds as cues 
leading to incorrect prediction and consequently phenotype‐environment‐mismatch. To 
investigate if current phenotypic adjustment in Red-capped larks was a mismatch due to 
evolutionary adaptation or fixed genetic control to a seasonal environment or alternatively, a match 
to the current stochastic environment through phenotypic plasticity, we assessed whether variation 
in body mass and immune indices of Red-capped Larks was better explained by long-term average 
weather patterns or current prevailing weather. Despite the change in seasonality, for body mass 
we found partial support of a phenotypic plastic response to current weather conditions and also 

 
 

 
 

to some extent adaptations of body mass to long term weather patterns dependent on sex and life 
history stage. However, variation in all the three immune measures we evaluated were better 
explained by current social-environmental factors and by none of the long term weather factors 
reflecting strong plastic response in shaping immune function. Even though our tropical equatorial 
system was reported as seasonal as determined by long-term averages, it may have been stochastic 
due to large inter and intra-year variation, as has been shown in other tropical equatorial 
environments such as the Australian tropics (Hau 2001, Wikelski et al. 2003, Perfito et al. 2007). 
Therefore, canalized (‘hard-wired’) traits are unlikely to have been selected for in such a system 
(Shine and Brown 2008), but rather plasticity should be selected for and more prominent (Piersma 
and Drent 2003). However, based on the available data we cannot at the present time entirely 
exclude the possibility that there is a mismatch because other than weather, there are alternative 
factors that modulate physiological adjustments in birds such as parasitic or microbial load that 
influence disease risk (Møller et al. 2003, Altizer et al. 2006, Horrocks et al. 2012a), predation risk 
(Cuthill et al. 2000, Cresswell 2003) or food availability (Cuthill 2000). These factors have not 
been monitored over the long-term. Another key limitation of our study is that we did not have 
historical body mass and immune indices measured to couple the historical weather data. 
 
 
Recommendations and future work 
 
While identifying factors that correlate with nest survival, variation in home range and space use, 
body mass and immune function has been an important step toward understanding life history 
strategies of the Red-capped lark our evidence is only correlative. To investigate causation and 
underlying mechanisms to the correlations reported in this thesis, it is important to combine 
individual level focus and experimental manipulation in future studies. I propose several future 
lines of studies I identified during the course of my thesis work to further our understanding of life 
history strategies in these stochastic unpredictable systems.  

Although the findings of year-round breeding had previously been widely reported 
(Moreau 1944, Skutch 1949, Hau 2001), it would be interesting to check whether reported year-
round breeding is due to individuals spreading their clutches year-round or that individual pairs 
breed at specific times of the years as suggested by Wikelski et al. (2003). Combining old 
monitoring methods such as bird ringing/colour banding and other new tracking technologies such 
as radio and satellite transmitters and the use of mobile phone network for animal tracking now 
make it possible to design research focused to answer individual level questions that will allow an 
in depth understanding of breeding schedules which cannot be attained by population level studies. 
Based on anecdotal evidence of color-ringed Red-capped larks, I hypothesize that individual birds 
breed multiple times per year but to have conclusive data, more long term research is required. To 
complement the ringing and tracking results, there is need to employ physiological techniques to 
directly monitor changes in reproductive state and responses to environmental fluctuations to 
provide more insights as to whether birds maintain physiological preparedness to breed year-round 
(Wikelski et al. 2003, Hau et al. 2004). 

The second attribute identified with tropical systems and also supported by our results is 
the general consensus that nest predation is a major factor influencing nesting survival in tropical 
systems (Skutch 1985). However a more complete understanding of nest predation has been 
limited by lack of studies identifying the actual nest predators responsible for the high levels of 
depredation. Subsequently even more lacking is information about the ecology of the nest 
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Similar to body mass, immune function varied more with socio-environmental factors than 
with life history. Specifically, we found that all four immune indexes were explained by at least 
one or more of the socio-environmental factors, while life history stage played a minor role only 
for haptoglobin. Although variation in immune function is hypothesized to reflect a trade-off with 
energetically expensive life-history events, where resources are sufficient, investing in other 
beneficial physiological expensive traits such as immune function may be selected for and not 
constrained by resource allocation to other energetically demanding life history traits. For instance, 
in an experiment on sand martin nestlings, Riparia riparia by Brzęk and Konarzewski (2007), 
growth and immune response are positively correlated when resources were plentiful and were 
only negative in food-restricted nestlings. Likewise in female breeding Tree swallows Tachycineta 
bicolor heavier birds that were more efficient at gathering food still mounted a strong immune 
response even in low quality habitat (Pigeon et al. 2012).  

The stronger influence of social-environmental factors may be due to the hypothesized 
higher parasite diversity and pathogen pressures in tropical areas compared to temperate regions 
(Salkeld et al. 2008). The immune system plays an important role in defending an animal against 
attack by pathogens and parasites (Norris and Evans 2000). Tracking and maintaining an optimal 
level of immune function dependent on pathogen pressure and disease risk in the environment 
may, therefore, be critical to Red-capped larks (Horrocks et al. 2011, 2012a).  

In conclusion, home range and space use in Red-capped larks show a stronger influence of 
life history stage than of social environmental factors. During breeding, nesting birds are confined 
to areas near their nest thereby reducing their home range, while the consequent territoriality of 
breeding pairs limits access of some areas to non-breeding birds and similarly leads to smaller 
home ranges. In relation to physiology, both body mass and immune function are better explained 
by social-environmental factors but also partially by life history stage. Red-capped larks had lower 
mass with favorable socio-environmental conditions to counter associated negative costs of higher 
body mass while the stronger relationship between immune function and social-environmental 
factors may have been due to the hypothesized higher disease risk and pathogens in tropical areas.  
 
Phenotypic adjustment in Red-capped larks is more consistent with plasticity to a stochastic 
environment rather than a mismatch resulting from evolutionary adaptation to a changed 
environment 
In the past, studies conducted in East Africa reported seasonal changes in weather between a dry 
season and two rainy seasons (Brown and Britton 1980, Helm and Gwinner 1999). However, 
Ndithia et al. (2017a) and our results in chapter 4 reveal current weather patterns as highly 
stochastic and unpredictable. In seasonal environments, birds can anticipate future conditions by 
use of ultimate and proximate environmental cues and, in response to the predicted environment, 
adjust their phenotype. However, the challenge of anticipating future conditions changes 
dramatically, if the system becomes stochastic characterized by substantial year-to-year variation 
in the timing or magnitude of environmental factors previously relied upon by the birds as cues 
leading to incorrect prediction and consequently phenotype‐environment‐mismatch. To 
investigate if current phenotypic adjustment in Red-capped larks was a mismatch due to 
evolutionary adaptation or fixed genetic control to a seasonal environment or alternatively, a match 
to the current stochastic environment through phenotypic plasticity, we assessed whether variation 
in body mass and immune indices of Red-capped Larks was better explained by long-term average 
weather patterns or current prevailing weather. Despite the change in seasonality, for body mass 
we found partial support of a phenotypic plastic response to current weather conditions and also 

 
 

 
 

to some extent adaptations of body mass to long term weather patterns dependent on sex and life 
history stage. However, variation in all the three immune measures we evaluated were better 
explained by current social-environmental factors and by none of the long term weather factors 
reflecting strong plastic response in shaping immune function. Even though our tropical equatorial 
system was reported as seasonal as determined by long-term averages, it may have been stochastic 
due to large inter and intra-year variation, as has been shown in other tropical equatorial 
environments such as the Australian tropics (Hau 2001, Wikelski et al. 2003, Perfito et al. 2007). 
Therefore, canalized (‘hard-wired’) traits are unlikely to have been selected for in such a system 
(Shine and Brown 2008), but rather plasticity should be selected for and more prominent (Piersma 
and Drent 2003). However, based on the available data we cannot at the present time entirely 
exclude the possibility that there is a mismatch because other than weather, there are alternative 
factors that modulate physiological adjustments in birds such as parasitic or microbial load that 
influence disease risk (Møller et al. 2003, Altizer et al. 2006, Horrocks et al. 2012a), predation risk 
(Cuthill et al. 2000, Cresswell 2003) or food availability (Cuthill 2000). These factors have not 
been monitored over the long-term. Another key limitation of our study is that we did not have 
historical body mass and immune indices measured to couple the historical weather data. 
 
 
Recommendations and future work 
 
While identifying factors that correlate with nest survival, variation in home range and space use, 
body mass and immune function has been an important step toward understanding life history 
strategies of the Red-capped lark our evidence is only correlative. To investigate causation and 
underlying mechanisms to the correlations reported in this thesis, it is important to combine 
individual level focus and experimental manipulation in future studies. I propose several future 
lines of studies I identified during the course of my thesis work to further our understanding of life 
history strategies in these stochastic unpredictable systems.  

Although the findings of year-round breeding had previously been widely reported 
(Moreau 1944, Skutch 1949, Hau 2001), it would be interesting to check whether reported year-
round breeding is due to individuals spreading their clutches year-round or that individual pairs 
breed at specific times of the years as suggested by Wikelski et al. (2003). Combining old 
monitoring methods such as bird ringing/colour banding and other new tracking technologies such 
as radio and satellite transmitters and the use of mobile phone network for animal tracking now 
make it possible to design research focused to answer individual level questions that will allow an 
in depth understanding of breeding schedules which cannot be attained by population level studies. 
Based on anecdotal evidence of color-ringed Red-capped larks, I hypothesize that individual birds 
breed multiple times per year but to have conclusive data, more long term research is required. To 
complement the ringing and tracking results, there is need to employ physiological techniques to 
directly monitor changes in reproductive state and responses to environmental fluctuations to 
provide more insights as to whether birds maintain physiological preparedness to breed year-round 
(Wikelski et al. 2003, Hau et al. 2004). 

The second attribute identified with tropical systems and also supported by our results is 
the general consensus that nest predation is a major factor influencing nesting survival in tropical 
systems (Skutch 1985). However a more complete understanding of nest predation has been 
limited by lack of studies identifying the actual nest predators responsible for the high levels of 
depredation. Subsequently even more lacking is information about the ecology of the nest 
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predators. Future studies on the identity and ecology on nest predators is of fundamental 
importance to understanding evolution of avian life histories in these tropical systems. They would 
also contribute a better understanding of depredation patterns that may be obscured by the current 
lumping of different predator species. It would therefore be worthwhile to employ recent advances 
in the development of miniature video technology and more sensitive trail cameras to document 
nest predators either using active nests or artificial nests and design specific studies focusing on 
their ecology.  

One unique attribute conferred to studying near equatorial tropical birds is the occurrence 
of birds both in breeding and in quiescence under the same environmental conditions that do not 
vary in body mass (an acceptable proxy for body condition) and immune indices (chapter 4 and 5 
of this thesis). This unique attribute can be exploited to test the effects of; (a) increased infection, 
(b) mounting an immune challenge or (c) the ability to fight infection using the wild population 
during the putative expensive life history stage of breeding versus those in quiescence dependent 
on an individual’s immune function. This can be achieved for instance by experimentally 
presenting an immune challenge to their system to gain insight into the consequences of disease at 
different life history stages or environmental factors.  
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