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ABSTRACT 

 
Cooperative breeding is characterised by three or more individuals cooperating to raise young. 

Cooperative breeders are socially complex, with group members interacting more frequently with one 

another than other members of the population, and hence their population dynamics may differ from 

those of non-cooperative species. Both their reproductive success and survival can be affected by 

group size and the behaviour of other group members. While the costs and benefits associated with 

cooperative group-living may influence population dynamics, this parameter has not been integrated 

with predictions about the impact of climate change on populations. In this thesis I use a combination 

of short-term behavioural response data and long-term life history data to examine how the population 

dynamics of a cooperative breeder, the Southern pied babbler (Turdoides bicolor) are affected by 

social structure and climatic perturbation. I use field observations and experiments to determine the 

behavioural underpinnings of parental care trade-offs, and the benefits of within-group monogamous 

pair bonds. I analyse long-term life history data to examine the extent to which individual survival, 

both group and population growth rate, and extinction risk have been historically affected by social 

and climatic events. I then use these results to predict how forecast climate change will impact 

population viability in the future. 

 

I found evidence that hotter temperatures prompted a shift in parental care strategy, consistent with a 

load-lightening benefit of cooperation. Being in a larger group was beneficial when provisioning 

dependent young, as the costs of parental care per individual was lower. This provides some of the 

first empirical evidence for a shift in parental care strategy due to an external stressor, and supports 

the idea that one benefit of group-living for parents is that they can reduce investment in their own 

young when helpers are present.  

 

Although monogamous pair bonds are rarely studied in cooperative breeders, my research revealed 

that longer pair bonds resulted in higher reproductive success. The pair bond may therefore not only 

be beneficial for members of the pair, but for the whole group (for example, through direct or indirect 
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fitness benefits), suggesting monogamous pair bonds may be an important aspect of group dynamics 

in cooperatively breeding species.  Vocal pair display behaviour appeared to illicit a high level 

response from both other pairs and their groups, suggesting that this pair ‘signal’ is an important 

aspect of group defence. These findings have highlighted the selective benefits of the hitherto 

unconsidered pair bond within cooperative groups.  

 

An analysis of population demography over time revealed that both drought and heatwaves are drivers 

of population decline and extinction in the pied babbler. Population growth rate was most affected by 

the yearly survival rate of dominant individuals, due to the fact that it is primarily the dominant 

individuals that breed in this species. If the frequency of unfavourable climatic conditions increases as 

forecast, the population growth rate may not be able to recover between harsh climatic events, leading 

to population decline long-term.  

 

An investigation of density dependent population regulation revealed that individual survival per 

annum was not influenced by annual group density, however, individual lifespan was positively 

influenced by average group density over an individual’s lifetime. Yearly group sizes were 

independent of population size. Further to this, there was no evidence of an effect of overall 

population density on population growth rate. These results indicate that there is evidence for density 

dependent processes in the population, but these occur at the group, rather than the population level. 

This is an important finding because it indicates that group level dynamics in cooperative breeders 

may affect vital rates and therefore population demography differently when compared with non-

cooperative species. By using a combination of approaches across different types of data this thesis 

contributes novel information to a newly emerging field of investigation – population viability in 

cooperative or group-structured populations where there may be concurrent influences of intrinsic 

social factors and climatic perturbations.  
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1.1 Cooperation and population dynamics 

Cooperative breeding is characterised by individuals receiving assistance in raising their young from one or 

more helpers. The varying levels of cooperation which occur in nature are thought to have evolved as a result 

of ecological constraints, to facilitate the fundamental need for individuals to survive and reproduce 

(Hamilton 1964). While it could at first appear that helping is costly to an individual’s  fitness, a range of 

studies has revealed the underlying complexities behind the evolution of cooperation, and the mechanisms 

whereby individuals benefit through the decision to help (Hamilton 1964; Koenig 1981; Emlen 1982; Stacey 

& Ligon 1991; Clutton-Brock 2002; Bell et al. 2010; Rubenstein 2011; Kingma et al. 2014). Although there 

is a pivotal body of research that has investigated the costs and benefits of helping behaviour and group-

living, determining how social organisation may influence population dynamics, when populations 

experience external stressors, has been relatively neglected. This is an important avenue of research to 

consider, because it informs us about how differences in social organisation (cooperative population 

dynamics compared to non-social species) will affect reproductive success, and thus how cooperative species 

may respond to stressors such as climate or habitat change and the resulting impact on their demography. 

 

1.2 Parental care trade-offs and climate change  

Cooperative breeding has been documented in approximately 11% of species of birds that have altricial 

young, compared to just 4% of those with precocial young (Cockburn 2006; Scheiber et al. 2017), and the 

young of cooperative breeding species tend to have extended  periods of dependency, representing a high 

level of parental investment (Trivers 1972; Clutton-Brock 1991; Heinsohn 2004; Ridley & Raihani 2007). In 

times of environmental stress (i.e. drought periods or heatwaves), successfully raising young may carry an 

even higher cost than normal (Covas, Du Plessis & Doutrelant 2008; Wiley & Ridley 2016). For example, if 

above-average temperatures negatively affect adult body condition, this will increase the cost of parental care 

(Cunningham et al. 2013; Wiley & Ridley 2016). Evidence suggests that when the cost of parental care is 

high, individuals may trade off their own body condition and survival against that of their young (Ghalambor 

& Martin 2001; Fontaine & Martin 2006). Therefore, predicted climatic changes may require that species 

adaptively adjust breeding behaviour, and this could result in a decline in population growth rate, due to a 

reduction in annual reproductive success. If one of the benefits of group-living includes sharing the workload 
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when provisioning altricial young (Crick 1992), it is possible that cooperation may buffer groups against 

some of the negative impacts of climate change on reproductive success. It would also follow that larger 

groups may be better able to mediate the higher costs of provisioning under an external stressor. Despite 

numerous examples of parental care trade-offs existing in nature, (for example, parental care decreasing with 

increased helper contribution (Clutton-Brock, Russell & Sharpe 2004; Russell et al. 2008; Browning et al. 

2012), or perceived predation risk (Zanette et al. 2011)), the potential impact of climate change on parental 

investment strategies and the consequences of this on dependent offspring, have rarely been investigated.  

 

1.3 Pair bonds and cooperation 

The benefits of pair bonds have been well-described in monogamous species (Wittenberger & Tilson 1980; 

Dillard & Westneat 2016), but are relatively less well known in cooperatively breeding species. Known 

benefits of breeding pair bonds are considerable, and can include: higher reproductive success, increased 

survival rates, coordinated territory acquisition and defense and, in some cases, low extra-pair paternity (and 

therefore paternity assurance) (Vincent & Sadler 1995; Sánchez-Macouzet, Rodríguez & Drummond 2014; 

Culina, Lachish & Sheldon 2015). However, in cooperative species, many of the benefits gained from pair-

bonding are recorded as benefits gained through group-living behaviours (Heg et al. 2015; Ridley 2016). 

Despite this, breeding pair bonds are present in a number of cooperative species, particularly those with high 

reproductive skew (Griffin et al. 2003; Townsend et al. 2011), but the benefits of such pair bonds have rarely 

been investigated. Where pair bonds persist in cooperatively breeding species, it is likely that they confer 

some selective advantage. Thus, the bond between a behaviourally and socially dominant pair may influence 

not only the pair, but group reproductive success, intragroup stability, and territory defense. If this is the 

case, it is an additional parameter we have to consider as an influence both on the demography of 

cooperative breeders, and to take into account in our consideration of the evolution of cooperation and the 

costs and benefits therein. Surprisingly, this compelling possibility has rarely been considered for 

cooperative breeders, but in study populations where long-term life history data is available, it is possible to 

quantify. 
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1.4 Population demography 

If group-living has an influence on individual survival and reproduction (as hypothesized in theories for the 

evolution of cooperation), then cooperation is likely to directly impact population demography (Clutton-

Brock 2002; Cornwallis, West & Griffin 2009). Cooperative populations may therefore respond differently 

to ecological fluctuations (such as climatic perturbation or changes in social dynamics) than non-cooperative 

populations (which may, for example, be impacted at the individual or pair level, rather than the group). In 

early studies of population demography, the influence of social behaviour was rarely considered in 

demographic models of extinction risk (Reed 1999). However more recent advances in modelling that 

successfully incorporate grouping behaviour parameters have made this type of population viability analysis 

possible (Reed et al. 2002; Grimm et al. 2005; Zeigler & Walters 2014; Mortensen & Reed 2016). Thus 

allowing a more realistic evaluation of population trends in highly social species, and it is here that the value 

of detailed long-term datasets can really be appreciated (Clutton-Brock & Sheldon 2010). The impact of 

cooperative behaviour on population dynamics can be measured at both the group and population level, 

although these are not necessarily mutually exclusive (Angulo et al. 2013). Long-term population-level data 

can give important insights into the demographic processes which affect the abundance of individuals 

present in a population, and the evolutionary processes which may select for species adaptation (Sæther et al. 

2016). In particular, where individual-based data from birth to death are available, it is possible to extract 

information regarding the age and life history structure of populations, social dynamics, and to quantify 

lifetime fitness (Clutton-Brock & Sheldon 2010). From individual data we can generate age (or life history 

stage) structured vital rate estimates (i.e. information on survival and reproduction) for a population and 

consequently understand how these parameters affect population growth rate. Long-term data can therefore 

provide important information regarding the potential impact of environmental change on population 

dynamics in social species worldwide. This will enable us to better understand what factors may both 

influence population growth rates and the susceptibility of group-structured populations to extinction.  

Population growth rates reflect changes in species abundance in a known area; quantifying mean fitness for a 

population of individuals sharing a life history strategy (Fisher 1930). It is therefore important to understand 

the demographic mechanisms that drive changes in growth rate and consequently impact on the overall 

fitness of a population (Coulson et al. 2006). Determining demographic influences on historical population 
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patterns, allows projections of future population trends, and enables us to identify changes in population 

growth or decline over time. This information is vital to population management, something increasingly 

needed due to predictions of climate change (IPCC 2014). Quantifying the response of a population to 

variation in climatic and other environmental factors i.e. changes in group size, social dynamics, population 

densities, or to individual-level variation (i.e. in age, sex, body mass) can include documenting responses at 

the individual level (survival, reproduction), the group level (shifts in group size and extinction probability) 

and the population level (population growth fluctuations). In recent years, it has become apparent that the 

population dynamics associated with different levels of sociality must be explicitly considered when testing 

for a demographic response to environmental fluctuations (Courchamp, Grenfell & Clutton-Brock 1999). For 

example, density dependence can be positive or negative in a population, depending on social structure, 

because demographic processes such as fecundity, survival and dispersal can be affected differently 

(Matthysen 2005; Bateman et al. 2013). Where there is a positive correlation between population density and 

the mean fitness of individuals in a population, this density dependence is known as an Allee effect. 

Detecting the presence of an Allee effect is important because it confirms a causal relationship between 

individual fitness and population density, and because this association can have negative consequences, such 

as species extinction, it is implicit in population monitoring and management (Courchamp, Clutton-Brock & 

Grenfell 1999). 

Due to their group-living behaviour, cooperative breeders may have group-level factors which impact their 

demography in addition to the individual-level factors observed in non-cooperative species. The limited 

evidence for these effects thus far may be due to the historical lack of empirical demographic studies on 

social species (Kramer et al. 2009) or could be associated with biases or measurement error in time series 

studies (Gregory et al. 2013). However, now that cooperative dynamics have been incorporated into 

population models, it is possible to more accurately predict population-level responses to stochastic changes 

in density or forecast climatic perturbations (Bateman et al. 2013; Stahler et al. 2013; Creel & Creel 2015). 

The ability to more accurately predict population change will be increasingly important under the rising 

threat of climate change, habitat loss and the impact of a growing human population. 

 

 



6 

 

1.5 Thesis outline   

In this thesis, I combine behavioural, experimental and long-term life history data to investigate (1) shifts in 

parental care strategy in response to climatic and social factors, (2) benefits of the pair bond in a cooperative 

breeder, (3) how survival rates and population viability are influenced by climatic fluctuations, and (4) 

density dependent influences on demography in the group-living Southern Pied Babbler (Turdoides bicolor). 

My overall aim is to enhance our understanding of the population demographics of cooperative species, and 

highlight the differences between both their long and short- term responses to environmental and social 

fluctuations, at both the group and population level. This will allow us to make more informed decisions in 

population monitoring and management of cooperative species.  

In Chapter 2, I investigate changes in parental care strategy in response to rising temperatures and variation 

in rainfall, by determining the extent to which these climatic fluctuations affect (1) adult provisioning rates to 

dependent nestlings, (2) offspring development and (3) the cost of offspring care. 

In Chapter 3, I consider the dominant pair bond to establish what selective benefits pair bonding confers to 

cooperative breeders. To do this, I quantify pair bonding behaviours using time-activity observations, as well 

as using playbacks to measure coordinated responses to other pair duets and, finally, use long-term life 

history data to determine how the length of the pair bond impacts on both pair and group stability and 

reproductive success. 

Chapters 4 and 5 explore social and climatic influences on pied babbler population demography. In studying 

the pied babbler long-term life history database, I aim to provide information on the consequences of 

fluctuating environmental conditions on survival, reproductive success and extinction likelihood. I model 

survival and reproductive rates of individuals and groups within the population, over a 12-year time period, 

then I determine how sensitive population growth rate is to both past and forecast future fluctuations in 

climatic conditions. Lastly, I investigate how changes in group and population density affect individual 

survival and population growth rate, to establish whether the population shows any density dependence for 

these demographic rates. In these analyses, I aim to both pinpoint demographic vulnerabilities for 

cooperative species, and highlight any advantages to group-living, such as the ability to buffer environmental 

stochasticity impacts on population growth rate and stability. 
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Finally, in Chapter 6, I summarise my overall findings and discuss the implications of my results in the 

context of cooperative breeding, forecast climatic changes and the process of understanding the internal and 

external influences on the dynamics of cooperatively breeding populations. 

 

1.6 Study site and general methods  

  

 

1.6.1 Study site, climate and habitat 

 

 

 

 

 

 

 

 

 

 

 

 

The study site is located at the Kuruman River Reserve, which covers 33km
2
 of dune veld on either side of 

the dry bed of the Kuruman River in the southern Kalahari desert (28
o
58’S,21

o
49’E). The topography of the 

reserve features vegetated dunes covered with grasses and separated by valleys up to 300m across. 

Vegetation mostly consists of scattered camel thorn trees (Acacia erioloba) , grey camel thorn (Acacia 

haematoxylon), Blackthorn  (Acacia mellifera), invasive mesquite (Prosopis glandulosa), Buffalo thorn 

(Ziziphus mucronata) and shepherd’s tree (Boscia albitrunca), along the river bed, flattening out into dry 

scrub dominated by annual and perennial grasses (predominantly Kalahari sour grass, Schmidtia 

kalihariensis) and drie doring (Rhigozum trichotomum).  

The area has a semi-arid climate with a mean annual rainfall of 197mm of rain a year, mostly falling between 

January and April (Kong et al. 2015). Drought years, which were defined as those with less than 147mm of 
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rainfall (meteorological drought is defined as less than 75% of normal rainfall, South African weather 

service) were recorded in 2008 and 2012. 

At the study site, mean daily temperature maximums in summer (December-February), are in the high 

30°C’s but have been recorded to reach occasional highs of 48
o
C. Temperatures are significantly lower in 

winter (June-August) with daily maximums of 15°C, falling as low as -5.8°C at night (Fig 1, Weather station 

data, Kuruman River Reserve).  

               
Figure 1. Yearly maximum and minimum temperatures (

o
C) and total annual rainfall (mm) recorded at the 

study site from 2003 to 2014. 

The reserve was once farmed, but now carries endemic game including gemsbok (Oryx gazelle), blue 

wildebeest (Connochaetes taurinus), eland (Taurotragus oryx), red hartebeest (Alcelaphus buselaphus), 

springbok (Antidorcus marsupialis), common duiker (Sylvicapra grimmia), steenbok (Raphicerus 

campestris), alongside Nguni cattle (Bos taurus). There are endemic bird fauna representative of the 

Kalahari, including substantial populations of sociable weaver (Philetairus socius), grey headed sparrow 

(Passer griseus), fork-tailed drongos (Dicrurus adsimilis), common scimitar bills (Rhinopomastus 

cyanomelas), crimson-breasted shrikes (Laniarius atrococcineus) and southern yellow-billed hornbills 

(Tockus leucomelas). Many raptor species are frequently spotted on the reserve, including: Verreaux’s Eagle 

owls (Bubo lacteus), pale chanting goshawks (Melierax canorus), Gabar goshawks (Melierax gabar), Black 

chested snake eagles (Circaetus pectoralis) and Pygmy falcons (Polihierax semitorquatus). Mammal 
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sightings are also common, the reserve hosts Bat-eared (Otocyon megalotis) and Cape (Vulpes chama) foxes, 

three mongoose species (meerkats (Suricata suricatta), slender (Galerella sanguinea) and yellow (Cynictis 

penicillata) mongoose, aardvark (Orycteropus afer) and warthog (Phacochoerus africanus). Caracal 

(Caracal caracal), black-backed jackal (Canis mesomelas) and wild cats (Felis silvestris) are sometimes 

seen but they are rare in this predominantly farmed region. Snake species most commonly observed are the 

Cape cobra (Naja nivea) and Puff adder (Bitis arietans).  

 

1.6.2 Study species 

The Southern pied babbler, Turdoides bicolor (hereafter referred to as the ‘pied babbler’), is a cooperatively 

breeding, territorial, medium-sized (75-95g) passerine, endemic to the semi-arid savannah deserts of 

Southern Africa. Pied babblers live in year-round stable groups of 2-13 individuals, consisting of a 

behaviourally dominant pair, which produce the majority of offspring (Nelson-Flower et al., 2011), and 

sexually mature (over one year old post-hatching) subordinate helpers. Pied babblers are not sexually 

dimorphic, however the dominant pair are reliably identified through behavioural traits, including aggressive 

behaviour towards other group members, extended time allopreening one another, and investment in nest-

building behaviour (Nelson-Flower et al., 2013; Ridley & Raihani, 2008). Subordinates are identified by 

submissive behaviours, including bill gaping, crouching, looking away and/or fleeing during dominant 

individual display and approach (Raihani et al., 2008). 

Pied babblers commonly nest in camel thorn or blackthorn trees, usually at a height of 3-10m. They build, 

incubate then provision one nest per breeding attempt, but may attempt to breed several times during a 

breeding season which is usually September - March (Raihani et al., 2010). All group members help to both 

incubate and provision dependent young while in the nest (14-18 days) and post- fledging, until they reach 

independence (40-97 days post-fledging, Ridley & Raihani, 2007). Occasionally pied babbler nests are 

destroyed by wattled starlings (Creatophora cinerea (Ridley & Thompson 2011)) or parasitized by Jacobin 

cuckoos (Clamator jacobinus (Ridley & Thompson 2012)). 

The diet of the pied babblers is primarily insectivorous (Lepidoptera, Orthoptera, etc.), however individuals 

will also opportunistically consume spiders and small skinks (Ridley 2016). Pied babblers employ a wide 

range of vocalisations in many different contexts, including coordinated duets, group chorusing, male long 
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calling, individual contact ‘chuck’ calls, teaching and lead calls, as well as a complex set of predator alarm 

and mobbing calls (for a full description of pied babbler vocals, see Golabek (2010) and Engesser (2016)).  

There are a number of species which prey on pied babblers, including both aerial (pale chanting goshawks, 

gabar goshawks, hornbills and pygmy falcons) and terrestrial (slender and yellow mongoose, meerkats, cape 

cobra and puff adders) predators. Group members coordinate anti-predator defence behaviours, which 

include having a sentinel system (Bell et al. 2009), alarm calls, and group mobbing of threatening species 

(Ridley, Raihani & Bell 2010). In addition, groups are fiercely territorial and engage in regular inter-group 

interactions with neighbouring groups (Golabek & Radford 2013; Humphries et al. 2015). Usually these 

encounters are restricted to an exchange of chorus vocalisations (Golabek 2010), however occasionally they 

escalate into physical fighting and pursuit.  

Allopreening is observed regularly in this species, both between the dominant pair and other group members 

(Raihani 2007). This social behaviour is commonly seen in several contexts: following inter-group 

interactions, during resting bouts, in new pairs or groups, and between parents and offspring.  

 

1.6.3 Pied babbler research project and the long-term database 

 

The Pied Babbler Research Project was established in 2003 by chief investigator Associate Professor 

Amanda Ridley. Since 2003, a wild, free-living study population, consisting of uniquely ringed individuals 

has been habituated, monitored and maintained at the study site. The study population typically comprises 18 

habituated groups of pied babblers each year, with an average group size (± standard error) of 4.29 ± 0.22 

adults (range: 2-13 adults).  For individual identification, nestling birds are retrieved from the nest at a young 

age (11 days), before they are too old to force-fledge or show a disturbed behavioural response to the ringing 

process. Each bird is ringed with two rings on each leg (under SAFRING license 1263) and the tarsi are 

measured using a digital calliper. A small sample of blood (50 ml) is taken from the brachial vein for sexing 

and determination of parentage.  
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Ringing a mixed brood of five nestlings. 

 

1.7 Data collection  

 

1.7.1 Sexing data 

Pied babblers are sexually monomorphic with normally no reliable observable differences in mass or 

plumage between males and females. There are some sex-specific vocalisations (Golabek & Radford 2013) 

and behavioural differences (Ridley 2016), however, where possible, individual sexes are confirmed through 

genetic testing from the blood samples collected when individuals were ringed. During this study period, 

genetic sexing was carried out by Dr Nelson-Flower and Natashia Muna at the University of Cape Town. 

 

1.7.2 Life history data 

Pied babbler groups are visited weekly during the breeding season for 3-4 hours of data collection and 

habituation. Information on group composition, breeding status, inter-group interactions, and any roving, 

immigrating or emigrating individuals are recorded every time a group is encountered. 
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1.7.3 Body mass measurements 

For a small food reward, individuals will hop onto a small top-pan scale to be weighed. In this way, body 

condition can be monitored throughout each individual's lifetime non-invasively, thus avoiding any need for 

recapture. Morning weights (taken at dawn, before 30 minutes of foraging time had elapsed for the day) are 

recorded for each individual, for each observation session. A ‘lunch’ weight is also taken at the end of an 

observation session, typically 3-4 hours after observations begin, and always after at least 90 minutes of 

foraging.  

 

1.7.4 Behavioural observations 

Pied babblers are predominantly terrestrial foragers and habituated groups will tolerate observers within 2-

3m while they forage undisturbed, so that extremely detailed behavioural observations can be made (Ridley 

& Raihani, 2007). Time-activity focal observations usually range from between 20-30 minutes in length and 

focus on one individual in a group. During this time, all behaviours and food items found are recorded on a 

handheld tablet (Google nexus 7).  

For this thesis, long-term life history, body mass and sexing data were collected by all members of the Pied 

Babbler Research Project, from 2003 to 2015 inclusive. All other behavioural, playback and sound data were 

collected by myself, Amanda Ridley, my colleague Sabrina Engesser and research assistants Kate Beer, 

Jessie Berndt and Margot Oorebeek, from 2013 to 2015. Climate data came from the weather station based at 

the study site, kindly shared by the Kalahari meerkat project.  

 

1.7.5 Statistics 

Data were either analysed in SPSS (v 22.0, IBM, Armonk, NY, U.S.A.) or ‘R’ (R Core Team (2016)) as 

stated for each analysis, in each chapter. Shapiro-Wilk or Kolmogorov-Smirnov (depending on sample size) 

normality tests were used to determine if data were normally distributed. Parametric tests were employed 

where possible, however where data were not normally distributed and could not be transformed to achieve 

normality, non-parametric tests were used. 
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2.1 Abstract 

While most current predictive models agree that the climate is changing, it is not yet clear what impact these 

changes will have on animal populations. It is vital to determine the potential consequences in order to 

develop future management and conservation strategies.  Climate change may impact population stability by 

prompting changes in breeding behaviour. For example, if above-average temperatures negatively affect 

adult body condition, this will increase the cost of parental care. Theory suggests that under this scenario, 

individuals may trade off their own body condition and survival against that of their young.  Despite 

convincing evidence that this parental care trade-off exists in nature, the potential impact of climate change 

on parental investment strategies has rarely been investigated. In cooperatively breeding species, group-

living adults can gain group size benefits, such as assistance with raising young. These benefits may mediate 

the effects of climate change on adult condition and subsequent investment in young. Here, we investigated 

the extent to which high temperatures and rainfall variation affect (1) adult provisioning rates to dependent 

nestlings, (2) offspring development and (3) the cost of offspring care in the cooperatively breeding pied 

babbler, Turdoides bicolor. We found that overall, adults provisioned young significantly less on hot days. 

However, this pattern was affected by rank: dominant individuals provisioned significantly less while 

subordinates did not. Offspring development was negatively affected by heatwave events, suggesting that 

young suffer from reduced investment on hot days. However, there was no evidence that the cost of 

provisioning young increased during heatwave periods, perhaps owing to the reduction in investment by 

adults. This study provides some of the first evidence that higher temperatures affect investment decisions in 

cooperative breeders and that dominant and subordinate individuals respond differently to this stressor.  

 

Keywords: cooperative breeding; heatwaves; helpers; parental care; pied babbler; trade-offs 

 

2.2 Introduction 

The way in which organisms respond to environmental change is fast becoming one of the most pertinent 

issues in biology due to the threat of rapid climate change. Climate change is globally recognized as one of 

the biggest threats to biodiversity (Parmesan & Yohe 2003; Foden et al. 2013; Selwood, McGeoch & Mac 
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Nally 2015). The Intergovernmental Panel on Climate Change’s (IPCC, 2012) special report on global 

warming predicted substantial warming and higher temperature extremes by the end of the 21st century. The 

report concluded it is very likely that the length, frequency and intensity of extreme weather events such as 

heatwaves will increase over most land areas, with a 1-in-20 year hottest day likely to become a 1-in-2 year 

event by the end of the 21st century. This was corroborated in the 2014 synthesis report, where it was stated 

to be ‘virtually certain that there will be more frequent hot, and fewer cold temperature extremes over most 

land areas on daily and seasonal timescales, due to an increase in global mean surface temperature’ (IPCC 

2014, p60). Determining the implications of these predicted climatic changes for animal populations is now a 

priority for ecological research if we are to implement appropriate future management strategies.  

Physiological research has recognized that extreme environmental fluctuations may have detrimental effects 

on body size, breeding success and population density (Walther et al. 2002; Williams & Tieleman 2005). 

However, the direct impacts of rising temperatures on the ability of species to effectively forage, breed and 

interact are poorly understood. In hot and arid environments, some (particularly smaller) bird species rapidly 

exceed their physiological tolerance limits (McKechnie & Wolf, 2010). Following a 2009 mass die-off of 

budgerigars, Melopsittacus undulatus, during a heatwave in Western Australia, McKechnie & Wolf (2010) 

suggested that the frequency and intensity of extreme weather events over short time periods can be more 

important than long-term temperature rise. It has therefore become critical to document the direct effects 

extreme weather events are having on species, and to consider the ramifications of such impacts for future 

population management.  

The impact of environmental variation on life history, physiology and population growth rate has been 

addressed in several influential papers on non cooperative species (Saether et al. 2000; Bickford et al. 2010; 

Ozgul et al. 2010), but comparative data are not available for cooperative breeders. Cooperatively breeding 

species normally have group-structured populations (Rollins et al. 2012; Nelson-Flower et al. 2012), and 

therefore their population dynamics differ from those of conventional breeders (Courchamp, Grenfell & 

Clutton-Brock 1999). Cooperative species may respond differently to external stressors than non-social 

species, because reproductive success and survival can be affected by group size and the behaviour of other 

group members, rather than a pair or single individual. In defined and generally stable groups (Brown, 1978, 

Emlen, 1997), task-partitioning behaviours (such as antipredator defence, hunting, territory defence and 
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raising young) often occur, which provide individual fitness benefits (Raihani & Ridley 2007b; Clutton-

Brock 2009).  

In some cases, breeders may reduce their investment in young, facilitated by the presence of helpers, a 

behaviour known as load lightening (Crick 1992; Meade et al. 2010; Johnstone 2011). Load-lightening 

behaviour can have a positive effect on parental survival and condition by reducing the cost of parental care 

without young receiving less care overall (Allainé et al., 2000; Woxvold & Magrath, 2005; Cockburn et al. 

2008). The presence of helpers could to some extent buffer the effects of variation in environmental 

conditions on reproductive success, through task-partitioning and load-lightening behaviours (Heinsohn 

2004; Ridley & Raihani 2008). Therefore, we may expect that individuals in large groups are less likely to be 

affected by environmental stressors when making reproductive investment decisions, than individuals in 

smaller groups.  

Parental care is a costly form of investment (Walker et al. 2008, Smith & Fretwell, 1974, Clutton-Brock, 

1991, Smith & Wootton 1995, Ridley & Raihani 2007). Life history theory predicts that in species that 

produce many offspring but have low adult survival rates, parents should value current offspring survival 

over their own survival, whereas those that produce fewer offspring but have a greater likelihood of 

surviving to breed again should value their own survival over that of their current young (Trivers, 1972; 

Ghalambor & Martin 2001; Sofaer et al. 2013; Zanette et al., 2011). Previous research has investigated 

switches in reproductive strategy in response to environmental change (Fontaine & Martin 2006; 

Schwagmeyer & Mock 2008), revealing that in several long-lived species (e.g. puffins, Fratercula arctica; 

albatross, Diomedea exulans), large annual variation in environmental conditions is reflected in highly 

variable reproductive effort (Weimerskirch et al. 1997; Erikstad et al. 1998).  Our study addresses offspring 

care strategies in cooperative breeders by assessing how the care of dependent young is affected as a direct 

short-term behavioural response to environmental stressors. We investigated (1) individual short-term 

behavioural responses to an environmental variable (the effect of heat on brood provisioning rate), and (2) 

the relationship between two environmental variables (rainfall and temperature) and one offspring trait 

(nestling body mass). 

One of the first detailed studies to directly measure the potential impact of increasing temperatures on 

behavioural patterns and the ability to maintain body mass in arid zone bird species confirmed that pied 
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babblers, Turdoides bicolor, exhibit heat stress above a daytime temperature of 35.5 
o
C (du Plessis et al., 

2012). Here, we further explored the ramifications of this observed critical temperature effect by (1) 

determining the ability of individuals to maintain provisioning rates to young (a costly activity, Ridley & 

Raihani, 2007b) during temperatures above 35.5
 o
C, and (2) determining the cost of provisioning young at 

different temperatures, in terms of body mass loss. We would expect higher temperatures to affect the cost of 

offspring care for adults, with consequent impacts on the growth and development of young. We also expect 

that a change in investment in response to environmental stressors could be affected by group size, with 

young from larger groups (where there are more adults providing offspring care) less affected by reduced 

provisioning rates at high temperatures.   

 

2.3 Methods 

2.3.1 Study site and species 

We investigated cooperative brood care in pied babbler groups at the Pied Babbler Research Project, based in 

the 33 km
2
 Kuruman River Reserve (KRR) in the southern Kalahari region of South Africa (26°58’S, 

21°49’E).  The study site has a subtropical climate and is primarily semiarid grassland and acacia savanna 

(see Ridley & Thompson, 2011 for description of habitat types). The area has a mean annual rainfall of 

197 mm, with most rain falling during mid–late summer in January and April (Kong et al. 2015). In mid-

summer (January) mean daily maximum and minimum temperatures are 34.7 °C and 22.2 °C, respectively, 

but can reach highs of 45.4 °C (Steenkamp et al. 2008).  

 

2.3.2 Temperature and Rainfall 

Temperature (
o
C) and rainfall (mm) data were collected daily from the weather station at the Kuruman River 

Reserve. High temperature extremes (>45.4 °C) have been recorded at the study site once in the decade 

1996–2005 (1 day only) and six times in 4 different years, from 2006 to the current day (three 1-day events 

and three 3-day events). The average duration of the (six) more recent events was 1.92 days (see Appendix 

Table A1, weather station data, KRR). Rainfall was summed for each relevant provisioning period (i.e. total 

rainfall in the month prior to behavioural observations). One month was chosen due to the typical delay 
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between rainfall and insect emergence in the Kalahari (Cumming & Bernard 1997; Ridley & Child 2009). 

Maximum temperature (Tmax) was recorded daily at the study site. A hot day was defined as greater than 35.5
 

o
C (hereafter referred to as Tcrit), because this was the temperature du Plessis et al. (2012) recognized as 

critical for the pied babbler, beyond which foraging efficiency declined, heat dissipation increased 

exponentially and individuals were unable to maintain body weight. Furthermore, the number of days per 

year where the temperature was over 35.5 °C has increased approximately two-fold in the last decade (see 

Appendix Fig. A1, weather station data, KRR). For comparison purposes, the temperature on normal (i.e. not 

‘hot’) observation days had to be a minimum of 5
 o
C lower than this critical temperature point (du Plessis et 

al. (2012) revealed some heat stress behaviour beginning to occur in the low 30s for this species). A 

heatwave event was defined as when the maximum temperature was over Tcrit (35.5 °C) on any particular day 

(sensu Cunningham et al. 2013). Frequency of heatwave events (over the first 11 days post hatch) was 

calculated for each brood we monitored to determine the effect of temperature on nestling body mass.   

The pied babbler is a cooperatively breeding, territorial, medium-sized (75–95 g) passerine, in which all 

adult group members contribute to the provisioning of nestlings and fledglings (Ridley & Raihani 2007a). 

Since 2003, a study population consisting of uniquely ringed individuals has been habituated, monitored and 

maintained at the study site. Pied babblers are predominantly terrestrial foragers and habituated groups 

tolerate observers within 2–3 m while they forage undisturbed, so that extremely detailed behavioural 

observations can be made (Ridley & Raihani 2007a). Pied babblers live in stable groups, consisting of a 

dominant breeding pair, which produce the majority of offspring (Nelson-Flower et al. 2011), and sexually 

mature (over 1 year old post hatching) subordinate helpers. The dominant pair are identifiable through 

behavioural traits, including aggressive behaviour towards other group members, extended time allopreening 

and investment in nest-building behaviour (Ridley & Raihani 2008, Nelson-Flower et al., 2013). 

Subordinates are identified by submissive behaviours, including bill gaping, crouching, looking away and/or 

fleeing during dominant individual approach (Raihani et al. 2008). The study population typically comprises 

18 habituated groups of pied babblers each year, with an average group size of 3.9 1.3 adults (Ridley, 

Wiley & Thompson 2014). For a small food reward, individuals will hop onto a small (Ohaus) top-pan scale 

to be weighed. In this way, body condition can be monitored throughout each individual’s lifetime 

noninvasively, thus avoiding any need for recapture.  
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Pied babblers build, incubate then provision one nest per breeding attempt, but may attempt to breed several 

times during a breeding season (Raihani et al. 2010). All group members help to both incubate and provision 

dependent young while in the nest (14–18 days) and post fledging, until they reach independence (40–97 

days post fledging, Ridley & Raihani 2007b). Data for this study were collected from March 2009 to 

December 2014 in consecutive breeding seasons, which typically run from September to April.  

 

2.3.3 Ethical Note 

The Northern Cape Conservation Authority granted us a research permit for this research and SAFRING 

provided a ringer’s licence to A.R.R. Our research was approved by the Animal Ethics Committee, 

University of Western Australia (RA/3/100/1263) and the Science Faculty Animal Ethics Committee, 

University of Cape Town (Ethics number R2012/2006/V15/AR). As the project studies a population of wild, 

free-living birds, we cannot give exact numbers, but we estimate around 200 birds (both male and female) are 

observed each year. The majority of these are adults that already have rings to allow identification, so only 

approximately 50 individuals are handled yearly (for ringing purposes only, which will occur only once for 

each bird). Immigrant adult birds to the population are caught using walk-in traps, which are never left 

unattended, and the bird is released in the exact same place it was captured. The whole ringing procedure 

takes less than 5 min. Nestling birds are retrieved from the nest at a young age (11 days), before they are too 

old to force-fledge or show a disturbed behavioural response to the ringing process. Each bird is ringed with 

two rings on each leg and the tarsi are measured using a digital calliper. A small sample of blood (50 µl) is 

taken from the brachial vein for sexing and determination of parentage.  

 

 

2.3.4 Data collection 

2.3.4.1 Behavioural data 

To determine provisioning rates to young and foraging efficiency of provisioning adults, 20 min time–

activity focal observations were carried out on all adult individuals in each group over the course of a 

breeding event (where a breeding event is defined as the time from when a brood hatches until young are no 
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longer dependent on adults for the majority of their food supply; Raihani & Ridley 2007b). Daily Tmax was 

allocated to each focal observation, from the on-site weather station data. Focal observations on different 

adult group members were all conducted on the same day to allow standardized comparisons relative to 

chick age and environmental conditions, and each adult had multiple focal observations collected over the 

course of a breeding event. Daily focal order was random such that the effect of time of day on focal results 

was minimized. All food items found while foraging were noted, as well as size and food type (Lepidoptera, 

Orthoptera, etc.), and whether items were eaten by the focal individual or fed to young. Food sizes were 

classified by observers according to previous definitions for this population as described in Raihani & Ridley 

(2007a) and each size was given a biomass value (for calculations see Ridley & Raihani, 2007). Foraging 

efficiency and the proportion of food captured that was subsequently given away to young was calculated for 

each individual per focal follow. Morning weight (taken at dawn, before 30 min of foraging time had elapsed 

for the day) was measured for each individual being observed, for each observation session. A ‘lunch’ 

weight was also taken at the end of an observation session, typically 3–4 h after observations begin, and 

always after at least 90 min of foraging. The difference between morning and lunch weights allowed a 

calculation of weight gain per hour for each provisioning adult. All nestlings were ringed, measured and 

weighed at 11 days post hatching to allow a standardized comparison between chicks from different nests.  

For this analysis, we used 90 behavioural focal observations from 41 individuals in 16 groups to determine 

foraging efficiency and provisioning rates. We used nestling weight data at 11 days of age for 124 chicks.  

To determine which parameter (s) affected adult weight change, over the course of an entire breeding event, 

we had body mass data for 69 adult individuals, where we had an adult weight for immediately before a 

brood hatched (Body Mass A) and fledged (Body Mass B, average time between Body Mass A and B = 14 

+/- 4 days). We also included body mass data from 20 adult individuals over the same period, but in 

nonbreeding groups, to account for the possibility that weight loss was seasonal and not due to the costs of 

provisioning young. Body mass change was calculated as [(Body Mass B – Body Mass A)/number of days 

between Body Mass A and Body Mass B]. All body mass measures for this analysis were collected at dawn, 

before 30 min of foraging time had elapsed for the day. 

 



27 

 

 

2.3.5 Statistical analysis 

All data were analysed in SPSS (v 22.0, IBM, Armonk, NY, U.S.A.). To determine the parameters that 

influenced brood-provisioning rates in adults we used a linear mixed model (LMM) approach with model 

selection. Our dependent variable was the proportion of food that the (focal) individual found that they gave 

away to young. We fitted repeated measures in our data set as random terms, thus accounting in part for non-

independence of data. Individual and group identity were included as random terms in all models. The 

variables tested were adult age, adult group size (total number of adult birds in the group), brood size 

(number of chicks in the nest), Tmax (on day of focal), sex (of adult), rank (dominant or subordinate) and 

individual foraging efficiency (biomass of prey caught/time spent foraging).  

Model selection (using the Akaike information criterion corrected for small sample sizes, AICc) was 

employed to determine the model/s that best explained the patterns of variation in the data. Using AICc (with 

maximum likelihood estimation) a series of models were tested, with each model representing a biological 

hypothesis. Once an AICc score had been generated for each model, ΔAICc scores were generated. A subset 

of best-supported models (defined as all models within 5 AICc of the ‘best’ model) were selected. Where 

there were several candidate models with similar AICc scores, Akaike weights (ωi) were calculated to 

determine the relative likelihood of each model. Akaike weights across candidate models were summed to 1 

and models that had weights approaching 1 received the most support, relative to other models, and were 

selected as top models, as per methods outlined in Johnson and Omland (2004. Only those model terms 

whose confidence intervals did not intersect zero were considered to explain significant patterns within our 

data (as per Grueber et al., 2011). 

To determine which variables affected nestling weight, we analysed data using LMMs, with nestling weight 

(at day 11 post hatch) as the dependent variable. We then used model selection to determine a top model data 

set, employing model averaging to ascertain the best predictor term, as described for brood-provisioning 

rates above. Group identity, individual identity and brood identity were included as random terms in all 

models. The parameters investigated were frequency of Tcrit (in 11 days post hatch), Julian date (number of 

days since first breeding attempt in the population for each year), rainfall (mm recorded in the month prior to 

hatch), rainfall squared (mm), brood size, sex of nestling and adult group size.  
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 To determine the cost to adults of provisioning young from hatching date to fledging date (mean duration of 

nestling period=14.69 +3.31/- 5.69 days), we analysed adult weight change data using LMMs, and employed 

the model selection approach as detailed above (using AICc) to determine the parameters that influenced 

adult weight change over the nestling period. The following predictors were tested: adult rank, adult group 

size, frequency of Tcrit and breeding (yes/no). Adult weight change (g/day) was the dependent variable, with 

individual and group identity included as random terms in all models. 

 

2.4 Results 

2.4.1 Provisioning rates 

Temperature (Tmax) on the day of the focal observation affected adult provisioning rates (Table 1), with a 

significant reduction in the amount of food adults gave away to young as temperature increased (Fig. 1). In 

addition, as temperature increased, dominant individuals reduced the amount they gave away significantly 

more than subordinates (Fig. 2).  

Figure 1. The relationship between the proportion of food given away to young by adults and Tmax on the day of the 

observation (solid line represents the output generated from the LMM (Table 1); dotted lines are 95% confidence 

intervals). 
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Figure 2. The change in proportion of food given away to young according to the rank of the individual and daily Tmax. 

 

 

Table 1. The top model set for the terms influencing the proportion of food provisioned to young 

 

Model term AICc ΔAICc ωί 

Basic 44.315 8.125  

Rank + Tmax 36.19 0 0.8 

Tmax 39.052 2.862 0.2 

Effect size of significant explanatory terms Effect SE 95% CI 

Constant 0.345 0.032 0.27/0.41 

Rank + Tmax                                                          (Rank) 

                                                           (Tmax) 

0.1 

-0.02 

0.06 

0.006 

0.02/0.25 

-0.027/-0.006 

Tmax -0.02 0.006 -0.027/-0.004 

For a full list of models tested, refer to Appendix Table A2. 
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2.4.2 Nestling body mass 

Nestlings were heavier at 11 days post hatching during periods of high rainfall (Table 2, Fig 3). In addition, 

nestlings were heavier when raised during ‘normal’ temperature periods than when raised during ‘hot’ 

periods (with a higher frequency of days where temperature exceeded Tcrit, Table 2, Fig. 4). There was no 

effect of group size on nestling weight (Table 2). 

 

Figure 3. The relationship between the amount of rainfall (mm) in the month previous to hatching and the weight of 124 

nestlings at 11 days old (solid line represents output from LMM (Table 2); dotted lines are 95% confidence intervals). 
 

 

Figure 4. Nestling weights of 124 nestlings at 11 days post hatching, shown in relation to the proportion of days over 

Tcrit threshold temperature during the nestling period (dotted lines are 95% confidence intervals). 
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Table 2. The top model set for the terms influencing nestling weight at 11 days post hatching 

Model term AICc ΔAICc ωί 

Basic 814.397 10.651 0 

Freq Tcrit + Rainfall 799.953 0 0.87 

Freq Tcrit 803.746 3.793 0.13 

Effect size of significant explanatory terms Effect SE 95% CI 

Constant 38.2 0.87 36.4/39.9 

Freq Tcrit + Rainfall                      (Freq Tcrit) 

                                                      (Rainfall) 

-7.98 

0.051 

2.21 

0.02 

-12.43/-3.54 

0.01/0.09 

Freq Tcrit -8.9 2.32 -13.57/-4.24 

Data were based on body mass measurements from 124 11-day-old nestlings. For a full list of models tested, refer to 

Appendix Table A3. 

 

2.4.3 Adult weight loss during provisioning period 

Whether a group was breeding or not affected adult body mass change, with individuals only losing weight if 

they were provisioning young over the measured period, revealing a significant cost of nestling care. The 

inclusion of weight change data at the same time of year for individuals that were not breeding revealed that 

body mass loss was probably related to provisioning effort rather than seasonal weight loss because 

nonbreeding adults did not lose weight (Fig. 5, Table 3). In addition, adults in larger groups lost less weight 

than those in smaller groups, during a breeding attempt (Fig. 6).  
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Figure 5. Adult weight change over a provisioning period for both nonbreeding and breeding groups. Each box 

represents weight change for a group of adults, nonbreeding or breeding, respectively. The median (horizontal dark line 

in each box), quartiles (top and bottom of box), and the 0.05 and 0.95 quantiles (vertical whiskers) are shown for each 

group. 

 

 

 

 
Figure 6. The relationship between weight change and group size for adults over a provisioning period (solid line 

represents LMM output (Table 3); dotted lines are 95% confidence intervals). 
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Table 3. The top model set for the terms associated with adult weight change after time spent provisioning a nest 

Model term AICc ΔAICc ωί 

Basic -43.222 53.814  

Breeding (yes/no) -93.728 3.308 0.16 

Adult group size + Breeding (y/n) -97.036 0 0.84 

    

Effect size of significant explanatory terms Effect SE 95% CI 

Constant -0.12 0.03 -0.17/-0.06 

Adult group size + Breeding (y/n)      (Group size) 0.03 0.01 0.006/0.04 

                                                             (Breeding y/n) 0.3 0.03 0.24/0.37 

Breeding (yes/no) 0.3 0.04 0.23/0.38 

Body mass data were collected from 72 individuals from 19 groups. For a full list of models tested, refer to Appendix 

Table A4. 

2.5 Discussion 

Our results provide empirical evidence that hotter temperatures are related to a reduction in parental 

(dominant but not subordinate helper) investment in offspring. The decline in investment in young at high 

temperatures suggests a higher cost of parental investment at these temperatures. This cost was unlikely to be 

due to a decline in food availability or ability to forage at high temperatures, since our analysis revealed no 

change in weight due to temperature. Rather, the decline in offspring care may suggest an alternative 

physiological cost to adults, such as overheating when flying back and forth from the nest or an increased 

cost to adults of maintaining body condition on hot days (e.g. similar to that observed in sparrow-weavers, 

Plocepasser mahali, by Smit et al., 2013). Therefore, on hot days, when adults are at the limit of being able 

to offload heat and thus regulate body temperature (du Plessis et al. 2012), they may face the choice of 
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trading off their own condition against that of their young, with some individuals showing a preference for 

themselves.   

 

The difference in investment between dominants and subordinates supports previous empirical evidence in 

superb fairy-wrens, Malurus cyaneus (Russell et al. 2008), pied babblers (Ridley & Raihani, 2008) and 

ground tits, Pseudopodoces humilis (Li et al., 2015) that one benefit of group living for parents is that they 

can reduce investment in their own young when subordinate helpers are present to provide additional care 

(the load-lightening effect, Crick, 1992). In support of the load-lightening hypothesis (Brown 1978; Crick 

1992; Blackmore & Heinsohn 2007) we found that individuals from large groups lost less body mass over 

the offspring provisioning period than individuals from smaller groups. This difference could be for two 

possible reasons: (1) individuals in large groups occupy better territories with access to a higher quality or 

quantity of food resources (Clutton-Brock 2009), or (2) each individual in large groups contributes less work 

overall to the brood, such that the brood receives the same level of care, but each adult invests less of its time 

in raising young than adults in smaller groups (Ridley & Raihani 2008; Savage, Russell & Johnstone 2015). 

We consider option (2) to be most likely, since an analysis of nestling body mass found no effect of group 

size on nestling body mass, and previous research on pied babblers has suggested that load lightening occurs 

in this species (Raihani & Ridley 2008; Ridley & Raihani 2008). A positive effect of adult group size on 

nestling mass would be expected in scenario (1), but not scenario (2).  

There is already strong evidence from studies linking body condition and temperature, for example, in 

Alpine chamois, Rupicapra rupicapra, body mass declines steadily with increasing temperature (Mason et 

al., 2014) and in pied babblers, beyond a critical temperature point, foraging efficiency declines to the point 

where adults cannot maintain their body weight (du Plessis et al., 2012). In long-lived species, life history 

theory predicts that when ecological conditions are harsh, breeders should be more likely to favour their own 

survival over that of their young, to mitigate the direct immediate cost to themselves (Weimerskirch et al., 

1997, Ghalambor & Martin, 2001, Canestrari et al. 2008). This strategy allows individuals to maintain body 

condition to enhance chances of survival for future breeding attempts. In pied babblers, since dominant 

individuals tend to be heavier (Ridley, Raihani & Nelson-Flower 2008), and thus have higher energy 

demands, decisions to invest less in young could be somewhat adaptive and depend directly on the current 
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environmental and social situation, i.e. they may choose to maintain weight to retain competitive ability 

(Brockelman 1975), breeding condition (Nelson-Flower et al. 2011) and ensure dominance tenure (Clutton-

Brock 1988). However, the behaviour of subordinates may be guided by different motivations in pied 

babblers, owing to the presence of high reproductive skew in this species (Nelson-Flower et al., 2011). When 

there are limited breeding opportunities, subordinates may adopt a ‘pay-to-stay’ strategy (Bergmüller, Heg & 

Taborsky 2005), resulting in their investing in young at a high level even when breeders do not, thus 

maximizing the fitness benefits of cooperation for helpers.  Where the help provided by subordinates benefits 

dominant individuals, they may punish those that decrease or cease to help. In these scenarios, subordinates 

should pre-empt and avoid potentially costly punishment in aggressive encounters with breeding individuals, 

through helping and submissive social behaviour (Mulder & Langmore 1993; Bergmüller & Taborsky 2004). 

If this is the case in pied babblers, this could explain why subordinates do not reduce investment as 

dominants do, when experiencing higher temperatures.  Alternatively, nonbreeding subordinates could gain 

direct fitness benefits by aiding group augmentation and subsequently increasing the occurrence of by-

product mutualistic behaviours seen in group living, such as sentinel behaviour, territory defence and 

antipredator behaviours (Kokko, Johnstone & Clutton-Brock 2001).  

Our findings provide some of the first empirical evidence that higher temperatures are affecting reproductive 

investment decisions in a cooperatively breeding species. Our data support theoretical predictions that during 

periods of environmental stress, some adults will trade off maintenance of their own condition against that of 

their young (Ghalambor & Martin, 2001). In pied babblers, this appears to only be true for the reproductive 

pair within a group, which suggests that group living and the presence of helpers can greatly impact 

offspring care strategies and the life history trade-offs that breeding adults face. Our findings imply that the 

causal relationship between fitness benefits (here defined as adult survival and reproductive success) and 

behavioural plasticity (level of investment in young) is mediated by cooperative group living and the number 

of helpers available, suggesting that decisions regarding shifts in parental care strategy show a level of 

adaptive plasticity (Koenig, Walters & Haydock 2009; Meade et al. 2010; Paquet et al. 2013). 

 

Our study highlights several important potential consequences of predicted climate change that require future 

consideration. If higher temperatures are occurring more frequently and impacting on reproductive 
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investment decisions, this could have repercussions for understanding and modelling future population 

dynamics. For example, these could include (1) the need to be able to determine whether continued 

investment by helpers makes them less vulnerable to sub lethal temperature effects, (2) whether the decline 

in parental care seen at high temperatures suggests that at even higher temperatures, parents may not initiate 

a breeding attempt at all, and (3) whether there are long-term impacts of declining adult investment in young 

during high temperatures. Even though subordinates did not significantly reduce their investment, neither did 

they increase it to compensate for the decline in investment by dominants at high temperatures, resulting in 

an overall decline in provisioning rate to nestlings at high temperatures. This may therefore be why nestlings 

weighed less at day 11 during periods of high temperatures, and suggests that a potential ‘downstream effect’ 

of high temperatures is the production of smaller, lower quality young that may have higher mortality rates, 

lower recruitment or be less likely to gain a breeding position in a social group as adults (Ridley & Raihani, 

2007a). Although parental care investment decisions can (and do) show a level of flexibility in adapting to 

environmental conditions (Lima 2009; Mönkkönen et al. 2009), these strategies are unlikely to be without 

limits. Further investigation into the impacts of increasing temperatures is vital to understand how to manage 

populations of cooperative breeders in a changing climate.  
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2.7 Supplementary materials 

Figure A1. The number of days per year at the study site where the maximum temperature exceeded Tcrit 

(35.5 
o
C) for pied babblers in the years 1996–2015. 
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Table A1. Data summarized here were collected from the weather station located at the field site on the 

Kuruman River Reserve, in the southern Kalahari region of South Africa (26°58’S, 21°49’E)  

Year 

 

Maximum 

temperature (
o
C) 

per year 

No. of days per 

year where 

temperature >35.5
 

o
C 

No. of extreme 

high temperature 

events >45.4
 o
C 

per year 

Average duration 

of extreme 

temperature 

events (days) 

1996 39 12 0  

1997 43 61 0  

1998 42 28 0  

1999 42 96 0  

2000 42 89 0  

2001 50 72 1 1 

2002 41 63 0  

2003 42 91 0  

2004 41 95 0  

2005 44 101 0  

2006 48 119 2 1.66 

2007 46.5 163 2 2 

2008 45.1 160 1 1 

2009 45.6 139 1 3 

2010 41.2 93 0  

2011 41.2 76 0  

2012 42.3 114 0  

2013 42.3 115 0  

2014 41.4 89 0  

2015 42.1 120 0  

 

 

Table A2. Model terms and interactions that were tested to determine which variables were affecting brood 

provisioning rates. Data were from 90 behavioural focal observations, from 41 individuals in 16 groups. 

 

Model term AICc ΔAICc 

   

Basic 44.315 8.125 

Tmax 39.052 2.862 

Adult group size 42.187 5.997 

Rank 42.628 6.438 

Sex 45.143 8.953 

Foraging efficiency 43.465 7.275 

Brood size 46.489 10.299 

Age 45.286 9.096 

Rank × Tmax 43.658 7.468 

Rank + Tmax 36.190 0 

Rank + Adult group size 41.554 5.364 

Rank + Tmax + Rank × Tmax 38.079 1.889 
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Table A3. All model terms and interactions that were tested as potential influences on nestling weight at 11 

days post hatching  

Model term AICc ΔAICc 

   

Basic 814.397 10.651 

Freq Tcrit 

 

803.746 3.793 

Rainfall 809.267 9.314 

Sex 814.26 14.307 

Adult group size 816.323 16.37 

Julian date 814.427 14.474 

Brood size 812.911 12.958 

Freq Tcrit + Rainfall  799.953 0 

Rainfall
 
(squared) 812.129 12.176 

Freq Tcrit + Adult group size 805.889 5.936 

Freq Tcrit × Brood size + Freq Tcrit + Brood size  804.630 4.677 

Freq Tcrit + Brood size 802.591 2.638 

 Freq Tcrit × Adult group size 808.161 8.208 

Data were based on body mass measurements from 124 11-day-old nestlings from 21 groups in 10 years. 

 

Table A4. Model terms and interactions which were tested to determine what factors influenced adult body 

mass change after time spent provisioning a nest 

Model term AICc ΔAICc 

   

Basic -43.222 53.814 

Adult group size -42.466 54.57 

Freq Tcrit -42.091 54.945 

Rank -41.086 55.95 

Breeding (yes/no) -93.728 3.308 

Group size + Breeding (y/n) -97.036 0 

Rank × Group size -40.425 56.611 

Rank + Breeding (y/n) -91.761 5.275 

Body mass data were collected from 89 individuals from 19 groups. 
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Investigating the selective benefits of 
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3.1 Abstract 

 The benefits of pair bonds have been well-described in monogamous species, but are relatively less well 

known in cooperatively breeding species. If pair bonds are beneficial, then it is possible that the bond 

between the behaviourally and socially dominant pair may influence group reproductive success, territory 

defense, conflict and stability in group-living species. Pair-bonding behaviour, which can include affiliative 

behaviour or synchronised vocalisations, may also act as a signal of pair strength and stability - both to 

within-group and between-group receivers. Here we investigated the relationship between pair bond tenure 

and a) affiliative pair behaviour, b) response to other pair duets and c) pair reproductive success in the 

cooperatively breeding pied babbler (Turdoides bicolor). We found that within-pair affiliative behaviour 

occurred much more often leading up to breeding attempts. Playbacks of calls from pairs with longer bond 

tenure elicited a stronger initial response from established pairs, but also a stronger behavioural response 

from all group members exposed to the playback. Pair bond tenure positively influenced the number of 

offspring recruited per pair per year, and the number of offspring produced per annum positively influenced 

the likelihood of pair persistence. Our results indicate that pair bond tenure has important benefits for 

reproductive success. In addition, synchronised pair duetting appears to function as a signal of pair bond 

‘strength’ for receivers. Taken together, these findings suggest that the monogamous pair bond, and the pair 

behaviour associated with it, have an important influence on group dynamics in a cooperatively breeding 

species, representing a hitherto unexplored factor influencing group dynamics.  

 

Keywords 

Pied babblers, pair bond, duet, signalling, monogamy, pair display, cooperative breeding 

 

3.2 Introduction 

Long-term monogamous pair-bonds are most often associated with bi-parental species (Wittenberger & 

Tilson 1980; Dillard & Westneat 2016), however, monogamous pair bonds can also be present in cooperative 

species, where the breeding pair in a cooperative group may stay together for consecutive reproductive 

attempts over an extended time period (e.g. cichlids, Neolamprologus pulcher, Bergmüller, Heg & Taborsky 

2005; red wolves, Canis rufus, Sparkman et al. 2011). In such species, the bond between behaviourally and 
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socially monogamous pairs may be important to the stability of the group, via influences on reproductive 

success, effective territory defense and within-group conflict resolution. In some group-living societies a 

breeding pair may depend on other group members to successfully raise their young, defend resources and 

participate in behaviour such as predator defense (e.g. meerkats, Suricata suricatta, Clutton-Brock et al. 

1999; African wild dogs, Lycaon pictus, Gusset & Macdonald 2010). It may therefore be beneficial for 

individuals to invest in reinforcing their pair bond (and thus potentially increasing group stability), and 

demonstrating this reinforcement through affiliative and/ or coordinated behaviours. These behaviours, 

sometimes termed ‘pair displays’, may act as reliable signals of pair stability and success, both within and 

between groups (Johnstone 1997).  

 

3.2.1 Benefits of pair bonds and monogamy 

Pairs that form and maintain pair bonds, rather than repeatedly divorcing and re-mating, may reap fitness 

benefits from long-term social relationships, such as higher reproductive success (Forslund & Larsson 1991). 

In a recent review of the fitness consequences of divorce, Culina, Radersma & Sheldon (2015a) conducted a 

meta-analysis on 64 socially monogamous bird species and concluded that individuals use breeding failure 

(particularly poor performance in the early stages of breeding) as a cue to divorce their partners. Whilst 

divorce can be costly, it can also be beneficial to future reproductive success if a new partnership is more 

successful (Culina et al. 2015a). Increased mate familiarity over time through pair bonding may also 

facilitate better coordination in reproductive activities, territory acquisition and defence, and anti-predator 

behaviours (e.g. barnacle geese, Branta leucopsis, Black 2001; blue-footed boobies, Sula nebouxii, Sánchez-

Macouzet, Rodríguez & Drummond 2014). In species with bi-parental care and/ or  low extra-pair paternity 

(EPP), the benefits of monogamy can be genetic, such as paternity assurance (Van De Pol et al. 2006; 

Jouventin et al. 2007). Alongside higher pair reproductive success, in some species pair fidelity can also 

increase the survival rates of individuals between seasons (Culina, Lachish & Sheldon 2015b). Moreover, 

even in species where there is high EPP, the benefits of social monogamy can still include territory defence 

and more efficient resource monopolisation (Gill 2012a).  
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3.2.2 The function of pair displays 

In many species where breeding individuals form pair bonds, pair ‘display behaviours’ are exhibited, where 

members of a pair either signal to each other or extra-pair receivers, either as a coordinated display or singly 

(Wachtmeister 2001; Hall & Magrath 2007).  Displays are seen in various forms such as vocal, visual or 

multimodal, and can occur in many different contexts such as during courtship, breeding and conflict 

(Armstrong 1965; Servedio, Price & Lande 2013). Pair displays, their context, reliability, and the roles of 

males and females within them have long been studied, and the function of such displays can vary widely 

and include: facilitating breeding synchrony, reinforcing pair bonds, negotiation over divorce, mate 

guarding, territory or resource defense and coordinating antipredator behaviour (Vincent & Sadler 1995; 

Cézilly et al. 2000; Hall & Magrath 2007; Gill 2012b). However, in cooperative species, pair display may 

not have the same function/s compared to non-cooperative species. This is because unlike most tasks 

facilitated by group living(i.e. offspring provisioning or predator defense) which may be coordinated among 

all group members (Arnold, Owens & Goldizen 2005), pair display involves only the dominant pair. 

Therefore the function of pair displays in cooperative species is still relatively unknown.  

Affiliative behaviour is often associated with the maintenance of both pair and social bonds (Kutsukake & 

Clutton-Brock 2010; Gill 2012b). Affiliative behaviour can take several forms in vertebrates, such as close 

tactile interactions and play (Schino 2001; Sharpe 2005; Kutsukake & Clutton-Brock 2006). These 

behaviours tend to promote union or cohesion between two or more parties (Seyfarth & Cheney 1984). 

Allopreening or allogrooming, where one individual preens/grooms another, is an example of affiliative 

behaviour reported in many species of monogamous primates (siamang, Symphalangus syndactylus, Chivers 

1976; marmosets, Callithrix jacchus, Digby 1995) and birds (zebra finches, Taeniopygia guttata, Silcox & 

Evans 1982; guillemots, Uria aalge, Lewis et al. 2007, green wood hoopoe, Phoeniculus purpureus, Radford 

& Du Plessis 2006), but also occurs in some monogamous mammals (prarie voles, Microtus ochrogaster, 

Ophir et al. 2007). Taking time to perform affiliative social behaviours must incur some individual cost 

(Parker 1973), so it is important to determine how these behaviours might benefit the individual, pair or 

group. In other bird species (Green wood hoopoes, Phoeniculus purpureus, Radford & Du Plessis 2006) 

allopreening serves both hygienic and social functions, and in many primates, allogrooming serves to 

maintain social cohesion (Dunbar 1991; Lehmann, Korstjens & Dunbar 2007), and can improve individual 
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fitness (Lewis et al. 2007). A recent comparative analysis across bird species found that allopreening 

between breeding partners was more common among species where parents cooperate to rear offspring 

(Kenny, Birkhead & Green, 2017). Across various taxa, allogrooming or allopreening has also been shown to 

reduce the likelihood of social conflict and consequently increase offspring survival (baboons, Papio 

cynocephalus, Silk et al. 2009, feral horses, Cameron, Setsaas & Linklater 2009).  

Many species which occupy year-round territories invest heavily in territorial defence (Langmore 1998; Gil 

& Gahr 2002; Mathews 2002). In addition to behavioural signalling and physical combat, often this defence 

takes the form of synchronised vocal displays (Nottebohm 1972; Hall 2004; Golabek 2010). Vocal displays 

can involve an individual, pair or a whole group (Hall 2004). Since these displays are usually loud and costly 

both in terms of time and energy, it is likely that they may vary in quality between individuals, and therefore 

have additional signalling functions (Nuechterlein 1981; Benedict 2010). An overt vocal display could also 

carry risk, such as increasing exposure to a predator or competitor, as suggested by the handicap principle 

(Zahavi 1977; Zahavi & Zahavi 1997). Understanding how potentially costly vocalisations could benefit a 

pair is key to determining why they may have evolved. 

Duetting is a widespread acoustic display behaviour, most commonly found in avian and primate species, but 

also seen in some anuran and insect taxa (Hall 2009). Over 400 avian species perform duets, and there are 

four main hypotheses (reviewed by Hall 2004) for the reasons individuals duet: (1) to avoid being usurped 

from a partnership, (2) to prevent partner usurpation, (3) to collaborate in resource defence or (4) to signal 

investment in a pair-bond. Duets have also been suggested to play a role in the formation and maintenance of 

long-term pair bonds and reproductive synchrony (Hall 2004). Recent meta-analysis on global patterns in 

communal signalling (both chorusing and duetting) has suggested that the primary function is the 

coordinated defence of ecological resources between bonded individuals, with other associations being by-

products of this (Tobias et al. 2016). However, territory defence and social bonding are not mutually 

exclusive behaviours; affiliative behaviour in the form of duetting has also been shown to function in 

multiple contexts (Benedict 2010) including facilitating behavioural mate coordination.   

 

3.2.3 Pair bonding and the natural occurrence of pair displays in pied babblers 
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Allopreening is observed regularly among group members in this species, both between the dominant pair, 

and other group members (Raihani 2007). Allopreening is commonly seen in several social contexts: 

following inter-group interactions, during resting bouts, in new pairs or groups, between the breeding pair, 

and between parents and dependent offspring. Further to this, group members often huddle close to one 

another while roosting at night (EMWiley, personal observations, Raihani 2007), similar to the roosting 

behaviour observed in other social bird species (e.g. long-tailed tits, Aegithalos caudatus, McGowan et al. 

2006, Green wood hoopoes, Phoeniculus purpureus, Radford & Du Plessis 2006) where close tactile contact 

is frequently maintained.  

In addition to frequent group chorusing, which involves all group members (Golabek 2010), pied babbler 

dominant pairs also produce a separate, synchronised duet, similar to red-crowned cranes (Grus japonensis), 

Australian magpie-larks (Grallina cyanoleuca) and California towhee (Pipilo crissalis), which also display 

monogamous pair bonds (Hall & Magrath 2007; Klenova, Volodin & Volodina 2009; Benedict 2010). In 

magpie-larks, established pairs produce more coordinated duets than new pairs, and this precise coordination 

increases the perceived threat of these displays to receivers (Hall & Magrath 2007). Newly formed pied 

babbler pairs call more frequently than other pairs with longer bond tenure (EMWiley, personal 

observations), and this trend would fit in with hypotheses relating duetting to pair bond formation (Arrowood 

1988). However, an alternative explanation for duets, reviewed by Wachtmeister (2001), is partner 

manipulation, for example over providing parental care.  For species where both parents care for altricial 

young, there may be conflict over the amount males and females invest in each reproductive attempt, and this 

could be actively negotiated via perceived effort in costly pair display behaviour (Wachtmeister 2001). In 

pied babblers, duets often occur during or after inter-group interactions, or when a group has dependent 

fledglings, but they can also occur with no apparent context. Since it is possible that duets may function as a 

signal of the strength of a pair bond, or pose a threat to nearby receivers, we could expect pairs to respond to 

duets from nearby pairs if they encode a threat to their fitness or resources (Hall 2004). Pied babbler pairs 

form monogamous long-term pair bonds within groups, with very low extra-pair parentage: 95.2% of 

offspring are the progeny of the dominant pair (Nelson-Flower et al. 2011). There are fewer than 0.4 divorce 

events per year, with death or disappearance of breeding partner being the main cause of new pair formation 



51 

 

(Nelson-Flower et al. 2012). Babblers are also relatively long-lived, with some individuals reaching more 

than 10 years of age in the wild (Ridley 2016); thus pair bonds can persist for many years. 

We investigated factors influencing pair bond behaviours, pair responses to synchronised duetting, and the 

effect of pair bond tenure on reproductive success and group stability in the pied babbler. We quantified 

investment in affiliative pair bonding behavior through behavioural observations of pairs with different pair 

bond tenures. Since reproductive attempts can be costly, both in terms of time and energy for the parent 

(Trivers 1972; Wiley & Ridley 2016), we expected affiliative behaviour would be reduced during breeding 

periods. Through a series of playback experiments, we investigated pair response to playback of other pair 

duets. We also investigated whether there was a pair bond tenure effect by quantifying reproductive success 

against time as a pair. We hypothesised that in addition to the benefits accrued through group-living, the pair 

bond may confer some selective advantages in pied babblers. We expected that (1) established pairs would 

invest less in affiliative bonding behaviour than new pairs, (2) duets from established pairs may signal a 

stronger pair bond, therefore receivers should be more responsive to duets from established pairs, (3) pair 

bond tenure would be positively associated with reproductive success and group stability. 

 

3.3 Methods 

3.3.1 Study site 

We investigated monogamous pair bonds in pied babbler groups at the Pied Babbler Research Project, based 

in the 33 km
2
 Kuruman River Reserve (KRR) in the southern Kalahari region of South Africa (26°58’S, 

21°49’E).  The study site has a subtropical climate and is primarily semi-arid grassland and acacia savanna 

(see Ridley & Thompson, 2011 for description of habitat types). 

 

3.3.2 Study species 

The pied babbler is a cooperatively breeding, territorial, medium-sized (75–95 g) passerine, in which all 

adult group members contribute to the provisioning of nestlings and fledglings (Ridley & Raihani 2007a). 

Since 2003, a study population consisting of uniquely ringed individuals has been habituated, monitored and 

maintained at the study site. Pied babblers are predominantly terrestrial foragers, and habituated groups 

tolerate observers within 2–3 m while they forage, allowing extremely detailed behavioural observations to 
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be made (Ridley & Raihani 2007a). Pied babblers live in stable groups consisting of a dominant pair, which 

produce the majority of offspring (Nelson-Flower et al. 2011), and sexually mature (over 1 year old post-

hatching) subordinate helpers. The breeding pair are reliably identifiable through behavioural traits, 

including aggressive behaviour toward other group members, sexual activity, and investment in nest-building 

behaviour (Nelson-Flower et al., 2013). Subordinates are identified by submissive behaviours, including bill 

gaping, crouching, looking away and/or fleeing during dominant individual approach (Raihani et al. 2008). 

The study population typically comprises 18 habituated groups of pied babblers each year, with an average 

group size (± standard error) of 4.29 ± 0.22 adults (range: 2-13 adults). For a small food reward, individuals 

will hop onto a small top-pan scale to be weighed. In this way, body condition can be monitored throughout 

each individual’s lifetime non-invasively, thus avoiding any need for recapture. 

 

3.3.3 Behavioural data – affiliative focals 

To quantify the amount of time invested in within-pair affiliative behaviour by each individual in the 

breeding pair in each group, 30 min time–activity focal observations were conducted. Affiliative behaviour 

was defined as time spent allopreening and duetting. Proximity (m) to the other member of the pair was also 

recorded. During each observation, all behaviours were recorded, and for those behaviours that were 

affiliative, the partner was recorded. Focal observations on each member of a pair were conducted on the 

same day to allow standardised comparisons relative to environmental conditions, and each individual had 

multiple focal observations collected over the course of a breeding season (average 3.175, range: 1-8 focals, 

per individual, n = 127 focals in total). Daily focal order was random such that the effect of time of day on 

focal results was minimised. Focal observations were not conducted if individuals were nest-building or 

incubating.  Observations were abandoned if there were regular interruptions to the group’s normal foraging 

behaviour e.g. due to inter-group interactions or predator alarms. It was not always possible to complete 

focal observations on both dominant individuals at every group in a session, so we had occasions where we 

only had male or female to account for in the analysis. All food items found while foraging were noted, as 

well as size and food type (Lepidoptera, Orthoptera, etc.). Food sizes were classified by observers according 

to previous definitions for this population as described in Raihani & Ridley (2007a), and each size was given 

a biomass value (for calculations see Ridley & Raihani, 2007b). Foraging efficiency was calculated for each 
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individual per focal follow. Morning weight (taken at dawn, before 30 min of foraging time had elapsed for 

the day) was measured for each individual being observed, for each observation session. Data for this study 

were collected from September 2013 to February 2016 in consecutive breeding seasons (September-April). 

 

3.3.4 Playback recordings, stimuli and protocol 

We recorded duets from dominant pairs across three breeding seasons, between September –December 2013, 

August 2014 – March 2015 and September 2015 – February 2016. Throughout these periods, data were 

collected twice a day, both morning sessions from dawn, and evening sessions from late afternoon until 

sunset. All sound data was recorded on a Roland R-05, 24-bit sound recorder (Roland Corporation, Osaka, 

Japan), using a Rode NTG-2 directional shotgun microphone, coupled with a Rode blimp suspension wind-

shield system. Recordings were taken from as close to duetting pairs as possible (normally within 3-10 

meters). 

Duets used for playback stimuli were strictly from the dominant, breeding male and female pair in each 

group. Recordings were only used where the duet was not given in response to within-group behaviour, such 

as in response to a chorus from within-group members, or when fledglings were moving between areas. We 

classified duets as ‘established’ or ‘new’, according to the length of time that the pair had been together for. 

We ranked duets by pair length to concurrently test for an effect of tenure on duet quality (or perceived 

quality), based on difference in receiver responses to playbacks. ‘Established’ duets were taken from pairs 

that had been together for more than one year, and ‘new’ duets, from pairs that had been together for less 

than this. Using this time length seemed appropriate because pairs together for a year or more would have 

normally attempted to breed together at least once.  

 To confirm that there were differences between duets from new and established pairs, we carried out 

spectrographic cross-correlation analysis (SPCC) using the batch correlation function in Raven Pro 1.5 

(Bioacoustics Research Program (2014). Interactive Sound Analysis Software, Ithaca, NY: The Cornell Lab 

of Ornithology). All the duets were bandpass filtered at 50-21200 Hz to reduce the possible influence of 

background noise in analyses. Whilst batch correlation peaks were similar within and between new and 

established duets, there was a significant difference in correlation lags, with established duets being more 

similar to each other in time taken to reach peak correlation (n=13, p=0.029, supplementary material Fig. 1). 
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There was no difference in duet length , between new and established pairs (n=98, p=0.442, F=0.609). 

Playback stimuli were created using Cool Edit Pro 2.0 (Syntrillium Software Corporation, Scottsdale, AZ, 

USA) and made into WAV audio files. Only recordings with a high signal to background ratio were selected 

to use as exemplars. All playbacks were standardised to a length of 21s, which was the average full duet 

length for pairs determined from all recordings, (n=98), recorded from Sept. 2013 – Jan. 2015. Playbacks 

were normalised to a volume of 70dB, which emulates the amplitude of natural calling from all recorded 

duets (n=98). This was measured using a digital sound level meter (Voltcraft SL100, Voltcraft, Barking, 

UK), at 10m (when played back at the natural recorded volume to standardise for distance), then adjusted in 

Cool Edit to be played back at this volume, at a distance of 20 meters from the pair. Stimuli were played to 

the breeding pair at each group from an Apple iPod Nano 16GB, attached to an Altec Lansing iM237 

inMotion speaker. We used 8 babbler duet exemplars in total (3 ‘established’ and 5 ‘new’ duets) and carried 

out full playback experiments on 12 breeding pairs, at 12 groups. All pairs received a set of three playback 

stimuli, consisting of an ‘established’, a ‘new’ and a control duet. Control stimuli for playback were duets 

(also 21s in length) from white browed sparrow weaver pairs (Plocepasser mahali). These are a non-

competing species which co-habit all pied babbler territories and duet often to defend their territories from 

conspecifics (Hockey, Dean & Ryan 2005, EMWiley, personal observations).  

We carried out playback experiments across two breeding seasons, between August 2014 – March 2015 and 

September 2015 – February 2016. To identify changes in pair behaviour after hearing playback of a duet, we 

collected detailed time-activity focal data. A focal consisted of a 10-minute behavioural observation of the 

breeding pair in each group. Alongside normal behaviours (such as foraging, moving, vigilance etc.), 

distance to the other member of the pair and affiliative interaction between them (such as allopreening, 

duetting, courting, following one another) was recorded. Two 10-minute focals were carried out for each 

playback trial, one before the playback commenced, and one immediately after. 

Playback experiments were carried out during morning sessions only. In addition, since babblers are most 

active in the early morning (du Plessis et al. 2012), playbacks took place before 8am. There were no 

disturbances (such as a mobbing event, predator alarm or inter-group interaction) 20 minutes prior to 

playback, and all individuals were foraging normally (with both members of the pair foraging on the 

ground), when each experiment commenced. Following the first 10-minute behavioural focal, a duet 
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exemplar was played to the dominant pair, at a distance of 20 meters. As soon as the playback started, the 

'after' focal observation commenced. When recording pair behaviour, of particular importance was 

synchronicity in: time spent chorussing (whole group) or duetting during and after the playback, time spent 

in pursuit (defined as coordinated movement towards the sound source), vigilance, allopreening (with each 

other or other group members) and time taken to resume foraging after playback. We also recorded initial 

response (where initial is defined as the immediate (within 20 s, or until first response i.e. movement or duet 

ends) reaction once a playback begins) to playback and categorised the strength of this response on a 

nominal scale according to perceived response effort as: no response (0), weak response (vigilant behaviour 

or vocalization) (1), strong response (chase, chase and vigilance, or chase and chorus) (2). Control playback 

experiments (using the sparrow weaver duet exemplars) were conducted following exactly the same 

protocol. 

To avoid any effect of familiarity on the reaction of the pair receiving the stimuli, pairs never received 

playbacks from pairs in neighbouring territories, or from duets performed by individuals known to either 

member of the pair (e.g. relatives or previous group members from the focal bird’s group or neighbouring 

groups). The order the playbacks were carried out to each pair was randomised to avoid bias. To standardise 

conditions, where possible, all playbacks took place at groups within one week, preferably 2 days apart, but 

always with a minimum of 24h gap between them. A response to playback was only considered to have 

occurred if an individuals’ behaviour was observed to change from normal (quantified as a difference from 

the ‘before’ focal) during the ‘after’ focal.  

 

3.3.5 Pair bond data 

For every pair monitored from 2003-2015, data on the age of each member of the pair bond (in days at the 

start of each year), length of pair bond (days), previous reproductive success as a pair (in the preceding year: 

yes/no), previous breeding experience as an individual (yes/no), yearly group size, and number of offspring 

recruited (that survived to at least one year) were extracted from the database for each year the pair remained 

together. Each year started on 1
st
 September (at the beginning of the breeding season), and ended on 31

st
 

August the next year.  
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There were a total of 65 pairs and 95 individuals available for analysis, of which 55 were female and 40 

male. Where possible, we used known age (from hatching records), however there were four (female) 

individuals that did not have an exact age. For these four, we assigned to them the average age a female 

became dominant (785 days, calculated from the other 51 females that acquired dominance rank) as their age 

on the date they became dominant in their first year as part of a breeding pair in the study population.  

Pair lifetime reproductive success was measured as the total number of offspring (that survived to one year) 

produced from the total number of hatched broods per pair over the duration of the pair tenure. Calculating 

this way measured reproductive output per (viable) nesting attempt and thus avoided having time as a 

confounding factor. This analysis comprised a subset of pairs from the database (n=57) because it could only 

be calculated for pairs that were no longer extant.  

 

3.3.6 Statistical analysis 

All data were analysed in SPSS (v 22.0, IBM, Armonk, NY, U.S.A.). Affiliative behaviours were analysed 

using a negative binomial model with a log link function. Time spent on affiliative behaviours was the 

response variable, with total observation time as the offset variable. Predictor terms in the model were: sex, 

presence of female or male competition, previous reproductive success (as a pair, yes (1) or no (0)), age, 

group size, body mass (on day of focal), foraging efficiency, pair bond tenure and non-breeding or breeding 

(breeding defined as incubating eggs or provisioning hatched nestlings or fledging dependent young). 

Data from paired ‘before’ and ‘after’ focal observations were analysed for all playbacks. All focal 

observations were 10 minutes in length. To compare the amount of time spent on pair affiliative behaviour 

before and after playback and between playback types, related-sample paired t-tests were used. We analysed 

the response to ‘new’ or ‘established’ playbacks at the pair level, because in all cases the response of males 

and females was coordinated. Wilcoxon signed-rank tests were used for the following response variables: 

time taken to return to foraging, time spent chasing, time spent vigilant and time spent on group affiliative 

behaviour. Where a response to playback was observed, we analysed the strength of the initial reaction, by 

conducting within-pair, paired comparisons using McNemar’s related samples test (where 1 = weak 

response, 2 = strong response).  

To determine whether there is an association between pair bond tenure and: 
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1. Number of chicks recruited per year, a Generalised Estimating Equation model (hereafter GEE) with 

a poisson distribution was used with: previous reproductive success (as a pair), previous breeding 

experience ((yes/no) for any pairing -male and female separately), breeder age (male and female 

separately), group size (adults), body mass (yearly average for male and female separately) and pair 

length (days at start of year) as predictor terms.  

2. Pair persistence likelihood: whether a pair was still together the next year (yes/no), a GEE model 

with a binomial distribution was used with: previous reproductive success (as a pair), previous 

breeding experience (male and female separately), breeder age (male and female separately), group 

size (number of adults), body mass (yearly average for male and female separately), chick 

recruitment (number of offspring surviving to one year) and pair length (days at start of year) as 

predictor terms. 

3. Pair lifetime reproductive success: a GEE model with a poisson distribution was used with: breeder 

age (male and female separately), group size (average number of adults in the group for the duration 

of the pair length), and full pair length tenure (total days) as predictor terms. 

Correlated terms were not used as predictor terms in the same model. Pair identity, group identity and year 

were included as random effects in all models. Data were analysed using model selection. The Akaike 

information criterion corrected for small sample size, AICc (or its variant QICc where data were over-

dispersed) was employed to determine the model/s that best explained the patterns of variation in the data. 

Using AICc (with maximum likelihood estimation) a series of models were tested, with each model 

representing a biological hypothesis. Lower AICc values represented more parsimonious models as per 

Johnson & Omland (2004). Only those model terms whose 95% confidence intervals did not intersect zero 

were considered to explain significant patterns within our data (as per Grueber et al. 2011).  

 

3.4 Results 

3.4.1 Affiliative behaviour  

Breeding activity was the most significant determinant of affiliative behaviour: pairs spent less time 

investing in affiliative behaviour (allopreening and duetting) with one another after they had initiated 

breeding activity. (Fig.1, Table 1).  
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Figure 1. Proportion of focal time spent on affiliative pair behaviour according to breeding stage (Boxes represent the 

ranges for proportion of time spent on affiliative behaviour, black lines show the median & whiskers the 0.5 and 0.95 

inter-quartile ranges). Values are taken from model output presented in Table 2.  

 

 

Table 1. The top model terms influencing affiliative pair bond behaviour Analysis was conducted on 40 individuals 

from 18 groups over 2.5 years. See Supplementary material, table 1 for full set of model terms tested. 

 

Model term QICc ΔQICc  

Basic 84.451 11.339  

Pre-breeding or breeding (dependent young) 73.112 0  

Effect size of constant and significant terms Effect SE 95% CI 

Constant -1793.47 0.058 -1793.58/-

1793.36 

Pre-breeding or breeding 0.707 0.067 0.58/0.84 

 

 

3.4.2 Playback experiments  

There was no behavioural response to control playbacks in any trial (ntrials=12, nindividuals=24). However, 

individuals did respond strongly to both ‘new’ and ‘established’ duet playbacks (see playback results 

summary Table 2, Figure 2)  
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Table 2. Summary of pair responses to different types of playback stimuli. ‘X’ denotes no behavioural response or 

significant difference. All paired tests were Wilcoxon-signed rank unless annotated otherwise. 

Behavioural 

response 

measured 

Response to playback stimuli between 

before/after focals 

 

Control               Established              New 

Difference between 

response to 

Established and 

New duets (between 

‘after’ focals) 

Strength of initial 

response 

Χ p<0.001 p<0.001 p=0.008 

(McNemar’s test) 

Change in 

foraging 

behaviour 

X p<0.001 p<0.001 p=0.414 

Vigilance X p<0.001 p<0.001 p=0.722 

Chase (pursuit) Χ p<0.001 p<0.001 p=0.647 

Affiliative (pair) X p=0.016 (paired 

t test) 

p=0.014 

(paired t test) 

p=0.767 (paired t 

test) 

Affiliative (pair 

and group) 

Χ p<0.001 p=0.002 p=0.046 

 

 

 

 
Figure 2. Comparisons of behavioural changes following playbacks of: 

a) Time taken to resume normal foraging behaviour, b) Time spent on vigilant behaviour,  

c) Time a pair spent flying in pursuit (chasing), d) Proportion of time pairs spent on affiliative behaviour, e) Time pairs 

spent on affiliative behaviour with other group members, f) strength of initial response to ‘established’ versus ‘new’ 

playbacks by the same focal pair. Means are +/- SE, time is in seconds. Bars with asterisks denote significant 

differences. Where there was no response to control stimuli, the mean for those treatments is at zero.  
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3.4.3 Pair bond tenure and reproductive success 

In pied babblers, completed pair bonds (those where total pair tenure length is known) averaged 640 days, 

and ranged widely, from 19 to 1940 days. On average, males formed pair bonds with 1.5 females over their 

lifetime, while females formed pair bonds with an average of 1.3 males.  

Pairs that had been together for longer had significantly higher chick recruitment per year (p=0.047, (Fig.3, 

Table 3). Heavier individuals also recruited a higher number of chicks per year (Fig. 4).  

 

 
Figure 3. The model output for the relationship between the number of chicks recruited to one year of age per breeding 

season, and pair length. Each circle represents a pair. The fitted regression line is shown with shaded 95% confidence 

intervals.  

 
Table 3. The top model terms influencing the number of chicks successfully recruited per year. Analysis was conducted 

on the number of chicks recruited yearly by 65 pairs in 22 groups over 12 years. For the full model set, see 

Supplementary material, table 2 

Model term QICc ΔQICc  

Basic 493.460 11.361  

Body mass 484.347 2.248  

Pair length (days) 482.099 0  

Effect size of significant terms Effect SE 95% CI 

Constant 0.274 0.089 0.099/0.449 

Body mass 0.059 0.022 0.015/0.102 

Pair length (days) 0.001 0.0002 5.962E-6/0.001 
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Figure 4. The model output for the relationship between the number of chicks recruited to one year of age per breeding 

season, and adult body mass. Each circle represents an individual. The fitted regression line is shown with shaded 95% 

confidence intervals.  
 

Likelihood of pair persistence 

Reproductive success was an important factor influencing the annual persistence of the pair bond (Table 4). 

Pairs that raised chicks to independence during a breeding season were more likely to still be a pair in the 

following year (p<0.001) (Fig.5). 

 

 
Figure 5. The model output for the relationship between the number of chicks recruited to one year of age and the 

likelihood a pair persisted to the next year. Each circle represents a pair, with a value of ‘1’ on the y-axis denoting 

persistence. The fitted regression line is shown with shaded 95% confidence intervals. 
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Table 4. The top model term influencing pair persistence to the next year. Analysis was conducted on the annual 

reproductive success of 65 pairs in 22 groups over 12 years. For the full model set, see Supplementary material, table 3. 

 

Model term QICc ΔQICc  

Basic 391.750 34.182  

Number of chicks recruited 357.568 0  

Effect size of significant terms Effect SE 95% CI 

Constant -0.460 0.168 -0.790/-0.130 

Number of chicks recruited 0.611 0.169 0.943/0.279 

 

Pair lifetime reproductive success  

Neither pair length, breeder age, nor average adult group size throughout the duration of the pair bond 

explained patterns of pair lifetime reproductive success (Supplementary material, table 4).  

 

3.5 Discussion 

The benefits of pair bonding have been widely studied and the general consensus has been that the function 

and outcome of monogamous pair bonds is to increase the likelihood of successful production of offspring 

(Evans & Poole 1983; Bradley, Wooller & Skira 1995; Fowler 1995). Under various hypotheses (Koenig 

1981; Emlen 1982; Kingma et al. 2014), cooperative breeding is also thought to have evolved to increase 

reproductive success, but the potential benefits of pair bonding has not previously been considered within 

cooperatively breeding species. In this study, we were able to discern selective benefits to long-term pair 

bonding in the cooperatively breeding pied babbler. 

 

3.5.1 Affiliative bonding behaviour 

Spending time on affiliative behaviour is likely to be costly, especially during the breeding season where 

individuals must be in good condition to endure the lengthy process of incubating, rearing and caring for 

dependent offspring (Ridley & Raihani 2007). Despite this, affiliative bonding may still be important priorto 

a breeding attempt. Once pied babbler groups initiate a breeding attempt, we see time allocated to affiliative 

bonding behaviours almost halve, presumably to allocate time to invest in brood care. This trend is similar to 
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that observed in the white-tailed black cockatoo, Calyptorhynchus funerus (Saunders 1982) and American 

crows, Corvus brachyrhynchos (Kilham 1985). Thus, we suggest that affiliative behaviour may initially play 

a social role in stabilising the pied babbler pair bond (in order for both partners to signal synchronisation and 

initiate a breeding attempt), which consequently may impact on the success of a breeding attempt, but this 

hypothesis requires further investigation.  

 

3.5.2 Playback experiments 

The results from our playback experiments suggest that whilst focal pairs are responsive to the playback of 

pairs duets, overall, they may not discriminate between new and established pairs. However, while all pairs 

responded to duet playback of another pair, there was a significant difference in the strength of initial 

response to ‘established’ and ‘new’ duet playbacks, with pairs responding more strongly to ‘established’ 

duets. This suggests that duets from established pairs signalled a threat that warranted a stronger initial 

response, which is in line with previous work on other duetting species, where highly coordinated duets 

provide information about the pair giving the call (Hall & Magrath 2007 and Logue, Chalmers & Gowland 

2008). 

In addition to this, the amount of time spent on group bonding behaviour (including both allopreening and 

vocal chorusing) was significantly increased by duet playback, and in particular was significantly higher 

when an ‘established’ duet was played to the group, compared to a ‘new’ duet. This could suggest that when 

the dominant pair receives the signal of a threat nearby, they invest in affiliative behaviour to unify the group 

and initiate a vocal response, perhaps to present a united defence of territory and resources. Coordinated 

chorussing could also function to increase the number of perceived individuals to intruders i.e. signalling the 

strength of a group, independent of group size (Hall & Magrath 2007).  

Taken together, these findings highlight that coordinated pair displays through synchronised vocalisations 

seem to function as a potential signal of threat to all receivers (both pairs and other group members), which 

elicits a strong response.  

Significance differences in response to what we classified as ‘established’ and ‘new’ duets were only seen in 

two out of six response parameters tested, and therefore it could be that our test assumption that duet 

synchrony was improved by longer pair length was not wholly correct for this species.  It may be for 
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example, that duet quality may be an index to signal body mass, similar to White-browed Coucals 

(Centropus superciliosus, Brumm & Goymann 2017) and we may have found a stronger response if we 

classified duets by body mass of pairs. Alternatively, we may not have had a large enough range of pair 

lengths in our study, or synchronisation may be achieved rapidly once pairs form and so pair length may be 

the wrong measure. Duets may signal group quality or fitness, (sensu Seddon et al. 2004), rather than pair 

tenure, which may explain why there were stronger affiliative group responses to ‘established’ duets. Longer 

pair length in pied babblers may therefore have been indicative of a more established group and represented 

a stronger coalition or threat.  

 

3.5.3 Pair bonds 

The length of the pair bond was positively related to yearly reproductive success, and reproductive success 

increased the likelihood of persistence as a pair. This finding supports the idea that long-term pair bonds 

have a selective benefit, through increased reproductive success (Ens, Choudhury & Black 1996; Black 

2001). An increase in reproductive success per year is important because it implies that long-term pair bonds 

in pied babblers may be evidence of benefits gained from mate familiarity. This finding supports similar 

results in species with bi-parental care, such as Steller’s Jays (Cyanocitta stelleri, Gabriel & Black 2013) and 

Pinyon Jays (Gymnorhinus cyanocephalus, Marzluff & Balda 1988) in which longer lasting pairs had higher 

reproductive success, independent of individual age. Whilst greater reproductive success leads to a greater 

likelihood of pair persistence, we saw no effect of pair bond tenure on overall lifetime reproductive success. 

In pied babblers this may be because of the social benefits of group-living for reproductive success. We 

know that in this species there are considerable group size benefits (Raihani & Ridley 2007b; Ridley 2016), 

and thus over the duration of the pair bond, group size effects may be more important to lifetime 

reproductive success than pair bond effects.   

 

Where we see pair bond benefits in cooperative species, it may be that these benefits are under different 

selection pressures to those in non-cooperative species. For example, pair bonds may provide some group-

level stability to reproductive conflict, signalled through affiliative behaviour prior to reproduction. Pair 

bonds may also influence group cohesion and unity in coordinated territory and resource defence. 
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Conversely, where we don’t see an effect of the pair bond where we may expect to (for example on lifetime 

reproductive success), we can perhaps surmise that in cooperative species, long-term effects of pair bonding 

are possibly not discernible due to the substantial benefits of group size and cooperation. 

 

Our analysis reveals that there are a number of benefits of monogamous pair bonds in cooperatively breeding 

species. Affiliative behaviours appear to serve multiple functions both relating to within-group stability and 

as possible signals to within-group and extra-group receivers. Longer pair bonds resulted in higher 

reproductive success and this in turn positively influenced pair persistence to the following breeding season. 

These benefits are in addition to those already known to be accrued through group-living in pied babblers 

(Ridley 2016). Pair bonds are a relatively unexplored aspect of cooperative breeding social dynamics, and we 

suggest that pair formation and tenure may have an important influence on both within-pair, within-group 

and population dynamics in cooperatively breeding species.  
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3.7 Supplementary materials 

 
Figure 1. Differences in batch correlation lag times (time taken for peak correlation to occur between two duets) for 

both new and established duets. The box plots show the median and 25 and 75% quartiles; the whiskers display the 95% 

confidence intervals. 
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Table 1. Full set of model terms tested to determine what was influencing pair affiliative behaviour. Data 

were from 40 individuals from 18 groups over 2.5 years. 

 

Model term QICc ΔQICc 

Basic 84.451 11.339 

Pre-breeding or breeding (dependent young) 73.112 0 

Sex 86.116 13.004 

Female competition 86.258 13.146 

Male competition 81.082 7.97 

Previous reproductive success 86.294 13.182 

Age 85.569 12.457 

Body mass 86.119 13.007 

Group size 86.355 13.243 

Foraging efficiency 84.109 10.997 

Pair length 85.880 12.768 

Previous reproductive success* Age 87.565 14.453 

Previous reproductive success*Pair length 86.128 13.016 

Previous reproductive success*Body mass 87.984 14.872 

Previous reproductive success*Group size 88.056 14.944 
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Table 2.  Model terms tested to determine what was influencing the number of chicks recruited per year. 

Analysis was conducted on the number of chicks recruited yearly by 65 pairs in 22 groups over 12 years.  

 

Model term QICc ΔQICc 

Basic 493.460 11.361 

Body mass 484.347 2.248 

Pair length (days) 482.099 0 

Breeding experience (male) 495.063 12.964 

Breeding experience (female) 495.424 13.325 

Breeder age (male) 495.203 13.104 

Breeder age (female) 494.978 12.879 

Previous reproductive success 491.962 9.593 

Group size 492.413 10.314 

 

 

 

Table 3. All model terms tested for predicting likelihood of pair persistence to the next year. Analysis was 

conducted on the annual reproductive success of 65 pairs in 22 groups over 12 years.  

 

Model term QICc ΔQICc 

Basic 391.750 34.182 

Number of chicks recruited 357.568 0 

Body mass 393.420 35.852 

Pair length (days) 393.742 36.174 

Breeding experience (male) 392.080 34.512 

Breeding experience (female) 393.652 36.084 

Breeder age (male) 393.341 35.773 

Breeder age (female) 393.359 35.791 

Previous reproductive success 393.545 34.977 

Group size 393.615 36.047 
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Table 4. Model terms tested for influence on pair lifetime reproductive success. Analysis was carried out on 

the total number of offspring successfully recruited by each of 57 pairs over a 12 year period, where total 

pair tenure was known and pairs were no longer in existence. 
 

Model term QICc ΔQICc 

Basic 26.548 0.166 

Breeder age (male) 28.524 2.142 

Breeder age (female) 28.490 2.108 

Average group size 27.993 1.611 

Pair length 26.382 0 
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The effect of a fluctuating environment on the 
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4.1 Abstract 

Being able to predict accurately the growth, decline or overall stability of a population over time has become 

increasingly important in wildlife conservation and management. Due to differences in social structure, not 

all populations will respond in the same way to environmental variability, and this is vital to consider when 

predicting the potential impacts of climate change. In cooperative species, social factors such as group size 

and task sharing, may directly impact on survival and reproductive rates and hence population dynamics. 

Since cooperation is commonly thought to have evolved as a response to limited resources (for example, 

under the constraints of arid environments) we would expect that population growth rate would be influenced 

by fluctuating environmental factors. Here we examine (1) the historic impact and (2) the predicted future 

impact of climatic fluctuations on the population dynamics of the cooperatively breeding southern pied 

babbler. Stochastic simulations reveal that drought and high temperatures occurring at frequencies already 

observed historically are long-term drivers of extinction. When we increase the frequency of these conditions 

under a climate-change scenario, population extinction is much more likely to occur. We found that 

population growth rates in pied babblers show some plasticity in response to climatic events, suggesting that 

populations can recover from some climatic perturbations. However, an increasing occurrence of disruptive 

climatic events over time could lead to local extinction for this species. These findings also have broad 

implications for studying the population dynamics of cooperative species and informing future management 

plans for population monitoring. 

 

Keywords 

Pied babblers, cooperation, population dynamics, demography, climate change, extinction 

 

4.2 Introduction 

Adaptive responses to the changing climate, both at the individual and population level, have now been 

convincingly recorded in a broad range of species (Walther et al. 2002; Parmesan & Yohe 2003; Selwood, 

McGeoch & Mac Nally 2015; Vázquez et al. 2015). When we are documenting the ways that different 

species respond to climate change, we see varying levels of plasticity in both short-term (e.g. behavioural 

change), and long-term responses (e.g. demographic rates) and the consequences of these responses for 
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population dynamics. Short-term behavioural and physiological responses of individuals can be readily 

recorded in some species (e.g. du Plessis et al. 2012, Visser, Holleman & Gienapp 2006; Cunningham et al. 

2013; Wiley & Ridley 2016). However, less easy to determine or predict, but of great importance, are the 

long-term impacts of a rapidly changing climate on demography. Climatic fluctuations may influence a 

population’s stability over time by causing changes in survival and reproductive rates (Foley, Pettorelli & 

Foley 2008; Altwegg et al. 2014).   

Due to differences in life history, which can arise from varying levels of sociality, we cannot assume that all 

populations will be impacted by climatic perturbation in the same way, ie the effect of climatic fluctuations 

on demography may be mediated by social structure (Bateman et al. 2013). Cooperative breeding is an 

example of a social structure whereby behaviourally dominant breeding individuals raise young in groups 

with assistance from non-breeding helpers. Cooperative breeders are socially complex, usually with high 

within-group reproductive skew (Nelson-Flower et al. 2011; Rollins et al. 2012),  and hence their population 

dynamics may differ from those of non-cooperative species. This is because their reproductive success and 

survival can be affected by group size and the behaviour of other group members (Clutton-Brock 2001; 

Angulo et al. 2013; Kingma et al. 2014).  Individuals in such groups which delay dispersal and forego their 

own reproduction may still gain benefits from helping i.e. through direct or indirect fitness (Hamilton 1964; 

Kokko, Johnstone & Clutton-Brock 2001; Cornwallis, West & Griffin 2009). Under the ecological 

constraints hypothesis, cooperation is a strategy thought to have evolved in response to limited resources 

(Koenig 1981; Emlen 1982; Jetz & Rubenstein 2011; Lukas & Clutton-brock 2017). If cooperation is an 

evolutionary strategy to mediate the impact of ecological constraints on reproductive success, it could 

therefore follow that environmental fluctuations may not affect population growth rates as significantly in 

cooperative compared with non-cooperative species.  

The relationship between temporal environmental variability and the evolution and persistence of 

cooperation have been widely studied, particularly in avian species (Jetz & Rubenstein 2011). Comparative 

studies among species have found strong evidence to link complex sociality with living in highly variable 

environments (Jetz & Rubenstein 2011). Therefore, under harsh climatic conditions, reproductive attempts 

may be optimised by breeding cooperatively (Koenig 1981). In addition to increasing indirect fitness 

benefits, group living also increases the likelihood of adult survival. Thus, cooperative breeding can be 
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considered a somewhat flexible ‘bet-hedging’ strategy for individuals who are not yet actively breeding 

because indirect fitness benefits may still be accrued, and delaying dispersal may increase future 

reproductive opportunities.  

When trying to ascertain the impacts of environmental change on a population’s growth rate, the importance 

of having detailed historic and ongoing long-term databases becomes clear. Where studies encompass 

disruptive climatic perturbations, and detailed records exist of how species have responded and recovered 

from past external stressors, we may accurately attribute demographic changes to climatic events and try to 

predict how populations will respond to further perturbation (Parmesan 2006; Gullett et al. 2015). This type 

of predictive modelling has previously been undertaken on several long-term study populations, including 

both the non-cooperative red deer, Cervus elaphus (Stopher et al. 2014) and Soay sheep, Ovis aries (Coulson 

et al. 2001; Ozgul et al. 2009), and the cooperatively breeding meerkat, Suricata suricatta (Bateman et al. 

2013), red-cockaded woodpecker, Picoides borealis (Letcher et al. 1998), superb fairy wren, Malurus 

cyaneus (Kruuk, Osmond & Cockburn 2015) and alpine marmot, Marmota flaviventris (Ozgul et al. 2010). 

These studies have identified factors which significantly affect population growth rates in these species over 

time, a key measure for successful population management.  

Here, we investigate historic changes and predict future variation in population growth and stability in a 

population of cooperatively breeding southern pied babblers (Turdoides bicolor). Pied babblers are a good 

study species for this research because long-term (12-13 years) empirical data on over 800 uniquely ringed 

individuals with complete life history from birth to death, as well as detailed group and population 

compositions, are available. There are also long-term climate data available for the study site over the 

corresponding time period. We analyse historic fluctuations in climatic conditions, collected over a 12-year 

time period, then parameterize a stage-structured population model to project the impact of forecast climatic 

changes on future population growth and stability. We predict that climatic fluctuations outside the range of 

annual averages will impact annual survival and reproduction. Specifically, we predict that annual population 

growth rate will decline with more frequent years of extreme climatic conditions i.e., drought/ heatwaves, 

under a predicted climate change scenario, and this will drive local populations towards extinction. 
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4.3 Methods 

4.3.1 Study site  

We investigated the effects of environmental fluctuation on population dynamics by analysing 12-years of 

life-history data on the southern pied babbler population at the Pied Babbler Research Project. The study was 

based in the 33 km
2
 Kuruman River Reserve (KRR) in the southern Kalahari region of South Africa 

(26°58’S, 21°49’E).  The study site has a semi-arid climate and is primarily semi-arid grassland and acacia 

savanna (see Ridley & Thompson, 2011 for description of habitat types).  

 

4.3.1.1 Temperature and Rainfall 

Temperature and rainfall data were collected daily from the weather station at the Kuruman River Reserve, 

with mean values based on climate data collected in the area for the last 20 years. The area historically has a 

mean annual rainfall of 197 mm, with most rain falling during mid-to-late summer, in January - April (Kong 

et al. 2015). Rainfall was summed for each breeding year (September-August), with drought years being 

those with less than 147mm of rainfall (meteorological drought is defined as less than 75% of normal 

rainfall, by the South African weather service) and this has occurred twice in the study period thus far, in 

2008 and 2012 respectively. Data from these years were used to determine the impact of drought on the 

population, separate from fluctuations in annual rainfall. In mid-summer (January) mean daily maximum and 

minimum temperatures were 34.7 °C and 22.2 °C respectively, but daily maximum temperatures have been 

recorded up to 45.4 °C (Steenkamp et al. 2008). Temperatures above the previously cited maximum 

(>45.4°C) have been recorded at the study site once in the decade 1996 - 2005, and six times in four different 

years, from 2006 - 2016. Maximum temperature (Tmax) was recorded daily at the study site. We used 35.5
 o
C  

as a threshold (hereafter referred to as Tcrit), because this was the temperature du Plessis et al. (2012) 

recognised as critical for the pied babbler, beyond which foraging efficiency declined, heat dissipation 

exponentially increased and individuals were unable to maintain body weight. The number of days per 

breeding year where the temperature was over 35.5°C has increased approximately two fold in the last 

decade (See Supplementary material, Appendix figure A1. Weather station data, KRR). A heatwave event 

was defined as when the maximum temperature was over Tcrit (35.5 °C) on any particular day (sensu 

(Cunningham et al. 2013a)). Frequency of heatwave events per year was calculated and averaged to 
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determine the effect of above average frequency of heatwave events per year, on demographic rates for this 

population (hereafter these years are also referred to as ‘hotter’).   

 

4.3.2 Study species 

The southern pied babbler is a cooperatively breeding, territorial, medium-sized (75-95g) passerine, in which 

all adult group members contribute to the provisioning of the offspring produced by a single breeding pair 

(Ridley & Raihani 2007). Group members also cooperate to perform anti-predator defence behaviours, such 

as vigilance and mobbing, and to actively defend territories, showing high site fidelity (Bell et al. 2009; 

Golabek & Radford 2013; Humphries et al. 2015). Since 2003, a study population consisting of uniquely 

ringed individuals has been habituated, monitored and maintained at the study site (Fig. 1). Pied babblers are 

predominantly terrestrial foragers and habituated groups tolerate observers within 2-3m whilst they forage 

undisturbed, so that extremely detailed behavioural observations can be made (Ridley & Raihani 2007). Pied 

babblers live in stable groups with high reproductive skew - the majority of offspring are sired by a single 

breeding pair (Nelson-Flower et al. 2011), while the rest of the adults (individuals over one year old post-

hatching) in the group are subordinate helpers. The dominant pair are identifiable through behavioural traits, 

including: aggressive behaviour toward other group members, extended time allopreening one another, 

investment in nest-building behaviour and vocalisations (Ridley & Raihani 2008; Golabek & Radford 2013; 

Nelson-Flower et al. 2013). Subordinates are identified by submissive behaviours, including: bill-gaping, 

crouching, looking away and/or fleeing during dominant individual approach (Raihani et al. 2008). The sex 

of individuals is reliably determined either from the blood sample taken when ringed or by observed 

breeding behaviour or vocalisations, which are distinctly different for males and females (Ridley 2016). The 

study population typically comprises approximately 18 habituated groups of pied babblers (however this 

varies annually), with an average group size (± standard error) over all years of 4.29 ± 0.22 adults (range: 2-

13 adults). For a small food reward, individuals will hop onto a small top-pan scale. In this way, body mass 

can be monitored throughout each individual’s lifetime non-invasively, thus avoiding any need for re-

capture. Data for this study were collected from July 2003 through to December 2014 consecutively, which 

gave 12 full years of sight/re-sight data from our ringed study population (806 individuals: 386 male, 420 
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female; recorded in 58 groups, giving a total of 239 group-years. Not all groups lasted a full year, whilst 

some were extant for multiple years during this time period). 

 

Figure 1. Total number of individuals (plotted as log10(n), but with actual numbers on y axis) sighted at the start of each 

breeding season, in the study population, from 2003 to 2014. As the population was still being established from 2003 to 

2004, these years are not comparable in terms of population density.  

 

4.3.3 Defining life history stages and data for the model 

To conduct CMR model analyses, it was necessary to construct a capture history for each individual for 

every year the population was studied. Data were taken from an annual census at the start of the breeding 

season (See Fig. 2) to determine the abundance of different life-history strata in the population and thus the 

population stage structure each year. For the purpose of the multistate model, this was when an individual 

was either sighted for the first time, re-sighted, or not sighted. Individuals less than one year were assigned to 

the juvenile stratum, J. Individuals older than one year but not dominant were assigned to the subordinate 

stratum, S. Individuals older than one year which were sighted, but their rank in a group (or if they belonged 

currently to a group) was not determinable, were assigned to the unknown stratum, U, and dominant 

individuals were assigned to the dominant stratum, D. If an individual did not yet exist or was not sighted in 

a year they received a 0 for that year. Thus we concatenated a capture history string of individual status 

(J/S/D/U/0) for each individual in the population, for every year of the study from 2003-2014 inclusive.  
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Figure 2. Annual variation in the number of individuals in each life history stage (plotted as log10(n) but with actual 

numbers on y axis), sighted in each breeding season, in the study population from 2003-2015.  

 

4.3.4 Vital rates 

4.3.4.1 Survival and stage transition 

We first estimated two demographic rates (probability of survival, probability of transition between life 

history strata) and resighting rate as functions of environmental (rainfall, temperature, drought), social 

(population density, within-group conflict, group size) and individual (body mass, sex) variables. To do this, 

we used a mark-recapture framework implemented in Program Mark (White & Burnham 1999) and the R 

package ‘RMark’ (R Core Team (2016); Laake & Rexstad 2008). 

We used a multistate CMR model in which life history stages can be viewed as a time-varying categorical 

variable for each individual (White & Burnham 1999). Model selection was based on AICc values (Burnham 

& Anderson 2001); the model with the smallest AICc value was selected as the most parsimonious model. 

We fixed parameters in the model if transitioning between life history stages was not possible, for example, 

individuals could only be a juvenile once, so could not return to this stratum. We also included annual social, 

individual, and environmental factors. 

 

Juvenile 

Subordinate 

Dominant 

Unknown 



85 

 

4.3.4.2 Environmental factors 

The continuous variables we included in the multistate models were frequency of days per year where the 

maximum temperature was above Tcrit  (Tcrit > 35.5
o
C as determined by du Plessis et al. 2012), annual rainfall 

(in mm, we separately included drought years as a binomial response (Yes/No) term in the model), annual 

population density (individuals/km
2
) and average adult group size per year for the whole study population. 

We also included ‘climatic condition’ as a three level categorical model term, where we allocated each year 

as either ‘normal,’ hotter temperatures’ or ‘drought’, according to the heatwave frequency and drought 

prevalence for each specific year. ‘Hotter’ years were where the frequency of heatwave days was above the 

long-term average proportion of 0.31, per year (average proportion taken from the weather data from the last 

20 years at the field site).  

 

4.3.4.3 Individual factors 

Body mass was included in some models as a time-varying individual covariate. For each individual, we 

used morning weight data (where a weight was taken less than 30 minutes after first light) and averaged 

these for each individual for each year of life. We included sex as a grouping factor in the models to 

determine whether there were differences in survival and movement between life-history strata between 

males and females.   

 

4.3.4.4 Social factors 

Average group size in the population per year was calculated as the number of adults in each group at the 

start of each breeding season, divided by the total number of groups. Annual population density was 

calculated as the total study area (km
2
) divided by the number of adult individuals in the population each 

year. These were included as continuous variables in some models (see below for model descriptions).  

 

4.3.4.5 Survival rates  

To determine how survival rates differed among life history strata, we generated estimates from the top 

model, for each stratum. To look at patterns of survival across years with different climatic conditions, we 

used annual climatic condition as a categorical variable in a comparative model. We then generated survival 
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rates for each life history stage as a function of the annual climatic conditions of either drought, higher 

frequency of heatwaves (‘hot’), or neither drought nor above average temperatures (‘normal’). We compared 

this model by AICc score, to a reduced model, in which the time effect was constant.  

 

4.3.4.6 Fecundity 

Fecundity is normally calculated as the number of female offspring produced by reproductively active 

females in a population, per reproductive interval (Ebert 1999). The calculation is defined as: 

Fecundity = maternity rate (number of female offspring born per female at the start of any time-step) * 

Survival rate of female offspring to one year of age (fx = mx * p0). 

For the pied babblers, this will only apply to dominant females, as subordinate females very rarely breed 

(Nelson-Flower et al. 2011). Although we did not directly measure maternity value (mx) or the survival rate 

of female offspring to one year of age (p0), we knew their product (fx=mx*p0) from the number of one year 

old female subordinates in the population one year after they hatched. Therefore, to determine fecundity, we 

calculated the number of dominant females in the population per year, and the sex and fate of their offspring. 

We generated annual fecundity rates by dividing the total number of female offspring that survived to 

transition to the subordinate stage (one year old), by the number of dominant females in the population the 

preceeding year. We quantified variation in fecundity rates for the years 2005 to 2014 (after the study 

population was established and rates were comparable). 

As estimates for annual survival and probability of transitioning between life history strata are generated by 

the RMark model, we combined these with annual fecundity rates for the population to parameterise 

transition matrices for each year, giving 12 matrices in total. 

 

4.3.5 Stage-structured Population Model 

4.3.5.1 Pied babbler life cycle 

In order to build a discrete-time stage-structured projection model, we first defined a life cycle for pied 

babblers (Fig. 3). This conceptual model describes a cooperatively breeding population that includes helpers 

(stratum S) who delay dispersal, unknowns (stratum U), also known as ‘floaters’ for when individuals are 

sighted but are not consistently associated with any fixed group or territory (Ridley, Raihani & Nelson-
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Flower 2008), and dominants (stratum D) who are breeders. The juvenile stage (stratum J) is not represented 

as a separate life history stage in the life cycle, because post-fledge life history and survival does not fit with 

the same year-long time step as other life history stages.  However, juvenile individuals are by default 

included in the model by the fecundity function (fx).  

 

Figure 3. Life cycle graph for the pied babbler. The pink ovals represent the three different adult life history strata: 

subordinate helpers (S), unknowns (U) and dominants (D). Each arrow represents either a possible transition between 

life history strata or an individual remaining in the same stratum (self loop). ‘fx’ denotes the fecundity function whereby 

dominant individuals contribute to numbers of new subordinate individuals after one time-step in the population each 

year.  

 

4.3.5.2 Parameterising the projection matrix 

Information on rates of survival, successful reproduction and transition between strata were combined into a 

stage-structured population model that forecasts how the population might change if the rates remained 

constant (Table 1). Population growth rate (known as λ ‘asymptotic lambda’), is the long term population 

growth rate under the assumption of stable stage distribution (Caswell 2001), and it is calculated as the 

dominant eigenvalue of the population projection matrix.  
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Table 1. Stage-structured population projection matrix. To calculate matrix values, annual survival estimates for each 

life history stage (depicted in red, uppercase S and subscript S,U or D) are multiplied by probabilities for transitioning 

between life history stages (depicted in green, uppercase T and subscript S,U or D). Fecundity rate (fx) is included for 

dominant individuals only. 

 

4.3.5.3 Elasticity analysis 

Elasticity is a measure that quantifies the change in population growth rate in response to a proportional 

change in a demographic rate. This measure shows how responsive the population growth rate is to 

perturbations to each demographic rate (as elements of the projection matrix), and indicates which of these 

demographic rates can have the largest influence (Ebert 1999). We generated elasticity values for 

demographic rates (survival and fecundity) for each life history stratum, in each annual matrix using the 

‘elasticity’ function in the package ‘popbio’ in ‘R’. To examine the relative contributions of vital rates to the 

population growth rate we then calculated lower-level elasticity values. These indicate the sensitivity of the 

growth rate to proportional perturbations in the decomposed vital rates. We did this by generating lower-

level sensitivity (using the ‘sensitivities’ function in ‘popbio’) of each vital rate, then multiplying each 

sensitivity value by the lower-level vital rate of interest/ population growth rate , as per (Caswell 2001), for 

each of our survival, transition and fecundity estimates.  

 

4.3.5.4 Demographic stochasticity 

Demographic stochasticity refers to the fluctuation in population growth rates produced by random variation 

in per capita demographic rates i.e. birth and death rates, sex ratios and dispersal (Lande 1998). To include 

demographic stochasticity in population projections, we first calculated the variation in the annual fecundity 

values per breeding female in the population (var(fx)). We then used the function ‘multiresultm’ in ‘popbio’, 

 Life history stage transitioning from: 

Life history stage 

transitioning to: 

Subordinate Unknown Dominant 

Subordinate SS(1-TSU-TSD) 0 fx 

Unknown SSTSU SU(1-TUD) SDTDU 

Dominant SSTSD SUTUD SD(1-TDU) 
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which generates random survival and state transitions, and uses var(fx) to simulate random fecundity 

transitions and returns a vector of individuals per stage class at t+1.  

 

4.3.6 Projections under climate scenarios 

4.3.6.1 Environmental stochasticity simulations  

Using a script written for ‘R’, we employed stochastic simulations, which use a repeated random draw and 

replacement method from a set of matrices, for a set number of simulations over a specified time period. We 

initially ran 1000 simulations of 30-year time-steps on matrices from the previous 12 years, where annual 

population growth rate was generated from our historically observed survival, transition probability and 

fecundity rates. Next we altered our set of starting matrices (replacing matrices from years where there was 

no drought or above average frequency of hotter temperatures, with those from years where there was either 

of these climatic extremes, as required) in the set of 12 matrices, to: a) double the number of matrices from 

years where droughts had occurred and b) double the number of matrices from years where the frequency of 

hotter temperatures were above average, separately, for two further 30 year projections. 

Doubling the occurrence of drought or higher temperatures was in line with the ‘worst case scenario’ from 

current IPCC climate model projections (IPCC 2014). The 2014 synthesis report states with ‘virtual 

certainty’ that there will be more frequent hot and fewer cold temperature extremes over most land areas on 

daily and seasonal timescales, as mean surface temperature rises. It also predicts that it is very likely that 

heat waves will occur with a higher frequency and longer duration and that (with medium confidence), in 

presently dry regions, the frequency of droughts will likely increase (under RCP8.5) (IPCC 2014).  

 

4.3.6.2 Combining demographic and environmental stochasticity 

For a final set of stochastic simulations, we combined the two sources of variability (environmental and 

demographic) to project population numbers and estimate growth rates. We did this conducting a simulation 

which randomly sampled from the array of 12 transition matrices (as for the environmental stochasticity 

simulations), calculated what that matrix would be for demographic stochasticity (using the ‘multiresultm’ 

function), and used that adjusted matrix to continue the simulated projection. The function then randomly 

sampled again from the original transition matrices, and repeated the process for 1000 simulations of 30-year 
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time steps. We ran these simulations on three sets of 12 transition matrices, representing three different 

climate scenarios, as for our previous environmental stochasticity simulations. 

 

4.4 Results 

4.4.1 Analysis of vital rates 

4.4.1.1 Survival and stage transition 

The best supported model for survival rates was: life history stage + time (for all models tested see 

Supplementary material, table 1, see table 2 for model outputs of annual survival estimates for all life history 

stages).  

The mean annual survival rates for each life history stratum (± 95% confidence intervals) from our 12 years 

of historical data were: Dominant 0.76 (0.64-0.85), Subordinate 0.57 (0.49-0.65), Unknown 0.40 (0.26-0.54) 

and Juvenile 0.38 (0.30-0.45). Survival rates were consistently highest for dominant individuals and lowest 

for juveniles, regardless of climatic conditions (Fig. 4). Annual climatic condition affected survival rates, 

with lower survival estimates for all life history strata in ‘hot’ and ‘drought’ years, however was not a 

significant predictor term (see supplementary material, figure 2 and table 1.).  

 
 

 

Figure 4. Multistate model output of life history stage specific survival estimates (± 95% confidence intervals) per year, 

from 2003 to 2014. Parameter estimates are from the full model. 
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4.4.1.2 Fecundity 

Fecundity rates ranged widely from well below replacement to above replacement rates (Coefficient of 

variation (CV)=80.1%, see supplementary material Table 3). We found that average fecundity rates were 

37.4% lower, and below replacement rate (0.72) in years that had experienced harsher climatic conditions, 

when compared with average rates from ‘normal’ years (1.15) (Fig.5). 

 

Figure 5. Annual fecundity rate (± 95% confidence intervals) 2003:2014. The dashed black line represents the 

replacement level (the constant).  

 

4.4.2 Stage-structured projection model 

4.4.2.1 The projection matrix: Asymptotic lambda (population growth rate)  

Population growth rates ranged widely from well below replacement to above replacement rates 

(CV=28.4%). Average population growth rates were 18.2% lower and below replacement rate (0.9, 

indicating population decline) in years which had experienced harsher climatic conditions, when compared 

with rates from ‘normal’ years (Fig. 6). 
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Figure 6. Population growth rate (estimated from annual transition matrices, (± 95% confidence intervals) 2003-2014. 

The dashed black line represents the replacement level (the constant): when the growth rate is above the dashed line, the 

population size increases, when it drops below the line it decreases.  

 

4.4.2.2. Elasticity analysis 

We used lower-level elasticities for differentiating between the demographic rates (survival, transition and 

fecundity) that were used for the projection matrices. Elasticity of population growth rate to changes in 

dominant survival was highest, indicating that proportional changes in this vital rate have the greater effect 

on population growth rate. Subordinate survival and the transition rate from subordinate to dominant have 

the next highest effects on population growth rate.  The elasticity for fecundity is lower, suggesting that 

population growth rate is less responsive to changes in fecundity rate than changes in dominant or 

subordinate survival rates. There is very low elasticity for individuals of unknown rank (‘floaters’), and 

transitions to and from this stratum, indicating that changes related to individuals in this life history stage 

have minimal effect on the population growth rate (Fig 7). 



93 

 

 

Figure 7. Lower level elasticities of survival and transition rates and fecundity for each annual matrix, from the 

historical data we have.  

 

 

4.4.2.3 Demographic stochasticity  

Introducing variation through demographic stochasticity into the transition matrices in simulation did not 

have a significant effect on estimated population growth rates (see Supplementary material table 4).  

 

4.4.3 Projections under climate scenarios 

4.4.3.1 Environmental stochasticity 

Under a scenario where there is no change in climate conditions, population numbers show a tendency to 

slightly decline, whilst under a scenario of either increased frequency of  heatwaves or drought, population 

numbers are predicted to decline significantly. The average projected annual population growth rate in 

scenario (a) is simulated to be 0.980, in (b) the growth rate shifts to be 0.927, and in (c), the growth rate falls 

to 0.848. In all cases the average annual population growth rate is projected to be below the replacement rate 

of 1. When we looked at the average proportion of population number trajectories per simulation which 

would reach extinction, this was highest for scenario (c) followed by (b) (Fig. 8, Table 2, Environmental 

stochasticity).  
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Figure 8. Population projections based on different climate scenarios.  The top graphs (a)-(c) show 100 stochastic 

simulations of 30-year projections of total population numbers. Each black line is one simulation of population 

numbers. The red line represents the starting point for population numbers. The green line is at zero: if a simulated 

trajectory drops below this, the population has gone extinct.  

The bottom graphs (a)-(c) show 1000 simulations of 30-year projections for the frequency of simulated population 

growth rates according to different climatic scenarios. The red line represents a stable population (no growth or decline, 

population growth rate is at replacement value of 1). 

 

 

4.4.3.2 Combining demographic and environmental stochasticity 

When we combined environmental and demographic stochasticity in simulation, the average proportion of 

population trajectories reaching extinction increased under all three climatic scenarios (Fig. 9), due to 

projected population growth rates decreasing for all scenarios, when compared with the results from 

environmental stochasticity alone (Table 2).  
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Table 2. Mean proportion of extinctions and population growth rates (λ) predicted from environmental and 

demographic stochastic simulations for 3 climatic scenarios, taken from 1000 simulations for 30 time-steps (years).  

 

 

 

Environmental stochasticity Combined environmental and 

demographic stochasticity 

Climate 

scenario 

Mean proportion 

extinct (95% 

confidence intervals) 

Mean simulated λ 

(95% confidence 

intervals) 

Mean proportion extinct 

(95% confidence 

intervals) 

Mean simulated λ 

(95% confidence 

intervals) 

Normal 0.037 (0, 0.075) 0.980 (0.886, 

1.055)  

0.196 (0.130,0.285)  0.959 

(0.825,1.052) 

Drought 0.166 (0.085, 0.251) 0.927 (0.833, 

1.017) 

0.440 (0.325,0.555)  0.912 (0.769, 

1.028) 

Higher 

temperatures 

0.804 (0.725, 0.880) 0.848 (0.758, 

0.929) 

0.896 (0.830,0.950) 0.839 (0.699, 

0.942) 

 

 

     

 
Figure 9. The top graphs show trajectories of final population numbers for 100 repetitions of each simulation under the 

three climatic scenarios. The green line indicates the starting numbers for the population and the red denotes the point 

below which, low numbers would lead to population extinction (n<2). The bottom graphs (a)-(c) show 100 simulations 

of 30-year projections of the frequency of simulated population growth rates. The red line represents a stable population 

(no growth or decline, population growth rate is at replacement value of 1). 
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4.5 Discussion 

Birds have long been used as indicator species to document the impacts of climate change and assess the 

potential for organisms to adapt to changing conditions. However, whilst changes in phenology have been 

observed, it is still unclear what the long-term consequences of these will be for population dynamics, due to 

differences in phenotypic and genotypic adaptability between species (Crick 2004). Climatic variability may 

improve or reduce population viability, and this will depend on species-specific life history and on the 

specific vital rates affected (van de Pol et al. 2010). Understanding the multi-level effects (which may be 

direct, indirect, time-lagged or non-linear) that climate change can have on a population’s vital rates is 

integral to being able to predict the impact of climatic changes on population growth and persistence 

(Jenouvrier 2013). Climate change may affect population dynamics through its effects on survival or 

fecundity, but may not be as important as other stochastic or deterministic processes such as density 

dependence, or the age and stage structure of a population (Lande et al. 2002). Although average group size 

and population density were not top predictors of yearly individual survival rates, they are still likely to play 

some role in regulating population growth rates via density dependent mechanisms (Lack, 1954; Wolff, 1997 

and see Chapter 5 discussion of Allee effects). This point has also been highlighted in long-term studies in 

mammals, such as the Soay sheep, Ovis aries (Coulson et al. 2001; Ozgul et al. 2009), alpine marmots, 

Marmota flaviventris (Ozgul et al. 2010) and meerkats, Suricata suricatta (Ozgul et al. 2014) where 

integrated population model approaches have been employed to identify key drivers of population dynamics 

and predict future changes in response to environmental changes.  

The survival estimates generated by our top model were life history stage-specific, with the addition of 

temporal variation having a significant effect among stages. Over the past 12 years, the pied babbler 

population growth rate (forecast by the Leslie matrices) has varied widely both above and below the 

replacement rate. This is likely associated in part with climatic perturbations; with mean population growth 

rate dropping below replacement rate primarily in years of drought or hotter temperatures. Simulated 

projections of future population growth rates suggest that forecast climatic changes will increase the 

likelihood of decline and even extinction in this population of cooperatively breeding pied babblers. A 

simulated ‘worst-case’ climatic scenario, where we doubled the chance of occurrence of years with above 
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average heatwave frequency, resulted in an 80% rate of extinction for 1000 population simulations, over a 30 

year time period. Our simulation results therefore suggest evidence of a causal relationship between poor 

population growth and climatic perturbation. 

However, our elasticity analysis of the proportional effects of vital rates on population growth rate revealed 

that small changes in the survival rate of dominant individuals had the greatest effect on population growth 

rate. In cooperatively breeding populations, where not all females of reproductive age attempt to breed, it 

follows that annual fecundity (on a per individual basis) will be much lower than in non-co-operative species 

(Arnold & Owens 1998). If there were to be any future management intervention for this species, efforts 

should therefore focus on maintaining or improving the survival of dominant individuals. This pattern has 

also been observed in populations of cooperatively breeding wild dogs, where the impact of fecundity is low 

and juvenile survival in fact has the greatest impact on population growth rate (Creel, Mills & McNutt 2004). 

Similar results have been found in long-term studies considering the impacts of climatic fluctuations on vital 

rates in non-cooperative species. For example, in red deer, although very poor winters can greatly increase 

mortality, there is little evidence that population density interacts with winter weather to negatively affect 

winter mortality rates (Coulson, Milner-Gulland & Clutton-Brock 2000). However, in Soay sheep, weather 

conditions lead to irregular fluctuations in population size (Coulson et al. 2001).  

For the population of pied babblers we studied, population size has recovered following declines associated 

with previous climatic events. Since monitoring on this population was well-established (from 2005 

onwards), fluctuations in numbers have been relatively small, can increase relatively quickly between years, 

and can withstand the weather extremes of drought and heatwaves. This demonstrates some resilience in the 

population; growth and fecundity rates (and consequently population numbers) return to replacement rate or 

above under ‘normal’ or more favourable climatic conditions, indicating stability. This has been seen in other 

long-term studies where climate-driven crashes in abundance were followed by recovery (Grey Heron, Ardea 

cinera, Marchant et al. 2004, Barn owls, Tyto alba, Altwegg et al. 2006). It may also be the case that 

temperature associations are more complex for this species. Recent studies have shown that even where the 

connection between temporal trends in phenotypic traits (for example body mass) and climate are not 

immediately obvious, there can be within-population opposing effects of immediate, short- and long-term 

temperature changes on such traits (Cunningham et al. 2013b; Gullett et al. 2014; Kruuk et al. 2015).  In 
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addition, there is evidence that longer-lived and larger-bodied species (such as sea birds) or species which 

occupy specialized ecological niches may have more difficulty in coping with rapid environmental change 

compared with comparatively shorter-lived species, such as pied babblers. Such shorter-lived species may be 

more flexible in life history decisions; for example, the timing or number of breeding attempts, or timing of 

migration (reviewed in Crick 2004). However, conversely, shorter-lived species may also be more influenced 

by an increasingly variable climate, as population viability depends on successful survival and reproduction 

every year (Morris et al. 2008). Our analysis has revealed that pied babbler population dynamics are unlikely 

to show noticeable transient responses (i.e. large fluctuations in population size) to infrequent, short-term 

perturbations of lower rainfall and higher temperatures. However, if the frequency of these perturbations 

increases as is forecast, the population may be more susceptible and we will see a marked response, for 

example a sharp decrease in numbers.   

Our population simulations revealed that an increase in the frequency of drought and heatwaves would cause 

an increase in the rate of population decline and extinction. In addition, combining demographic and 

environmental stochasticity under all three different climatic scenarios prompted an even higher proportion 

of predicted extinction trajectories in our ‘worst-case’ scenario (90% extinct). We know that populations 

with low numbers are more prone to extinction due to chance (Courchamp, Clutton-Brock & Grenfell 1999). 

Since only a limited number of individuals breed in this population (with the survival of dominants having 

the greatest proportional effect on population growth rate), combining these sources of variation may depress 

the growth rate more severely in times of unfavourable climatic conditions. Our results are consistent with 

those found in other cooperative species, where persistence also hinges on the survival of individuals from 

particular age or stage brackets. For example, in the red-cockaded woodpecker, population growth rate was 

most sensitive to female breeder mortality and dispersal (Letcher et al. 1998). In addition, in the 

cooperatively breeding meerkat, seasons of low rainfall cause adult-biased age distributions in the following 

season. resulting in crashes in group size due to intra-group conflict (Bateman et al. 2013). Finally, in alpine 

marmots, warming temperatures lead to earlier emergence from hibernation and earlier weaning of young. 

Cyclically this translates into larger body masses before hibernation, which gave rise to a decline in adult 

mortality, triggering an abrupt increase in population size (Ozgul et al. 2010). 
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Overall, our study on pied babblers confirms the need to consider population structure when predicting the 

consequences of environmental change on population demographics. We also show that if the frequency of 

drought and heatwaves increase as predicted, over consecutive years, the population growth rate may not be 

able to recover to replacement rate or above, causing long-term population decline. However, it is likely that 

density dependence may also play a role in regulating population size and growth rates, a possibility still to 

be investigated for this population. Our analysis therefore potentially highlights a vulnerability of the many 

known populations which inhabit semi-arid and often unpredictable environments, where recovery from 

climatic perturbation depends on the survival rates of individuals in specific age ranges or life history stages. 

It also serves to emphasise both the importance and value of long-term databases in modelling population 

dynamics. Predictions for cooperative populations can only be successfully refined by maintaining detailed 

observations on existing populations, under the forecast onset of increasingly variable climatic conditions.  
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4.7 Supplementary materials  

 

 
Figure 1. The number of days per year at the study site where the maximum temperature exceeded Tcrit (35.5 

o
C) for 

pied babblers in the years 1996–2015. 

 

 
 

    
 

Figure 2. Multistate model output of variation in life history stage specific survival estimates (± 95% confidence 

intervals) according to annual climatic condition, from 2003 to 2014.  
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Table 1. Model terms and interactions that were tested to determine which variables best estimated annual 

life history stage specific survival rates. Data were from 806 individuals in 58 groups. For all models, the 

probability of resight parameter was set to be dependent on which life history stage an individual was in and 

the probability of movement between life history stages was set to be dependent on which life history stage 

an individual would be moving from, to. The top model is in bold. 

 
Model Number of 

parameters 

AICC Δ AICC Weight 

(ω) 

Deviance 

Survival ~ life history stage 12 2463.478 56.06 0 780.27 

Survival ~ life history stage + time 23 2407.419 0 0.99 701.65 

Survival ~ life history stage + time + 

life history stage*time 

54 2417.669 10.25 0 646.35 

Survival ~ life history stage + average 

group size 

13 2436.488 29.07 0 751.24 

Survival ~ life history stage + 

population density 

13 2442.029 34.61 0 756.78 

Survival ~ life history stage + body 

mass 

13 2445.613 38.19 0 2419.36 

Survival ~ life history stage + body 

mass + life history stage*body mass 

16 2448.889 41.47 0 2416.50 

Survival ~ life history stage + annual 

rainfall 

13 2449.381 41.96 0 764.14 

Survival ~ life history stage + climatic 

condition 

14 2456.375 48.95 0 769.09 

Survival ~ life history stage + climatic 

condition + life history stage* climatic 

condition 

20 2458.855 51.44 0 759.27 

Survival ~ life history stage + annual 

frequency of Tcrit 

13 2460.821 53.40 0 775.58 

Survival ~ life history stage + drought 13 2465.443 58.02 0 780.20 

Survival ~sex+mass + sex*mass 12 2467.996 66.67 0 2443.77 

Survival ~population density*mass 10 2497.875 96.55 0 2477.72 

Survival ~rainfall*mass 10 2511.393 110.07 0 2491.24 

Survival ~temperature*mass 10 2531.981 130.66 0 2511.83 

Survival ~average group siz e+ time 10 2536.156 134.83 0 2516.00 

Survival ~ time 20 2537.778 130.36 0 838.19 

Survival ~sex + time 21 2539.598 138.277 0 837.95 
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Table 2. The best model output for annual survival estimates for each life history stage of the pied babbler 

population, from 2003-2014. 

 
Year Dominant Subordinate Juvenile Unknown 

2003 0.90 0.61 0.57 0.33 

2004 0.77 0.59 0.46 0.66 

2005 0.95 0.54 0.52 0.50 

2006 0.36 0.33 0.14 0.20 

2007 0.57 0.35 0.51 0 

2008 0.79 0.58 0.35 0.50 

2009 0.76 0.66 0.36 0.75 

2010 0.97 0.84 0.43 0.50 

2011 0.62 0.65 0.23 0.67 

2012 0.72 0.65 0.19 0.43 

2013 0.66 0.44 0.32 0 

2014 0.88 0.63 0.42 0.25 

 

Table 3. Annual fecundity rates and variation. 

Year fx 
Var (fx) 

2003 1.60 

 

0.800 

2004 0.70 0.678 

2005 2.27 1.818 

2006 0.18 0.154 

2007 1.82 2.564 

2008 0.44 0.261 

2009 0.88 1.450 

2010 1.25 0.964 

2011 0.35 0.328 

2012 0.21 0.181 

2013 0.73 0.602 

2014 0.76 0.941 
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Table 4. Mean population growth rates (λ) and 95 % confidence intervals generated by demographic 

stochasticity simulations on the 12 transition matrices from each year of historic data we have on the 

population. The estimated population growth rates generated from these years (asymptotic λ) are shown for 

comparison with those projected by the simulations. 

 

Year Demographic stochasticity 

(mean λ, 95%CI’s) 

Asymptotic  λ 

2003 1.228 (1.213, 1.241) 1.223 

2004 1.019 (0.987, 1.038) 1.025 

2005 1.363 (1.349, 1.374) 1.354 

2006 0.468 (0.314, 0.606) 0.499 

2007 1.143 (1.124, 1.163) 1.139 

2008 0.858 (0.774, 0.921) 0.898 

2009 1.043 (1.014, 1.067) 1.047 

2010 1.214 (1.199, 1.227) 1.214 

2011 0.783 (0.691, 0.881) 0.813 

2012 0.770 (0.684, 0.853) 0.799 

2013 0.842 (0.751, 0.920) 0.880 

2014 1.037 (1.010, 1.056) 1.042 
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5.1 Abstract 

Where there is a positive correlation between population size (or density) and the mean fitness of individuals, 

this is known as positive density dependence, or the Allee effect. Allee effects are important in conservation 

biology, because they can affect the susceptibility of populations to extinction. In cooperative species, Allee 

effects respond to cooperative behaviour, meaning there can be additional levels of density dependence 

(compared with non-cooperative species) that may make them more vulnerable to Allee effects. The impacts 

of Allee effects on population dynamics can be measured at different response levels, from changes in 

individual survival rates, to fluctuations in population growth rates. Here we used a 12-year database on the 

cooperatively breeding pied babbler (Turdoides bicolor), to explore: (1) evidence for component Allee 

effects, (2) group-level Allee effects, (3) the presence of demographic Allee effects  and (4) the relationship 

between group and population sizes. We found that low reproductive success was the primary driver of 

group extinction. Larger average group densities over an individual’s lifetime negatively affected longevity. 

Yearly group sizes were independent of population size, with a larger annual population size leading to 

more, but not larger groups. We reveal the important influence of social structure on population dynamics, 

finding evidence of component-level, but no group- or demographic-level Allee effects. From our findings, 

we can infer that reproductive failure and component Allee effects do not always increase extinction risk for 

cooperatively breeding populations. This significantly enhances our comprehension of group-structured 

population dynamics.  

Keywords  

Allee effect, density dependence, population dynamics, group-living, cooperative breeding 

 

5.2 Introduction 

In order to be able to predict the consequences of changes in habitat, climate, or mortality rates on a 

population, we must also understand the role of density dependence. Since most established animal 

populations do not grow exponentially, we can assume some form of self-regulation or density dependent 

population growth is present (Lack, 1954; Wolff, 1997).  
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 The mean individual fitness of a population is often measured as per capita population growth rate, and this 

reflects changes in the abundance of individuals in a population (Fisher, 1930). In some species, the mean 

individual fitness of a population shows positive density dependence (where more individuals denote greater 

fitness) and this is known as an Allee effect. An Allee effect can manifest at the component (individual) level 

(e.g. benefits of a larger group size in terms of increased individual survival rate) or at the demographic 

(population) level, whereby the total fitness of a population is affected, i.e. there is lower population growth 

rate at a lower density. Mechanisms leading to an Allee effect, such as restricted mate availability or reliance 

on other group members, can result in component Allee effects, and where these are not compensated for by 

other components of fitness, they may lead to population-level demographic Allee effects.  However this is 

not always the case,  for example, in Doubleday butterflies (Parnassius smintheus), while increased female 

mating failure at low population densities creates a component (individual) level Allee effect, overall 

population growth is actually highest at low densities (Matter & Roland, 2013).  

A population’s susceptibility to extinction can depend on both extrinsic factors, such as climatic fluctuation 

or resource availability, and intrinsic factors, such as density dependence and social dynamics (Boyce, 1992). 

Determining which factors are ultimately causing local (group) extinctions in a population is the first step in 

determining which social, behavioural or environmental variables increase extinction risk for the population 

as a whole. The relationship between population density and population growth rate has been documented 

widely across species with many different levels of social organisation  (Oli et al., 2001; Packer et al., 2005; 

Bateman et al., 2011; Luque et al., 2013). In addition, recent studies have recognised that when investigating 

density dependence, it is important to employ methods which represent density in a way which reflects the 

dynamics of specific populations (Ozgul et al., 2009; Bateman et al., 2011, 2013).  

Determining the presence and/or significance of Allee effects for cooperatively breeding species is 

important, because as group size decreases, the collective benefits of cooperation may diminish 

disproportionately, and consequently one or more components of individual fitness could decrease 

(Courchamp & Macdonald, 2001; Angulo et al., 2013). This is of particular relevance to obligate cooperative 

breeders such as wild dogs (Lycaon pictus) and meerkats (Suricata suricatta), but also in facultative 

cooperative breeders where reproductive success is strongly affected by group size, such as pied babblers 
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(Turdoides bicolor) (Ridley, 2016)  Cooperative breeders which rely on a minimum group size to 

successfully raise young are expected to be particularly susceptible to Allee effects (Courchamp et al., 1999; 

Angulo et al., 2013). In the case of wild dogs, group sizes below five individuals have greatly reduced 

reproductive success (Creel & Creel, 2015).  There are also individual costs when any social group becomes 

too large, such as increased reproductive competition, greater risk of infanticide, elevated disease prevalence 

and transmission, higher eviction rates and potential resource limitation (Solomon & Crist, 2008; Nelson-

Flower et al., 2013; Orbach et al., 2014; Sanderson et al., 2014). Previous analysis of simple demographic 

models suggested that where no population-level Allee effect was detected, explicit consideration of 

population structure could be key to understanding population dynamics in cooperatively breeding species 

(Bateman et al., 2011).  

 

Where component Allee effects do not translate to demographic (population-level) effects, it is possible there 

are density dependent processes at the group-level that are preventing this. For example, consideration of 

population structure was key to understanding population dynamics in eusocial insects, where Allee effects 

were only identified in colonies once they were broken down into separate castes to examine survival and 

productivity (Luque et al., 2013). Thus, incorporating social structure into demographic models of 

cooperative breeders (sensu Angulo et al. 2013) is likely essential to detect any level of Allee effect. 

In addition, the presence of an Allee effect becomes most evident when examining small populations that 

may be particularly vulnerable to extinction, especially following extreme climatic or social perturbations 

that may depress reproductive success. This can lead to negative or inverse density dependence and increase 

the likelihood of extinction in small groups (Stephens et al., 1999). Studying the mechanisms generating 

Allee effects in small populations could be key to understanding their population dynamics and, in the case 

of range-limited or endangered species, crucial to subsequent management plans (Courchamp et al., 1999). 

In cooperative species where group members contribute to a task that benefits other group members (such as 

anti-predator behaviour, provisioning young, territory defence), the overall workload per individual is 

lowered (Crick, 1992). Thus, group-living may to some extent be able to buffer the impacts of intrinsic or 

extrinsic factors on fitness (by effectively diluting the cost of anti-predator and breeding behaviours amongst 
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group members). This would leave more time per individual, for example, to make up for shortfalls in 

resource availability, particularly in the short-term. Group size effects on reproduction have long been of 

interest in cooperatively breeding species (Koenig, 1981; Jennions & Macdonald, 1994), alongside group 

size benefits to helpers (Kokko et al., 2001; Heg et al., 2005). Whilst group-living and variation in individual 

investment in cooperative tasks has previously been reviewed (Komdeur, 2006),  the impact of group size on 

individual survival has been less well investigated (Kingma et al., 2014).  Group-living can carry survival 

costs for individuals, which may be offset by benefits accrued through cooperation and/or delayed dispersal 

(Hatchwell et al., 2014; Creel & Creel, 2015). Such costs have thus far been less considered in previous 

studies on group size or density effects. In light of this, it may be more likely to find a third type of Allee 

effect, at the group level, rather than component (individual) or demographic (population) level Allee effects 

in cooperative populations (Bateman et al., 2011). Evidence for this has previously been found in studies of 

wild dogs, (Angulo et al. 2013; but see Creel & Creel 2015) and Arabian babblers, Turdoides squamiceps 

(Keynan & Ridley, 2016). However, attributing the effects of density dependence on individual survival, or 

group extinction likelihood, separately from responses to changes in group dynamics (such as emigration and 

social conflicts), and climatic events may still prove challenging. This highlights the need for further 

research, using empirical data to create better-informed population predictions for a wider range of 

cooperatively breeding species. 

 

Previous analysis on the study population has shown that the yearly survival of dominant individuals has the 

greatest impact on population growth rate (Wiley, 2017). In addition, forecast increases in stochastic 

environmental perturbations (heatwave frequency and drought occurrence) are predicted to impact negatively 

on future population growth rates in this species (Wiley, 2017). However, we predict that it is likely that we 

would still see some form of density dependence, acting at either the population or the group level, due to the 

presence of strict social hierarchy and group size effects on survival and reproduction in the population 

(Ridley, 2016).  Here, we explore Allee effects in the southern pied babbler by analysing a 12-year life 

history database from a continuously monitored population. We aim to establish (1) whether we see evidence 

of component (individual level) Allee effects (using individual survival, longevity, immigration and 

emigration rates), (2) whether there are group level Allee effects in the population (using rates of group 
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extinction and per capita group growth rates), and (3) if we see demographic Allee effects in the population, 

(using annual population growth rate). We also examine the relationships between group and population 

sizes, for evidence of density dependence. Our findings will enable us firstly to better understand the 

mechanisms that contribute to the different levels of Allee effect in cooperatively breeding species, and 

secondly, how these different levels may interact to regulate group or population size and or densities.   

 

5.3 Methods 

5.3.1 Study site and species 

The study is based at the Pied Babbler Research Project, where there has been a continuously monitored 

population of southern pied babblers since 2003. The site is located on the Kuruman River Reserve (26°58’S; 

21°49’E) in the Kalahari Desert, South Africa, which has a semi-arid climate and is primarily semi-arid 

grassland and acacia savanna (see Ridley & Thompson, 2011 for description of habitat types).  

The southern pied babbler is a cooperatively breeding, medium-sized (75-95g) passerine, in which all adult 

group members contribute to the provisioning of the offspring produced by a single breeding pair (Ridley & 

Raihani 2007a). Group members also cooperate to perform anti-predator defence behaviours, such as 

vigilance and mobbing, and to actively defend territories (Bell et al., 2009; Golabek & Radford, 2013; 

Humphries et al., 2015). Individual birds are uniquely colour-ringed and habituated to 1-2m to allow detailed 

behavioural observation. Groups are visited regularly at the study site and life history information is recorded 

(such as group composition, breeding status, interaction with other groups) as well individual body mass, 

each time a group is encountered.  

Pied babblers live in year-round stable groups, consisting of a dominant pair, which sire the majority of 

offspring (Nelson-Flower et al., 2011) and sexually mature (over one year old post-hatching) subordinate 

helpers. Adults (at least one year old) could be identified by their plumage (Ridley & Raihani, 2007). The 

dominant pair are identifiable through behavioural traits, including: aggressive behaviour toward other group 

members, extended time allopreening one another, investment in nest-building behaviour and vocalisations 

(Ridley & Raihani, 2008; Golabek & Radford, 2013; Nelson-Flower et al., 2013). Subordinates are identified 

by submissive behaviours, including: bill-gaping, crouching, looking away and/or fleeing during dominant 
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individual approach (Raihani et al., 2008). ‘Evictions’ were defined as forced female dispersal, where 

subordinate female individuals (who were perceived as reproductive competitors) were physically attacked, 

evicted and not allowed to return to the group, by the dominant female (Raihani et al., 2010; Ridley, 2016). 

Data for this study were collected from July 2003 through to December 2014 consecutively, which gave 11 

years of group persistence and 12 full years of sight/re-sight data from our ringed study population (806 

individuals: 386 male, 420 female; 58 groups, 238 group-years). The number of groups and years of data 

change slightly for each analysis, in relation to the data that were available for each specific parameter. 

Research was approved by the University of Western Australia Animal Ethics Committee and the  Science 

Faculty Animal Ethics Committee, University of Cape Town and carried out under RA/3/100/1263 and 

R2012/2006/V15/AR respectively. 

5.3.2 Estimating individual rates, group extinction and population growth rates 

To obtain yearly survival parameters, we first used multistate capture-mark-recapture (CMR) models 

(Lebreton & Pradel, 2002). In order to run these models, it was necessary to define the population structure 

by four life history stages: individuals less than one year were juveniles; individuals older than one year but 

not dominant were subordinate. Individuals older than one year which were present, but their rank in a group 

(or if they belonged currently to a group) was not determinable, were defined as floaters, and the dominant, 

breeding individuals were identified as the fourth life history stage. At the start of each breeding season (1
st
 

September each year), juveniles from the previous breeding season were classed as subordinates. We 

estimated yearly survival for each life history stage, probability of transition between life history stages (i.e. 

subordinate to dominant) and yearly probability of resighting for each life history stage in our population. 

Models were fitted using standard maximum likelihood methods in the program MARK, via the RMark 

package (Laake, 2013) in ‘R’ (R Core Team (2016)). For this analysis we had 12 years of data where 

detailed life history was known, from 58 groups (total of 238 group-years), and 806 individuals, from 2003 – 

2014 inclusive (see supporting information tables S5,6 and S7 for further details of methods and results of 

CMR analysis). 
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To examine the effects of group size and group and population densities on individual rates of immigration 

and emigration we calculated the number of permanent adult immigration or dispersal events occurring at 

each group, per year. Events were defined as when individuals spent more than 30 days either in a new group 

or absent continuously from a group. Forced evictions or deaths were excluded and where neither 

immigrations nor emigrations were observed, groups were scored as 0 for that year. For this analysis we had 

201 immigration and 159 emigration events from 54 groups over 11 years.  

Group extinction was defined as a group no longer existing i.e. individual members had dispersed or died, 

causing group numbers to permanently drop to less than two individuals occupying a previously known 

territory. To determine what factor/s affected group extinction, life history on 54 groups was extracted from 

our long-term database. For this analysis, we had complete data for 11 years which gave 200 group-years in 

total, and included 34 group extinction events.  

To determine which factors were affecting annual per capita group growth rate, we used annual group 

growth (positive, negative or no change) per year. Data were calculated for each group for each year the 

group existed, from adult group sizes at the start of each breeding season. Data were from 52 groups over 9 

years (2003 and 2004 were excluded as complete data were not available for these years).  

In order to predict the likelihood of extinction at the population level, we investigated which parameters were 

affecting population growth rate. We used our 12 years of data on individual survival, together with 

probability of transitioning between life history stage estimates, and a yearly fecundity estimate, to build 

time-step projection matrices. From these, we generated a population growth rate estimate for 12 years, using 

the package ‘popbio’(Stubben & Milligan, B, 2007) in ‘R’(for full details of these methods, see supporting 

information tables S8,9 and S10). 

5.3.3 Estimating environmental variables 

Temperature and Rainfall 

Temperature (
o
C) and rainfall (mm) data were collected daily from the weather station at the Kuruman River 

Reserve. Mean values are based on climate data collected in the area for the last 20 years. In mid-summer 
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(January) mean daily maximum and minimum temperatures are 34.7 °C and 22.2 °C respectively, but daily 

maximum temperatures can reach up to 45.4 °C (Steenkamp et al., 2008). Maximum temperature (Tmax) was 

recorded daily at the study site. A heatwave event was defined as when the maximum temperature was over 

35.5
 o
C (hereafter referred to as Tcrit), on any particular day (sensu (Cunningham et al., 2013)). Tcrit was the 

temperature du Plessis et al. (2012) recognised as critical for the pied babbler, beyond which foraging 

efficiency declined, heat dissipation exponentially increased and individuals were unable to maintain body 

weight. The area has a mean annual rainfall of 197 mm, with most rain falling during mid-late summer 

(January – April, (Kong et al., 2015). Rainfall was summed for each breeding year (September-August). 

 

Predictor terms tested in all models were related to: (i) individuals gained or lost to groups (annual chick 

recruitment (number of offspring which survived to 1 year) per group, emigration events per year (adults 

leaving the group), immigration (number of adults joining the group per year), ) (ii) behaviour (number of 

breeding attempts each year per group (incubation to fledge stage)), changes in male or female dominance 

per year (yes/no, (iii) group and population size or densities (per capita group growth (annual increase or 

decrease in adult group size at the start of each breeding season), adult group size (at the start of each 

breeding season), number of males in the group per year, number of females in the group per year, relative 

group size (group size divided by average size of neighbouring groups with shared boundaries each year), 

quadratic group size (adult group size squared), group density (and quadratic group density), population 

density (individuals/km
2
 per year)) and (iv) environmental (rainfall (total per breeding season)) and 

heatwaves (annual frequency of temperatures over Tcrit) Interactions between terms were also included where 

biologically appropriate. 

5.3.4 Allee effects 

5.3.4.1 Component Allee effects in individual rates 

Since pied babblers are a group-living species, we predicted that group density may affect individual 

survival, immigration and emigration rates and therefore that we may see evidence of component Allee 

effects. To analyse survival rates, we represented them in two different ways: yearly survival estimates for 
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different life history stages and total lifespan of individuals (tested separately as there may be cumulative 

effects of some parameters which impact individual survival over time). Individuals still alive at the end of 

the study were excluded from lifespan analysis. 

In the first instance, we used Linear Mixed Models (hereafter LMMs), with dependent variables of individual 

survival estimate per breeding year (1
st
 Sept – 31

st
 Aug.) separately, for three life history stages: dominant, 

subordinate and juvenile. The fourth stage we had defined (unknown) was not represented because these 

individuals are often not firmly associated with a group. Predictor terms were yearly: group size, quadratic 

group size, group density and quadratic group density at the study site. Year was included in all models as a 

random term.  

In the second instance, we used a Generalised Linear Model, with a poisson distribution, which had 

individual lifespan as the response variable. The predictor terms were average group density and quadratic 

group density, and average group size and quadratic group size, over each individual’s lifetime. 

We analysed both total annual immigration, and emigration events as response variables, using Generalised 

Estimating Equation models (hereafter GEEs) with poisson distributions. Group identity and year were 

included as random terms in all models. Predictor terms were annual: group density and quadratic group 

density, average group size and quadratic group size and population density. 

 

5.3.4.2 Group Allee effects 

To explore the evidence for group level Allee effects, we analysed the group extinction data using GEEs 

with a binomial distribution, to determine which parameters were having the biggest influence on extinction 

(where 0 = extinct, 1 = extant by the end of each breeding year). See below and supporting information, table 

S1, for a full list of predictor terms tested. Group identity and year were included as random terms in all 

models.  

We then used LMMs to determine whether annual per capita group growth rate was affected by group size, 

group density or either of their quadratic terms. Group identity was included as a random term in all models 

5.3.4.3 Demographic Allee effects 
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To determine the presence of population level Allee effects, we used LMMs with a response variable of 

yearly population growth rate (generated from our ‘popbio’ analysis). The predictor terms tested were 

annual: population density, average group size (and quadratic group size), number of groups, group density 

(and quadratic group density) and population size. 

 

5.3.4.4 Group and population sizes 

Finally, to support evidence for the presence of a group-level Allee effect, we used LMMs and Pearsons’ 

correlation tests to determine a) whether group sizes in the population were independent of year and hence, 

population size (number of individuals one year and older in the population each year), b) whether average 

group size and population size were correlated, and c) whether population size showed any correlation with 

the number of groups in the population.  

5.3.5 Model selection statistics 

Model selection using the Akaike information criterion corrected for small sample sizes, AICc (or its variant 

QICc where data were over-dispersed) was employed to determine the model/s that best explained the 

patterns of variation in the data. Using AICc (with maximum likelihood estimation) a series of models were 

tested, with each model representing a biological hypothesis. Lower AICc values represented more 

parsimonious models. Once an AICc value had been generated for each model, ΔAICc scores were 

generated. A subset of best-supported models (defined as all models within 5AICc of the ‘best’ model), were 

selected. Where several candidate top models had similar AICc scores, model averaging was employed by 

generating Akaike model weights for each model. Each Akaike model weight (ωi) was interpreted as the 

probability that the associated model is the ‘best’ (most parsimonious) model, given the candidate model set, 

as per Johnson and Omland 2004. Only those model terms whose confidence intervals did not intersect zero 

were considered to explain significant patterns within our data (as per Grueber et al. 2011).  

Data on component, group and demographic Allee effects and group extinction were analysed in SPSS (v 

22.0, IBM, Armonk, NY, USA). Survival rates and population growth rate estimates were generated using 
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the ‘RMark’ and ‘popbio’ packages in the program ‘R’. The relationships between group and population 

sizes were analysed in  the program ‘R’ (R Core Team (2016)). 

 

5.4 Results  

5.4.1 Component Allee effects 

Yearly individual survival rates were not influenced by group size or density for any of the three life history 

stages in the population (Supporting information, table S1). However, individual longevity was negatively 

influenced by the average group density in the population, over an individual’s lifetime.  (Fig 1, Table 1)  

 
Figure1. The effect of average group density throughout an individual’s lifetime, on longevity. Each circle represents an 

individual; the quadratic fit line is shown. 

 

 

Table 1. Variables tested to determine what was affecting individual longevity.  

 

Model term AICc ΔAICc ωi Effect size Z p 

Null 1087.9 101.92 0 0.357 7.289 - 
Average group density 1074.4 88.39 0 0.752 3.962 <0.001 
Average group size 1063.1 77.02 0 -0.152 -4.959 <0.001 
Average group density +group density

^2 
986.1 0 1 -7.883 -7.813 <0.001 

Average group size + group size
^2

 1022.7 36.65 0 -0.117 -5.426 <0.001 

 

Both immigration and emigration rates were positively influenced by higher population densities (Fig. 2, 

supplementary table S2).  
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Fig 2. The relationships between rates of immigration and emigration and population density. Each circle denotes the 

number of individuals immigrating or emigrating at a different population density; significant linear model fits are 

shown.  
  

 

5.4.2 Group Allee effects and group extinction 

The primary determinant of group extinction in our population was yearly chick recruitment. 84% of groups 

that were extinct at the end of a year had failed to successfully recruit chicks that survived to one year of age 

in the breeding season in which they went extinct (Table 2, Fig. 3).  

 

Table 2. Variables predicting yearly group extinction, we only show variables that were within 5 QICc (See supporting 

information table S1 for all predictor terms tested).  

 

Model 

term 

QICc ΔQICc ωi Effect size SE Wald X
2 

CI’s 

Null 85.213 20.938 0 1.686 0.281 35.994 1.135/2.237 

Chick 

recruitment 

64.275 0 0.983 2.647 0.975 7.375 0.737/ 4.557 
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Figure 3. The mean number of chicks recruited per year in groups that became extinct or remain extant. Means are 

shown +/-SE 
 

Annual per capita group growth rates were negatively influenced by larger group sizes. (Fig 4, 

supplementary table S4) 

 
Fig 4. The relationship between annual per capita group growth rates and adult group size at the start of each breeding 

season.  
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5.4.3 Demographic Allee effects 

None of the predictor terms considered had a significant effect on annual population growth rate (for model 

output see supporting information table Supplementary table S5). 

5.4.4 Group and population sizes 

Mean group size (± standard error) over all years for this study was 4.29 ± 0.22 adults (range: 2-13 adults). 

Group sizes were independent of variation in population size, across all 12 years of study (F=0.0815, 

p=0.7757, Fig. 5). 

The number of groups in the population was strongly correlated to population size (Pearson correlation, 

r(10)=0.926, p<0.001). In years where there was a larger population size, there were a greater number of 

groups present (Fig. 5).  

 
Figure 5. The relationship between (a) yearly group sizes and the number of groups in the population, and (b) yearly 

population size. In (a) each circle represents a group, in (b), each circle denotes the total number of groups in a year: the 

fitted regression line is shown. 

 

 
5.5 Discussion  

In this cooperatively breeding population, we found that although yearly individual survival rates were not 

affected by annual group density, individual lifespan (as calculated from the fit of the quadratic function) 

decreased above a threshold level of average group densities. . This finding provides evidence for a 

component Allee effect, where we see higher surrounding group densities adversely affecting per capita 
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longevity, likely due to the effects of overcrowding (Stephens, Sutherland & Freckleton, 1999).This suggests 

that whilst group density in this population may not significantly impact year-to-year survival rates, the per 

capita benefits of group living can diminish where individuals live in higher group densities. We also found 

evidence for component Allee effects in rates of immigration and emigration, with both of these showing a 

significant linear relationship with population density.  In this population, as the number of groups increase 

with population size, higher group densities may result in more dispersal and immigration opportunities. If 

individuals do not gain dominance in their natal group, they may attempt to disperse or immigrate to other 

groups (Matthysen, 2005; Nelson-Flower et al., 2011; Humphries et al., 2015).  

Since group-living can influence population dynamics (Bateman et al., 2012; Creel & Creel, 2015), we 

expected that any density related effect on survival may manifest at the group level in this species. However, 

in pied babblers, successful offspring recruitment was the primary determinant of group persistence per 

annum, irrespective of group size. In a group-living population where not every individual breeds, annual 

failure to reproduce can significantly impact group dynamics. This is likely to be especially problematic for 

small cooperative groups, which struggle to raise young without help (Woxvold & Magrath, 2005; Browning 

et al., 2012, Ridley, 2016). Without successful reproduction, there are also no indirect fitness benefits (for 

related helpers), so subordinate helpers may be less likely to stay and help unsuccessful breeders. The 

consequences of reproductive failure are likely to prompt dispersal of individual group members and hence 

lead to group extinctions (Komdeur, 2006; Ridley, 2016). Whilst there was no evidence for group level Allee 

effects, per capita group growth rates did show negative density dependence in response to larger group 

sizes, with group sizes more likely to decrease when groups were larger, at the start of the breeding season.  

There was no evidence of a demographic Allee effect on population growth rate.  Average group sizes in this 

population did not change throughout the 12 years of study, despite significant fluctuations in population 

size. In addition, there was no correlation between yearly average group size and population size: in years 

when there were larger population numbers, the number of groups increased, but not the size of those groups. 

A relationship between group size and population density would be necessary for reductions in group size to 

exacerbate the likelihood of local population extinction through Allee effects. Whilst component Allee 

effects have been shown to lead to demographic Allee effects in other species, such as the Island fox 
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(Urocyon littoralis), (Berec et al., 2007), and the cooperatively-breeding gray wolf (Canis lupus) (Stenglein 

& Deelen, 2016) and Arabian babblers (Turdoides squamiceps) (Keynan & Ridley, 2016), empirical 

evidence for demographic Allee effects is still relatively sparse ((Gregory et al., 2013). For the pied babbler 

population, one reason that we do not see a demographic Allee effect could be that during the last 12 years, 

population numbers have not dropped low enough to cause reductions in group sizes (and consequent 

declines in reproductive rates), that may cause a decrease in the population growth rate over consecutive 

years.  

Our study suggests there is evidence of component Allee effects in the population, however no group-level 

or demographic Allee effects were detected. This is in contrast to recent findings in the cooperatively 

breeding Arabian babbler where component, group, and demographic-level Allee effects were detected 

(Keynan & Ridley, 2016). However, it was suggested for the Arabian babblers, that decreasing average 

group sizes were reducing reproductive success and group persistence, resulting in a demographic Allee 

effect. This decrease in group size could be key in the detection of demographic Allee effects. 

As has been suggested for cooperative meerkats, and recently surmised from a meta-analysis of bird 

populations (Sæther et al., 2016), it may be the case that for population dynamics in small groups, 

susceptibility to environmental fluctuations (i.e. resulting in low offspring recruitment) leads to increased 

extinction likelihood, even if changes in group size or survival are density dependent (Bateman et al. 2012). 

Thus, variation in demographic rates may be primarily determined by the amount of environmental 

stochasticity a population experiences year to year, rather than density dependence. Our own investigation of 

the effects of environmental stochasticity in population dynamics (Wiley, 2017), confirms that 

environmental factors do contribute to an increased extinction likelihood, over a longer time period (30 year 

projections). Nonetheless, density dependence may still play an important role in mediating extinction 

likelihood, because the impact of environmental fluctuations on population growth is affected by the 

interaction between life history and density dependence (Sæther et al., 2016). We previously found that for 

this population, the life history i.e. survival of dominant individuals, is an important influence on population 

growth rate and hence extinction likelihood (Wiley, 2017), which supports this idea. 
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Given that pied babblers’ appear susceptible to stochastic environmental fluctuations (Wiley, 2017) and local 

populations are vulnerable to decline in years where reproduction is low, we would expect small groups to be 

prone to extinction. However, since annual changes in mean group size are not dependent on population 

density in pied babblers, this implies that the impacts of climatic perturbation and failure to recruit young do 

not translate to a demographic Allee effect in this species. This is a significant finding to add to the limited 

empirical evidence that supports the presence of Allee effects in cooperative species. 
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5.7 Supplementary materials 

Supplementary material appendix table S1. Relationships between yearly survival rates for each life history 

stage, and annual group size and density.  
 

Model term AICc ΔAICc ωi Effect size F p 

Dominant       

Null 3.723 0 - 0.728 169.562 - 

Average group size  3.884 0.161 - -0.131 7.932 0.018 

Group density 9.702 5.979 - 0.027 0.021 0.888 

Group density +group density
^2

 18.113 14.39 - -0.407 0.607 0.454 

Average group size + group size
^2

 11.902 8.179 - -0.035 1.031 0.334 

       

Subordinate       

Null 0.266 0 - 0.567 145.332 - 

Average group size  5.533 5.267 - -0.044 0.761 0.403 

Group density 3.214 2.948 - 0.255 3.570 0.088 

Group density +group density
^2

 12.062 11.796 - -0.151 0.153 0.704 

Average group size + group size
^2

 11.686 11.420 - -0.062 3.294 0.100 

       

Juvenile       

Null -3.564 0 - 0.347 79.842 - 

Average group size  -1.161 2.403 - -0.075 4.328 0.064 

Group density -0.647 2.917 - -0.211 3.611 0.087 

Group density +group density
^2

 8.053 11.617 - 0.174 0.304 0.594 

Average group size + group size
^2

 7.487 11.051 - -0.017 0.359 0.563 

 

 

 

Supplementary material appendix table S2. Predictor terms tested to determine factors influencing yearly immigration 

and emigration rates. 

Model term QICc ΔQICc ωi Effect size SE Wald 

X
2
 

CI’s 

Immigration        

Null 373.724 25.02 0 0.012 0.126 0.009 -0.235/0.258 

Population density 348.704 0 1 0.464 0.144 10.434 0.182/0.745 

Group size 371.634 22.930 0 -0.093 0.097 0.923 -0.282/0.096 

Group size+group size
2 

369.296 20.592 0 0.027 0.018 2.321 -0.008/0.062 

Average group density 371.866 23.162 0 -0.475 0.341 1.938 -1.144/0.194 

Group density +group 

density
2
 

373.623 24.919 0 0.355 1.153 0.095 -1.904/2.614 

        

Emigration        

Null 283.145 31.338 0 -0.200 0.118 2.890 -0.431/0.031 

Population density 251.807 0 1 0.558 0.119 22.183 0.326/0.791 

Group size 277.715 25.908 0 0.117 0.077 2.325 -0.033/0.286 

Group size+group size
2
 279.053 27.246 0 0.009 0.017 0.281 -0.025/0.043 

Average group density 284.577 32.770 0 -0.201 0.266 0.570 -0.722/0.321 

Group density +group 

density
2
 

274.461 22.654 0 -3.157 1.106 8.145 -5.325/-0.989 
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Supplementary material appendix table S3. Full list of predictor terms tested for GEE model of factors affecting 

group extinction, with extinct (Yes/No) as the binomial response variable.  

Model term QICC ΔQICC Wald X
2
 P value 

Null 85.213 20.938 35.994  

Chick recruitment 64.275 0 7.375 0.007 

Breeding attempts 71.957 7.682 9.541 0.002 

Annual growth 81.145 16.870 4.580 0.032 

Dispersal events 82.814 18.539 6.027 0.014 

Adult group size start 74.935 10.66 0.639 0.424 

Number of males 86.019 21.744 0.753 0.386 

Immigrations  86.195 21.920 1.081 0.298 

Relative group size 86.392 22.117 0.452 0.501 

Change in dominant female 86.575 22.300 0.739 0.390 

Annual rainfall 86.603 22.328 0.522 0.470 

Group size +group size
2
 71.654 7.379 5.579 0.016 

Number of females 86.650 22.375 0.463 0.496 

Change in male dominant 86.759 22.484 0.439 0.508 

Evictions 87.030 22.755 0.233 0.629 

Temperature (frequency of Tcrit) 79.864 15.589   

Change in dominant 86.560 22.285 0.631 0.427 

Average group density 76.353 12.078 0.037 0.848 

     

Adult group size (large(1)/small(0)) 

+annual rainfall 

85.248 20.973 2.948 0.086 

    1.234 0.267 

Adult group size (large(1)/small(0)) + 

change in dominant 

86.196 21.921 2.091 0.148 

    0.495 0.482 

     

Adult group size*breeding attempts 73.712 9.437 4.617 0.032 

Change in dominant*breeding 

attempts 

73.804 9.529 12.255 0.002 

Dispersal events*number of females 83.403 19.128 5.411 0.020 

Change in dominant*dispersal event 84.153 19.878 5.937 0.051 

Annual rainfall*adult group size start 84.288 20.013 2.275 0.131 

Drought*dispersal events 84.406 20.131 6.428 0.040 

Adult group size (large(1)/small(0))* 

change in dominant 

86.724 22.449 3.870 0.276 

Change in dominant*group size 

squared 

86.827 22.552 3.772 0.152 

Change in dominant*immigration 

events 

87.319 23.044 2.445 0.294 

Change in dominant*annual rainfall 88.354 24.079 0.743 0.690 
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Supplementary figure SF1. The mean number of adults at the start of each breeding year in groups that 

became extinct or remain extant. Figure is for comparative purposes, means are shown +/-SE 
 

Supplementary material appendix table S4. Variable tested in relation to per capita group growth rate. 

Model term AICc ΔAICc ωi Effect size F p 

Null 613.950 48.695 0 -1.141 27.835 - 

Group size 565.255 0 1 -0.526 60.753 <0.001 

Group size
2 

566.759 1.504 0 -0.018 0.695 0.406 

Group density 614.666 49.411 0 0.689 1.618 0.236 

Group density
2 

615.435 50.180 0 1.191 1.615 0.243 

 

 

 

 

Supplementary material appendix table 5. Variables related to yearly population growth rate. 
  
Model term AICc ΔAICc ωi Effect size F p 

Null 6.778 0  0.947 137.840 - 

Population density 8.190 1.613 0 -0.179 3.329 0.098 

Average group size  6.577 0.201 0 -0.171 5.662 0.039 

Group density 11.047 4.47 0 -0.035 0.017 0.889 

Population size 10.345 3.567 0 -0.004 0.746 0.408 

Group density +group density
^2

 16.896 10.118 0 -0.301 0.152 0.705 

Average group size + group size
^2

 11.546 4.768 0 -0.056 1.086 0.322 
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Supplementary methods: Multistate model 

Survival and stage transition 

We first estimated two demographic rates (probability of survival, probability of transition between life 

history strata) and resighting rate as functions of environmental (rainfall, temperature, drought), social 

(population density, within-group conflict, group size) and individual (body mass, sex) variables. To do this, 

we used a mark-recapture framework implemented in Program Mark (White & Burnham 1999) and the R 

package ‘RMark’ (R Core Team (2016); Laake & Rexstad 2008). 

We used a multistate CMR model in which life history stages can be viewed as a time-varying categorical 

variable for each individual (White & Burnham 1999). Model selection was based on AICc values (Burnham 

& Anderson 2001); the model with the smallest AICc value was selected as the most parsimonious model. 

We fixed parameters in the model if transitioning between life history stages was not possible, for example, 

individuals could only be a juvenile once, so could not return to this stratum. We also included annual social, 

individual, and environmental factors as parameters in the model. 

Supplementary material appendix table S6. Model terms and interactions that were tested to determine which 

variables best estimated annual life history stage specific survival rates. For all models, the probability of 

resight parameter was set to be dependent on which life history stage an individual was in and the probability 

of movement between life history stages was set to be dependent on which life history stage an individual 

would be moving from, to. The top model is in bold. 

Model Number of 

parameters 

AICC Δ AICC Weight 

(ω) 

Deviance 

Survival ~ life history stage 12 2463.478 56.059 0 780.27 

Survival ~ life history stage + 

time 

23 2407.419 0 0.99 701.65 

Survival ~ life history stage + time 

+ life history stage*time 

54 2417.669 10.25 0 646.35 

Survival ~ life history stage + 

average group size 

13 2436.488 29.07 0 751.24 

Survival ~ life history stage + 

population density 

13 2442.029 34.61 0 756.78 

Survival ~ life history stage + body 

mass 

13 2445.613 38.19 0 2419.36 

Survival ~ life history stage + body 

mass + life history stage*body mass 

16 2448.889 41.47 0 2416.50 

Survival ~ life history stage + 

annual rainfall 

13 2449.381 41.96 0 764.14 

 

 

Survival rates  

To determine how survival rates differed among life history strata, we generated estimates from the most 

parsimonious model in the RMark analysis, for each stratum.  
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Supplementary material appendix table S7. The best model output for annual survival estimates for each life 

history stage of the pied babbler population, from 2003-2014. 

Year Dominant Subordinate Juvenile Unknown 

2003 0.90 0.61 0.57 0.33 

2004 0.77 0.59 0.46 0.66 

2005 0.95 0.54 0.52 0.50 

2006 0.36 0.33 0.14 0.20 

2007 0.57 0.35 0.51 0 

2008 0.79 0.58 0.35 0.50 

2009 0.76 0.66 0.36 0.75 

2010 0.97 0.84 0.43 0.50 

2011 0.62 0.65 0.23 0.67 

2012 0.72 0.65 0.19 0.43 

2013 0.66 0.44 0.32 0 

2014 0.88 0.63 0.42 0.25 

 

 

Fecundity 

Fecundity is normally calculated as the number of female offspring produced by reproductively active 

females in a population, per reproductive interval (Ebert 1999). The calculation is defined as: 

Fecundity = maternity rate (number of female offspring born per female at the start of any time-step) * 

Survival rate of female offspring to one year of age (fx = mx * p0). 

 

Supplementary material appendix table S8. Annual fecundity rates  

Year fx 

2003 1.60 
 

2004 0.70 

2005 2.27 

2006 0.18 

2007 1.82 

2008 0.44 

2009 0.88 

2010 1.25 

2011 0.35 

2012 0.21 

2013 0.73 

2014 0.76 
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As estimates for annual survival and probability of transitioning between life history strata are generated by 

the RMark model, we combined these with annual fecundity rates for the population to parameterise 

transition matrices for each year, giving 12 matrices in total. Information on rates of survival, successful 

reproduction and transition between strata were combined into a stage-structured population model that 

forecasts how the population might change if the rates remained constant (Table S4). 

Supplementary material appendix table S9. Stage-structured population projection matrix. To calculate matrix 

values, annual survival estimates for each life history stage (depicted in red, uppercase S and subscript S,U or 

D) are multiplied by probabilities for transitioning between life history stages (depicted in green, uppercase T 

and subscript S,U or D). Fecundity rate (fx) is included for dominant individuals only. 

 

Population growth rate (known as λ ‘asymptotic lambda’), is the long term population growth rate under the 

assumption of stable stage distribution (Caswell 2001), and it is calculated as the dominant eigenvalue of the 

population projection matrix. We used the package ‘popbio’ in ‘R’ to estimate the growth rate for each year, 

from our 12 stage-structured matrices (S5).  

 

 

Supplementary material table S10. The estimated population growth rates generated from 12 years of data 

(asymptotic λ). 

Year Asymptotic  λ 

2003 1.223 

2004 1.025 

2005 1.354 

2006 0.499 

2007 1.139 

2008 0.898 

2009 1.047 

2010 1.214 

2011 0.813 

2012 0.799 

2013 0.880 

2014 1.042 

 

 

 

 Life history stage transitioning from: 

Life history stage 

transitioning to: 

Subordinate Unknown Dominant 

Subordinate SS(1-TSU-TSD) 0 fx 

Unknown SSTSU SU(1-TUD) SDTDU 

Dominant SSTSD SUTUD SD(1-TDU) 
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6.1 Overview 

In this thesis, I have used multiple approaches to investigate social and environmental influences on breeding 

behaviour and population dynamics using both short- and long-term data. This work is significant because it 

sheds light on several relatively unexplored questions surrounding cooperative breeders: (1) how external 

stressors impact reproductive decisions at both the individual and group level, (2) determining the selective 

benefits of pair bonding within cooperative groups, and (3) unveiling how group structure affects population 

viability in relation to density dependence and forecast climate change. 

 

6.2 The effects of temperature on offspring provisioning 

Analysing the short-term behavioural responses of cooperative species to external stressors can to some 

extent inform us about their behavioural flexibility. Whilst previous research has recognised that 

environmental fluctuations can influence physiology and breeding success across taxa (Williams & Tieleman 

2005; McKechnie & Wolf 2010; Ozgul et al. 2010), the direct impacts of rising temperatures on alloparental 

care in cooperative species are not yet clear. I found that hotter temperatures cause a decline in parental 

investment in young. Offspring development was negatively affected by heatwave events, suggesting that 

young suffer from reduced parental investment on hot days. This empirical data has provided new 

information about parental decisions and trade-offs, and hence the costs individuals are willing to pay in 

reproductive attempts. This evidence thus supports theoretical predictions that during periods of 

environmental stress, some adults will trade-off maintenance of their own condition against that of their 

young (Ghalambor & Martin 2001). In pied babblers, this appears to only be true for the reproductive pair 

within a group, which suggests that group-living and the presence of helpers can greatly impact parental care 

strategies and the life history trade-offs that breeding adults face. For adults in larger groups, the cost of 

parental care was lower, in terms of the impact of provisioning on body condition. This is consistent with the 

load lightening benefits of cooperation (Crick 1992), suggesting reproductive investment decisions are 

mediated by group-living and show a level of adaptive plasticity (Koenig, Walters & Haydock 2009; Meade 

et al. 2010; Paquet et al. 2013).  
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6.3 Investigating the selective benefits of monogamous pair bonds  

Whilst a number of cooperative species invest in monogamous pair bonds (Evans & Poole 1983; Kutsukake 

& Clutton-Brock 2010; Townsend et al. 2011), the reasons behind this social behaviour have rarely been 

investigated. Although group-living is known to confer benefits to group members, including enhanced 

survival and reproduction (Clutton-Brock et al. 1999; Heg et al. 2005; Ridley 2016), the benefit of 

monogamous pair bonds within  social groups has not been determined. In pied babblers, it is possible that 

increasing reproductive coordination through affiliative behaviour prior to breeding could increase the 

likelihood of reproductive success (Benedict 2010; Griggio & Hoi 2011). Playback of coordinated pair 

vocalisations prompted strong response from the focal pair and their group members. This indicates that the 

pair duet functions as a strong signal of threat. Longer pair bonds in pied babblers resulted in higher 

reproductive success, which may be evidence of either a high quality pair or a mate familiarity effect in this 

species (Sánchez-Macouzet, Rodríguez & Drummond 2014; Leu et al. 2015). These findings highlight the 

selective benefits of maintaining the monogamous pair bond in cooperative species. 

 

6.4 The effects of fluctuating environmental factors on population demographics  

Long-term datasets are now acknowledged as an invaluable tool to model and predict the consequences of 

environmental change on demography (Clutton-Brock & Sheldon 2010).  In cooperative species, such 

analysis has also highlighted the importance of considering population structure and the consequences that 

group-living may have on population dynamics (Courchamp, Grenfell & Clutton-Brock 1999). In pied 

babblers, simulations revealed that drought and high temperatures occurring at historic frequencies are long-

term drivers of extinction. When I increased the frequency of these conditions in predicted climate-change 

simulations, the likelihood of population extinction significantly increased. These simulations reveal that 

pied babbler population numbers can recover from some climatic perturbations (that occur at the rates 

observed historically), and the population growth rate shows some level of plasticity in response to such 

perturbations. However, if the frequency of drought and heatwaves increase as forecast, population numbers 

are likely to decline beyond recovery. My analysis also highlights where this cooperative species might be 

vulnerable to extinction risk, in relation to social structure. Where population recovery from climatic 

perturbation is mostly dependent on the survival of dominant individuals, an increasing frequency of 
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disruptive climatic events over time could lead to local extinction. Even though subordinate individuals can 

transition to dominant status, and hence replace breeders, if reproductive success suffers over consecutive 

years, there may not be enough experienced breeders to maintain population numbers. This study 

corroborates the need to consider population structure when attempting to predict the consequences of 

environmental change on population demographics. It also serves to emphasise both the importance and 

value of long-term databases in modelling population dynamics. Predictions for cooperative populations can 

only be continually refined and forecast by maintaining detailed observations on existing populations under 

the forecast onset of increasingly variable climatic conditions.  

 

6.5 Investigating the causes of group extinction and the evidence for density dependence  

In order to assess the future viability of cooperative populations, it is crucial to identify both the factors 

influencing extinction, and whether there are density dependent processes present in a population (Bateman 

et al. 2012). Where there is a positive correlation between population density and the mean fitness of 

individuals in a population, this process is known as an Allee effect. Detecting the presence of an Allee 

effect is important because it confirms a causal relationship between individual fitness and population 

density. It is then key to determine whether density dependence exacerbates or alleviates extinction risk, in 

order to inform population monitoring and management. In my analysis, I found that successful offspring 

recruitment was the primary determinant of group persistence per annum, irrespective of group size. Where 

reproduction is unsuccessful in a breeding season, there are no direct fitness benefits (group augmentation) 

or indirect fitness benefits (for related helpers) for subordinates in that year. Therefore, reproductive failure 

is likely to prompt dispersal of individual group members and hence lead to group extinctions.  In pied 

babblers, group density was not affecting yearly individual survival, but average group density over an 

individual’s lifetime positively affected longevity. This suggests that the benefits accrued by group living 

may not be measurable annually, but have a positive effect on individual survival over time. When I 

investigated the evidence for relationships between group and population densities, I found that yearly group 

sizes were independent of population size, and larger group sizes were not correlated with increased 

population size. In addition, annual population growth rate was not influenced by population density. These 

results together suggest there could be group-level density dependence processes, acting independently to 
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fluctuations in population density, and thus a group-level Allee effect in this population (Angulo et al. 2013). 

These findings are important because they (1) provide empirical support for the group-level Allee effect 

hypothesis and (2) suggest that social dynamics in this cooperative species may enable them to mediate 

extinction risk, under scenarios where we would expect the population to decline. Since climatic 

perturbations and low reproductive success do not historically translate to demographic Allee effects in this 

species, and group sizes are regulated independently to population size, it suggests that group-living is to 

some extent buffering the risk of population extinction. 

 

6.6 Limitations of my study 

There are some limitations to interpreting short-term data (see chapter 2), in that it may not reflect long-term 

population dynamics: for example, it is not possible to predict the downstream effects of consecutive 

temperature stress events. Whilst short-term studies have identified fitness costs in relation to temperature 

thresholds (Cunningham et al. 2013), longer-term studies have found that although there is strong evidence 

for weather variables significantly affecting morphology at given time-points, this does not necessarily 

translate to long-term temporal trends (Gullett et al. 2014; Kruuk, Osmond & Cockburn 2015). There are 

also possible slow-acting adaptive mechanisms such as plasticity in life history or shifts in phenology or 

habitat range, which may buffer species from the impact of long-term climatic changes (Schwager et al. 

2008).  

In my study of monogamous pair bonding, I examined pair bonds prior to breeding and during the breeding 

season only. Thus I have no comparison for affiliative pair bond behaviours over the winter throughout the 

non-breeding season. During this period, winter weather variables, within-group conflict or breeding 

opportunities arising elsewhere in the population may also influence pair bonds. It is possible that my 

playbacks didn’t capture the cues of ‘quality’ that would normally be present where pairs naturally interact 

with other pairs. After hearing duets, time taken to return to foraging (normal behaviour), time spent vigilant, 

time spent in pursuit and time spent on affiliative behaviour were strongly affected by playback of both 

‘established’ and ‘new’ duet stimuli, but were not significantly different between duet types. This may be 

because there were no accompanying visual cues and no further vocalisations. When inter-group interactions 

naturally occur, multimodal signalling is often involved (vocalizations and behavioural posturing), (Golabek 
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& Radford 2013; Ridley 2016), and so the absence of additional signals during experimental playback may 

have affected the behavioural responses we observed (Douglas & Mennill 2010).  

 

6.7 Future work 

I suggest further investigation into this population’s dynamics would employ integrated population models, 

where it is possible to incorporate environmental and density dependent parameters as well as individual 

factors such as body mass or age (sensu Ozgul et al. 2014). In doing so, I expect it would be possible to 

better refine the underlying drivers of population dynamics and the interactions between them for this 

species. Integrating spatial data into future models would also encompass the effects of territory size on pied 

babbler demography (Zeigler & Walters 2014). Further to this, it would be beneficial to incorporate genetic 

and environmental interactions to quantify demographic rates of survival, recruitment and dispersal among 

phenotypes in this free-living population. It is possible that including this interaction into demographic 

models would more accurately forecast population viability for this cooperatively breeding species (Lowe, 

Kovach & Allendorf 2017). 

 

6.8 Summary  

Cooperative breeding and group size mediate the causal relationship between fitness benefits (adult survival 

and reproductive success) and behavioural plasticity (investment in offspring), suggesting that decisions 

regarding shifts in parental care strategy show a level of adaptive plasticity. There are selective benefits to 

cooperative species maintaining the monogamous pair bond, additional to those accrued through group-

living. Long-term data analysis reveals a potential future vulnerability for this cooperative species, where the 

population may decline beyond recovery as a result of forecast increases in climatic perturbation. Larger 

average group sizes in the population impact positively on the lifespan of individuals, and group sizes are 

independent of population density, indicating a group (rather than demographic) level Allee effect in the 

population. Thus social structure may significantly reduce extinction risk, since group-living may act to 

buffer population numbers from decline due to external stressors. 

My results have broad implications for the impact of forecast climatic changes on population growth, and the 

understanding of both internal and external influences on cooperative population dynamics. I have provided 
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empirical evidence supporting the existence of parent-offspring trade-offs. I have also revealed benefits of 

monogamous pair bonds in a cooperative, group-living species. Finally, I have identified both external and 

internal extinction drivers for this population. This research highlights potential vulnerabilities for the many 

cooperative species (that often inhabit environments with low or unpredictable rainfall, Lukas & Clutton-

Brock 2017), where population viability is both dependent on recovery from climatic perturbation and 

influenced by specific life history and social structure. Thus this thesis contributes novel and transferable 

knowledge that may be relevant to cooperative species worldwide.  
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While most current predictive models agree that the climate is changing, it is not yet clear what impact
these changes will have on animal populations. It is vital to determine the potential consequences in
order to develop future management and conservation strategies. Climate change may impact popula-
tion stability by prompting changes in breeding behaviour. For example, if above-average temperatures
negatively affect adult body condition, this will increase the cost of parental care. Theory suggests that
under this scenario, individuals may trade off their own body condition and survival against that of their
young. Despite convincing evidence that this parental care trade-off exists in nature, the potential impact
of climate change on parental investment strategies has rarely been investigated. In cooperatively
breeding species, group-living adults can gain group size benefits, such as assistance with raising young.
These benefits may mediate the effects of climate change on adult condition and subsequent investment
in young. Here, we investigated the extent to which high temperatures and rainfall variation affect (1)
adult provisioning rates to dependent nestlings, (2) offspring development and (3) the cost of offspring
care in the cooperatively breeding pied babbler, Turdoides bicolor. We found that overall, adults provi-
sioned young significantly less on hot days. However, this pattern was affected by rank: dominant in-
dividuals provisioned significantly less while subordinates did not. Offspring development was
negatively affected by heatwave events, suggesting that young suffer from reduced investment on hot
days. However, there was no evidence that the cost of provisioning young increased during heatwave
periods, perhaps owing to the reduction in investment by adults. This study provides some of the first
evidence that higher temperatures affect investment decisions in cooperative breeders and that domi-
nant and subordinate individuals respond differently to this stressor.
© 2016 The Author(s). Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

The way in which organisms respond to environmental change
is fast becoming one of the most pertinent issues in biology due to
the threat of rapid climate change. Climate change is globally
recognized as one of the biggest threats to biodiversity (Foden et al.,
2013; Parmesan & Yohe, 2003; Selwood, McGeoch, & Mac Nally,
2015). The Intergovernmental Panel on Climate Change's (IPCC,
2012) special report on global warming predicted substantial
warming and higher temperature extremes by the end of the 21st
century. The report concluded it is very likely that the length, fre-
quency and intensity of extreme weather events such as heatwaves

will increase over most land areas, with a 1-in-20 year hottest day
likely to become a 1-in-2 year event by the end of the 21st century.
This was corroborated in the 2014 synthesis report, where it was
stated to be ‘virtually certain that there will be more frequent hot,
and fewer cold temperature extremes over most land areas on daily
and seasonal timescales, due to an increase in global mean surface
temperature’ (IPCC 2014, p. 60). Determining the implications of
these predicted climatic changes for animal populations is now a
priority for ecological research if we are to implement appropriate
future management strategies.

Physiological research has recognized that extreme environ-
mental fluctuations may have detrimental effects on body size,
breeding success and population density (Walther et al., 2002;
Williams & Tieleman, 2005). However, the direct impacts of ris-
ing temperatures on the ability of species to effectively forage,
breed and interact are poorly understood. In hot and arid
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environments, some (particularly smaller) bird species rapidly
exceed their physiological tolerance limits (McKechnie & Wolf,
2010). Following a 2009 mass die-off of budgerigars, Melopsittacus
undulatus, during a heatwave in Western Australia, McKechnie &
Wolf (2010) suggested that the frequency and intensity of extreme
weather events over short time periods can be more important
than long-term temperature rise. It has therefore become critical to
document the direct effects extreme weather events are having on
species, and to consider the ramifications of such impacts for future
population management.

The impact of environmental variation on life history, physi-
ology and population growth rate has been addressed in several
influential papers on noncooperative species (Bickford, Howard,
Ng, & Sheridan, 2010; Ozgul et al., 2010; Saether et al., 2000), but
comparative data are not available for cooperative breeders.
Cooperatively breeding species normally have group-structured
populations (Nelson-Flower, Hockey, O’Ryan, & Ridley, 2012;
Rollins et al., 2012), and therefore their population dynamics
differ from those of conventional breeders (Courchamp, Grenfell, &
Clutton-Brock, 1999). Cooperative species may respond differently
to external stressors than nonsocial species, because reproductive
success and survival can be affected by group size and the behav-
iour of other groupmembers, rather than a pair or single individual.
In defined and generally stable groups (Brown, 1978; Emlen, 1997),
task-partitioning behaviours (such as antipredator defence, hunt-
ing, territory defence and raising young) often occur, which provide
individual fitness benefits (Clutton-Brock, 2009; Raihani & Ridley,
2007b).

In some cases, breeders may reduce their investment in young,
facilitated by the presence of helpers, a behaviour known as load
lightening (Crick, 1992; Johnstone, 2011; Meade, Nam, Beckerman,
& Hatchwell, 2010). Load-lightening behaviour can have a positive
effect on parental survival and condition by reducing the cost of
parental care without young receiving less care overall (Allain�e,
Brondex, Graziani, & Coulon, 2000; Cockburn et al., 2008;
Woxvold & Magrath, 2005). The presence of helpers could to some
extent buffer the effects of variation in environmental conditions
on reproductive success, through task-partitioning and load-
lightening behaviours (Heinsohn, 2004; Ridley & Raihani, 2008).
Therefore, we may expect that individuals in large groups are less
likely to be affected by environmental stressors when making
reproductive investment decisions, than individuals in smaller
groups.

Parental care is a costly form of investment (Clutton-Brock,
1991; Ridley & Raihani, 2007; Smith & Fretwell, 1974; Smith &
Wootton, 1995; Walker, Gurven, Burger, & Hamilton, 2008). Life
history theory predicts that in species that produce many
offspring but have low adult survival rates, parents should value
current offspring survival over their own survival, whereas those
that produce fewer offspring but have a greater likelihood of
surviving to breed again should value their own survival over
that of their current young (Ghalambor & Martin, 2001; Sofaer,
Sillett, Peluc, Morrison, & Ghalambor, 2013; Trivers, 1972;
Zanette, White, Allen, & Clinchy, 2011). Previous research has
investigated switches in reproductive strategy in response to
environmental change (Fontaine & Martin, 2006; Schwagmeyer
& Mock, 2008), revealing that in several long-lived species (e.g.
puffins, Fratercula arctica; albatross, Diomedea exulans), large
annual variation in environmental conditions is reflected in
highly variable reproductive effort (Erikstad, Fauchald, Tveraa, &
Steen, 1998; Weimerskirch, Cherel, Cuenot-Chaillet, & Ridoux,
1997). Our study addresses offspring care strategies in coopera-
tive breeders by assessing how the care of dependent young is

affected as a direct short-term behavioural response to envi-
ronmental stressors. We investigated (1) individual short-term
behavioural responses to an environmental variable (the effect
of heat on brood provisioning rate), and (2) the relationship
between two environmental variables (rainfall and temperature)
and one offspring trait (nestling body mass).

One of the first detailed studies to directlymeasure the potential
impact of increasing temperatures on behavioural patterns and the
ability to maintain body mass in arid zone bird species confirmed
that pied babblers, Turdoides bicolor, exhibit heat stress above a
daytime temperature of 35.5 �C (du Plessis et al., 2012). Here, we
further explored the ramifications of this observed critical tem-
perature effect by (1) determining the ability of individuals to
maintain provisioning rates to young (a costly activity, Ridley &
Raihani, 2007b) during temperatures above 35.5 �C, and (2)
determining the cost of provisioning young at different tempera-
tures, in terms of body mass loss. We would expect higher tem-
peratures to affect the cost of offspring care for adults, with
consequent impacts on the growth and development of young. We
also expect that a change in investment in response to environ-
mental stressors could be affected by group size, with young from
larger groups (where there are more adults providing offspring
care) less affected by reduced provisioning rates at high
temperatures.

METHODS

Study Site and Species

We investigated cooperative brood care in pied babbler groups
at the Pied Babbler Research Project, based in the 33 km2 Kuruman
River Reserve (KRR) in the southern Kalahari region of South Africa
(26�580S, 21�490E). The study site has a subtropical climate and is
primarily semiarid grassland and acacia savanna (see Ridley &
Thompson, 2011 for description of habitat types). The area has a
mean annual rainfall of 197 mm, with most rain falling during
midelate summer in January and April (Kong, Marsh, van Rooyen,
Kellner, & Orr, 2015). In mid-summer (January) mean daily
maximum and minimum temperatures are 34.7 �C and 22.2 �C,
respectively, but can reach highs of 45.4 �C (Steenkamp, Vogel, Fuls,
van Rooyen, & van Rooyen, 2008).

Temperature and rainfall
Temperature (�C) and rainfall (mm) data were collected

daily from the weather station at the Kuruman River Reserve.
High temperature extremes (>45.4 �C) have been recorded at
the study site once in the decade 1996e2005 (1 day only) and
six times in 4 different years, from 2006 to the current day
(three 1-day events and three 3-day events). The average
duration of the (six) more recent events was 1.92 days (see
Appendix Table A1, weather station data, KRR). Rainfall was
summed for each relevant provisioning period (i.e. total rainfall
in the month prior to behavioural observations). One month
was chosen due to the typical delay between rainfall and insect
emergence in the Kalahari (Cumming & Bernard, 1997; Ridley
& Child, 2009). Maximum temperature (Tmax) was recorded
daily at the study site. A hot day was defined as greater than
35.5 �C (hereafter referred to as Tcrit), because this was the
temperature du Plessis et al. (2012) recognized as critical for
the pied babbler, beyond which foraging efficiency declined,
heat dissipation increased exponentially and individuals were
unable to maintain body weight. Furthermore, the number of
days per year where the temperature was over 35.5 �C has
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increased approximately two-fold in the last decade (see
Appendix Fig. A1, weather station data, KRR). For comparison
purposes, the temperature on normal (i.e. not ‘hot’) observation
days had to be a minimum of 5 �C lower than this critical
temperature point (du Plessis et al. (2012) revealed some heat
stress behaviour beginning to occur in the low 30 s for this
species). A heatwave event was defined as when the maximum
temperature was over Tcrit (35.5 �C) on any particular day
(sensu Cunningham, Kruger, Nxumalo, & Hockey, 2013). Fre-
quency of heatwave events (over the first 11 days posthatch)
was calculated for each brood we monitored to determine the
effect of temperature on nestling body mass.

The pied babbler is a cooperatively breeding, territorial,
medium-sized (75e95 g) passerine, in which all adult group
members contribute to the provisioning of nestlings and fledg-
lings (Ridley & Raihani, 2007a). Since 2003, a study population
consisting of uniquely ringed individuals has been habituated,
monitored and maintained at the study site. Pied babblers are
predominantly terrestrial foragers and habituated groups
tolerate observers within 2e3 m while they forage undisturbed,
so that extremely detailed behavioural observations can be made
(Ridley & Raihani, 2007a). Pied babblers live in stable groups,
consisting of a dominant breeding pair, which produce the ma-
jority of offspring (Nelson-Flower et al., 2011), and sexually
mature (over 1 year old posthatching) subordinate helpers. The
dominant pair are identifiable through behavioural traits,
including aggressive behaviour towards other group members,
extended time allopreening and investment in nest-building
behaviour (Nelson-Flower et al., 2013; Ridley & Raihani, 2008).
Subordinates are identified by submissive behaviours, including
bill gaping, crouching, looking away and/or fleeing during
dominant individual approach (Raihani, Ridley, Browning,
Nelson-Flower, & Knowles, 2008). The study population typi-
cally comprises 18 habituated groups of pied babblers each year,
with an average group size of 3.9 ± 1.3 adults (Ridley, Wiley, &
Thompson, 2014). For a small food reward, individuals will hop
onto a small (Ohaus) top-pan scale to be weighed. In this way,
body condition can be monitored throughout each individual's
lifetime noninvasively, thus avoiding any need for recapture.

Pied babblers build, incubate then provision one nest per
breeding attempt, but may attempt to breed several times during a
breeding season (Raihani, Nelson-Flower, Moyes, Browning, &
Ridley, 2010). All group members help to both incubate and pro-
vision dependent young while in the nest (14e18 days) and post-
fledging, until they reach independence (40e97 days postfledging,
Ridley & Raihani, 2007b). Data for this study were collected from
March 2009 to December 2014 in consecutive breeding seasons,
which typically run from September to April.

Ethical Note

The Northern Cape Conservation Authority granted us a
research permit for this research and SAFRING provided a
ringer's licence to A.R.R. Our research was approved by the An-
imal Ethics Committee, University of Western Australia (RA/3/
100/1263) and the Science Faculty Animal Ethics Committee,
University of Cape Town (Ethics number R2012/2006/V15/AR). As
the project studies a population of wild, free-living birds, we
cannot give exact numbers, but we estimate around 200 birds
(both male and female) are observed each year. The majority of
these are adults that already have rings to allow identification, so
only approximately 50 individuals are handled yearly (for ringing

purposes only, which will occur only once for each bird). Immi-
grant adult birds to the population are caught using walk-in
traps, which are never left unattended, and the bird is released
in the exact same place it was captured. The whole ringing
procedure takes less than 5 min. Nestling birds are retrieved
from the nest at a young age (11 days), before they are too old to
force-fledge or show a disturbed behavioural response to the
ringing process. Each bird is ringed with two rings on each leg
and the tarsi are measured using a digital calliper. A small sample
of blood (50 ml) is taken from the brachial vein for sexing and
determination of parentage.

Data Collection

Behavioural data
To determine provisioning rates to young and foraging ef-

ficiency of provisioning adults, 20 min timeeactivity focal ob-
servations were carried out on all adult individuals in each
group over the course of a breeding event (where a breeding
event is defined as the time from when a brood hatches until
young are no longer dependent on adults for the majority of
their food supply; Raihani & Ridley, 2007b). Daily Tmax was
allocated to each focal observation, from the on-site weather
station data. Focal observations on different adult group
members were all conducted on the same day to allow stan-
dardized comparisons relative to chick age and environmental
conditions, and each adult had multiple focal observations
collected over the course of a breeding event. Daily focal order
was random such that the effect of time of day on focal results
was minimized. All food items found while foraging were
noted, as well as size and food type (Lepidoptera, Orthoptera,
etc.), and whether items were eaten by the focal individual or
fed to young. Food sizes were classified by observers according
to previous definitions for this population as described in
Raihani and Ridley (2007a) and each size was given a biomass
value (for calculations see Ridley & Raihani, 2007). Foraging
efficiency and the proportion of food captured that was sub-
sequently given away to young was calculated for each indi-
vidual per focal follow. Morning weight (taken at dawn, before
30 min of foraging time had elapsed for the day) was measured
for each individual being observed, for each observation ses-
sion. A ‘lunch’ weight was also taken at the end of an obser-
vation session, typically 3e4 h after observations begin, and
always after at least 90 min of foraging. The difference between
morning and lunch weights allowed a calculation of weight
gain per h for each provisioning adult. All nestlings were
ringed, measured and weighed at 11 days posthatching to
allow a standardized comparison between chicks from different
nests.

For this analysis, we used 90 behavioural focal observations
from 41 individuals in 16 groups to determine foraging efficiency
and provisioning rates. We used nestling weight data at 11 days of
age for 124 chicks.

To determine which parameter (s) affected adult weight change,
over the course of an entire breeding event, we had body mass data
for 69 adult individuals, where we had an adult weight for imme-
diately before a brood hatched (Body Mass A) and fledged (Body
Mass B, average time between Body Mass A and B ¼ 14 ± 4 days).
We also included bodymass data from 20 adult individuals over the
same period, but in nonbreeding groups, to account for the possi-
bility that weight loss was seasonal and not due to the costs of
provisioning young. Body mass change was calculated as [(Body
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Mass B � Body Mass A)/number of days between Body Mass A and
Body Mass B]. All body mass measures for this analysis were
collected at dawn, before 30 min of foraging time had elapsed for
the day.

Statistical Analysis

All data were analysed in SPSS (v 22.0, IBM, Armonk, NY, U.S.A.).
To determine the parameters that influenced brood-provisioning
rates in adults we used a linear mixed model (LMM) approach
with model selection. Our dependent variable was the proportion
of food that the (focal) individual found that they gave away to
young. We fitted repeated measures in our data set as random
terms, thus accounting in part for nonindependence of data. Indi-
vidual and group identity were included as random terms in all
models. The variables tested were adult age, adult group size (total
number of adult birds in the group), brood size (number of chicks in
the nest), Tmax (on day of focal), sex (of adult), rank (dominant or
subordinate) and individual foraging efficiency (biomass of prey
caught/time spent foraging).

Model selection (using the Akaike information criterion
corrected for small sample sizes, AICc) was employed to
determine the model/s that best explained the patterns of
variation in the data. Using AICc (with maximum likelihood
estimation) a series of models were tested, with each model
representing a biological hypothesis. Once an AICc score had
been generated for each model, DAICc scores were generated. A
subset of best-supported models (defined as all models within
5 AICc of the ‘best’ model) were selected. Where there were
several candidate models with similar AICc scores, Akaike
weights (uί) were calculated to determine the relative likeli-
hood of each model. Akaike weights across candidate models
were summed to 1 and models that had weights approaching 1
received the most support, relative to other models, and were
selected as top models, as per methods outlined in Johnson
and Omland (2004). Only those model terms whose confi-
dence intervals did not intersect zero were considered to
explain significant patterns within our data (as per Grueber,
Nakagawa, Laws, & Jamieson, 2011).

To determine which variables affected nestling weight, we
analysed data using LMMs, with nestling weight (at day 11 post-
hatch) as the dependent variable. We then used model selection to
determine a top model data set, employing model averaging to
ascertain the best predictor term, as described for brood-
provisioning rates above. Group identity, individual identity and
brood identity were included as random terms in all models. The
parameters investigated were frequency of Tcrit (in 11 days post-
hatch), Julian date (number of days since first breeding attempt in
the population for each year), rainfall (mm recorded in the month
prior to hatch), rainfall squared (mm), brood size, sex of nestling
and adult group size.

To determine the cost to adults of provisioning young from
hatching date to fledging date (mean duration of nestling peri-
od ¼ 14.69 þ3.31/�5.69 days), we analysed adult weight change
data using LMMs, and employed the model selection approach as
detailed above (using AICc) to determine the parameters that
influenced adult weight change over the nestling period. The
following predictors were tested: adult rank, adult group size,
frequency of Tcrit and breeding (yes/no). Adult weight change (g/
day) was the dependent variable, with individual and group iden-
tity included as random terms in all models.

RESULTS

Provisioning Rates

Temperature (Tmax) on the day of the focal observation affected
adult provisioning rates (Table 1), with a significant reduction in
the amount of food adults gave away to young as temperature
increased (Fig. 1).

Table 1
The top model set for the terms influencing the proportion of food provisioned to
young

Model term AICc DAICc uί

Basic 44.315 8.125
RankþTmax 36.19 0 0.8
Tmax 39.052 2.862 0.2
Effect size of significant

explanatory terms
Effect SE 95% CI

Constant 0.345 0.032 0.27/0.41
RankþTmax (Rank) 0.1 0.06 0.02/0.25

(Tmax) �0.02 0.006 �0.027/�0.006
Tmax �0.02 0.006 �0.027/�0.004

For a full list of models tested, refer to Appendix Table A2.
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Figure 1. The relationship between the proportion of food given away to young by
adults and Tmax on the day of the observation (solid line represents the output
generated from the LMM (Table 1); dotted lines are 95% confidence intervals).
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Figure 2. The change in proportion of food given away to young according to the rank
of the individual and daily Tmax.
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In addition, as temperature increased, dominant individuals
reduced the amount they gave away significantly more than sub-
ordinates (Fig. 2).

Nestling Body Mass

Nestlings were heavier at 11 days posthatching during periods
of high rainfall (Table 2, Fig. 3). In addition, nestlings were heavier
when raised during ‘normal’ temperature periods thanwhen raised
during ‘hot’ periods (with a higher frequency of days where tem-
perature exceeded Tcrit, Table 2, Fig. 4). There was no effect of group
size on nestling weight (Table 2).

Adult Weight Loss During Provisioning Period

Whether a group was breeding or not affected adult body mass
change, with individuals only losing weight if they were provi-
sioning young over the measured period, revealing a significant
cost of nestling care. The inclusion of weight change data at the
same time of year for individuals that were not breeding revealed
that body mass loss was probably related to provisioning effort
rather than seasonal weight loss because nonbreeding adults did
not lose weight (Fig. 5, Table 3). In addition, adults in larger groups
lost less weight than those in smaller groups, during a breeding
attempt (Fig. 6).

Table 2
The top model set for the terms influencing nestling weight at 11 days posthatching

Model term AICc DAICc uί

Basic 814.397 10.651 0
Freq TcritþRainfall 799.953 0 0.87
Freq Tcrit 803.746 3.793 0.13
Effect size of significant

explanatory terms
Effect SE 95% CI

Constant 38.2 0.87 36.4/39.9
Freq TcritþRainfall (Freq Tcrit) �7.98 2.21 �12.43/�3.54

(Rainfall) 0.051 0.02 0.01/0.09
Freq Tcrit -8.9 2.32 �13.57/�4.24

Data were based on body mass measurements from 124 11-day-old nestlings. For a
full list of models tested, refer to Appendix Table A3.
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Figure 3. The relationship between the amount of rainfall (mm) in the month previous
to hatching and the weight of 124 nestlings at 11 days old (solid line represents output
from LMM (Table 2); dotted lines are 95% confidence intervals).
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Figure 4. Nestling weights of 124 nestlings at 11 days posthatching, shown in relation
to the proportion of days over Tcrit threshold temperature during the nestling period
(dotted lines are 95% confidence intervals).
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Figure 5. Adult weight change over a provisioning period for both nonbreeding and
breeding groups. Each box represents weight change for a group of adults,
nonbreeding or breeding, respectively. The median (horizontal dark line in each box),
quartiles (top and bottom of box), and the 0.05 and 0.95 quantiles (vertical whiskers)
are shown for each group.

Table 3
The top model set for the terms associated with adult weight change after time
spent provisioning a nest

Model term AICc DAICc uί

Basic 43.222 53.814
Breeding (yes/no) 93.728 3.308 0.16
Adult group sizeþBreeding (y/n) 97.036 0 0.84
Effect size of significant explanatory terms Effect SE 95% CI
Constant �0.12 0.03 �0.17/�0.06
Adult group sizeþBreeding (y/n) (Group size) 0.03 0.01 0.006/0.04

(Breeding y/n) 0.3 0.03 0.24/0.37
Breeding (yes/no) 0.3 0.04 0.23/0.38

Body mass data were collected from 72 individuals from 19 groups. For a full list of
models tested, refer to Appendix Table A4.
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DISCUSSION

Our results provide empirical evidence that hotter tempera-
tures are related to a reduction in parental (dominant but not
subordinate helper) investment in offspring. The decline in in-
vestment in young at high temperatures suggests a higher cost of
parental investment at these temperatures. This cost was un-
likely to be due to a decline in food availability or ability to forage
at high temperatures, since our analysis revealed no change in
weight due to temperature. Rather, the decline in offspring care
may suggest an alternative physiological cost to adults, such as
overheating when flying back and forth from the nest or an
increased cost to adults of maintaining body condition on hot
days (e.g. similar to that observed in sparrow-weavers, Ploce-
passer mahali, by Smit, Harding, Hockey, & McKechnie, 2013).
Therefore, on hot days, when adults are at the limit of being able
to offload heat and thus regulate body temperature (du Plessis
et al., 2012), they may face the choice of trading off their own
condition against that of their young, with some individuals
showing a preference for themselves.

The difference in investment between dominants and sub-
ordinates supports previous empirical evidence in superb fairy-
wrens, Malurus cyaneus (Russell, Langmore, Gardner, & Kilner,
2008), pied babblers (Ridley & Raihani, 2008) and ground tits,
Pseudopodoces humilis (Li et al., 2015) that one benefit of group
living for parents is that they can reduce investment in their own
young when subordinate helpers are present to provide additional
care (the load-lightening effect, Crick, 1992). In support of the load-
lightening hypothesis (Blackmore & Heinsohn, 2007; Brown, 1978;
Crick, 1992) we found that individuals from large groups lost less
body mass over the offspring provisioning period than individuals
from smaller groups. This difference could be for two possible
reasons: (1) individuals in large groups occupy better territories
with access to a higher quality or quantity of food resources
(Clutton-Brock, 2009), or (2) each individual in large groups con-
tributes less work overall to the brood, such that the brood receives
the same level of care, but each adult invests less of its time in
raising young than adults in smaller groups (Ridley & Raihani,
2008; Savage, Russell, & Johnstone, 2015). We consider option (2)
to be most likely, since an analysis of nestling body mass found no

effect of group size on nestling bodymass, and previous research on
pied babblers has suggested that load lightening occurs in this
species (Raihani & Ridley, 2008; Ridley & Raihani, 2008). A positive
effect of adult group size on nestling mass would be expected in
scenario (1), but not scenario (2).

There is already strong evidence from studies linking body
condition and temperature, for example, in Alpine chamois,
Rupicapra rupicapra, body mass declines steadily with increasing
temperature (Mason et al., 2014) and in pied babblers, beyond a
critical temperature point, foraging efficiency declines to the
point where adults cannot maintain their body weight (du Plessis
et al., 2012). In long-lived species, life history theory predicts that
when ecological conditions are harsh, breeders should be more
likely to favour their own survival over that of their young, to
mitigate the direct immediate cost to themselves (Canestrari,
Chiarati, Marcos, Ekman, & Baglione, 2008; Ghalambor &
Martin, 2001; Weimerskirch et al., 1997). This strategy allows
individuals to maintain body condition to enhance chances of
survival for future breeding attempts. In pied babblers, since
dominant individuals tend to be heavier (Ridley, Raihani, &
Nelson-Flower, 2008), and thus have higher energy demands,
decisions to invest less in young could be somewhat adaptive and
depend directly on the current environmental and social situa-
tion, i.e. they may choose to maintain weight to retain compet-
itive ability (Brockelman, 1975), breeding condition (Nelson-
Flower et al., 2011) and ensure dominance tenure (Clutton-
Brock, 1988). However, the behaviour of subordinates may be
guided by different motivations in pied babblers, owing to the
presence of high reproductive skew in this species (Nelson-
Flower et al., 2011). When there are limited breeding opportu-
nities, subordinates may adopt a ‘pay-to-stay’ strategy
(Bergmüller, Heg, & Taborsky, 2005), resulting in their investing
in young at a high level even when breeders do not, thus maxi-
mizing the fitness benefits of cooperation for helpers. Where the
help provided by subordinates benefits dominant individuals,
they may punish those that decrease or cease to help. In these
scenarios, subordinates should pre-empt and avoid potentially
costly punishment in aggressive encounters with breeding in-
dividuals, through helping and submissive social behaviour
(Bergmüller & Taborsky, 2004; Mulder & Langmore, 1993). If this
is the case in pied babblers, this could explain why subordinates
do not reduce investment as dominants do, when experiencing
higher temperatures. Alternatively, nonbreeding subordinates
could gain direct fitness benefits by aiding group augmentation
and subsequently increasing the occurrence of by-product
mutualistic behaviours seen in group living, such as sentinel
behaviour, territory defence and antipredator behaviours (Kokko,
Johnstone, & Clutton-Brock, 2001).

Our findings provide some of the first empirical evidence that
higher temperatures are affecting reproductive investment de-
cisions in a cooperatively breeding species. Our data support
theoretical predictions that during periods of environmental stress,
some adults will trade off maintenance of their own condition
against that of their young (Ghalambor & Martin, 2001). In pied
babblers, this appears to only be true for the reproductive pair
within a group, which suggests that group living and the presence
of helpers can greatly impact offspring care strategies and the life
history trade-offs that breeding adults face. Our findings imply that
the causal relationship between fitness benefits (here defined as
adult survival and reproductive success) and behavioural plasticity
(level of investment in young) is mediated by cooperative group
living and the number of helpers available, suggesting that de-
cisions regarding shifts in parental care strategy show a level of
adaptive plasticity (Koenig, Walters,&Haydock, 2009; Meade et al.,
2010; Paquet, Covas, Chastel, Parenteau, & Doutrelant, 2013).
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Figure 6. The relationship between weight change and group size for adults over a
provisioning period (solid line represents LMM output (Table 3); dotted lines are 95%
confidence intervals).
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Our study highlights several important potential conse-
quences of predicted climate change that require future consid-
eration. If higher temperatures are occurring more frequently
and impacting on reproductive investment decisions, this could
have repercussions for understanding and modelling future
population dynamics. For example, these could include (1) the
need to be able to determine whether continued investment by
helpers makes them less vulnerable to sublethal temperature
effects, (2) whether the decline in parental care seen at high
temperatures suggests that at even higher temperatures, parents
may not initiate a breeding attempt at all, and (3) whether there
are long-term impacts of declining adult investment in young
during high temperatures. Even though subordinates did not
significantly reduce their investment, neither did they increase it
to compensate for the decline in investment by dominants at
high temperatures, resulting in an overall decline in provisioning
rate to nestlings at high temperatures. This may therefore be why
nestlings weighed less at day 11 during periods of high tem-
peratures, and suggests that a potential ‘downstream effect’ of
high temperatures is the production of smaller, lower quality
young that may have higher mortality rates, lower recruitment or
be less likely to gain a breeding position in a social group as
adults (Ridley & Raihani, 2007a). Although parental care invest-
ment decisions can (and do) show a level of flexibility in adapting
to environmental conditions (Lima, 2009; M€onkk€onen, Forsman,
Kananoja, & Yl€onen, 2009), these strategies are unlikely to be
without limits. Further investigation into the impacts of
increasing temperatures is vital to understand how to manage
populations of cooperative breeders in a changing climate.
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APPENDIX

Table A1
Data summarized here were collected from the weather station located at the field
site on the Kuruman River Reserve, in the southern Kalahari region of South Africa
(26�580S, 21�490E)

Year Maximum
temperature
(�C) per year

No. of days
per year
where
temperature
>35.5 �C

No. of extreme
high temperature
events >45.4 �C
per year

Average duration
of extreme
temperature
events (days)

1996 39 12 0
1997 43 61 0
1998 42 28 0
1999 42 96 0
2000 42 89 0
2001 50 72 1 1
2002 41 63 0
2003 42 91 0
2004 41 95 0
2005 44 101 0
2006 48 119 2 1.66
2007 46.5 163 2 2
2008 45.1 160 1 1
2009 45.6 139 1 3
2010 41.2 93 0
2011 41.2 76 0
2012 42.3 114 0
2013 42.3 115 0
2014 41.4 89 0
2015 42.1 120 0

Table A2
Model terms and interactions that were tested to determine which variables were
affecting brood provisioning rates

Model term AICc DAICc

Basic 44.315 8.125
Tmax 39.052 2.862
Adult group size 42.187 5.997
Rank 42.628 6.438
Sex 45.143 8.953
Foraging efficiency 43.465 7.275
Brood size 46.489 10.299
Age 45.286 9.096
Rank�Tmax 43.658 7.468
RankþTmax 36.190 0
RankþAdult group size 41.554 5.364
RankþTmaxþRank�Tmax 38.079 1.889

Data were from 90 behavioural focal observations, from 41 individuals in 16 groups.

Table A3
All model terms and interactions that were tested as potential influences on nestling
weight at 11 days posthatching

Model term AICc DAICc

Basic 814.397 10.651
Freq Tcrit 803.746 3.793
Rainfall 809.267 9.314
Sex 814.26 14.307
Adult group size 816.323 16.37
Julian date 814.427 14.474
Brood size 812.911 12.958
Freq TcritþRainfall 799.953 0
Rainfall (squared) 812.129 12.176
Freq TcritþAdult group size 805.889 5.936
Freq Tcrit�Brood sizeþFreq TcritþBrood size 804.630 4.677
Freq TcritþBrood size 802.591 2.638
Freq Tcrit�Adult group size 808.161 8.208

Data were based on body mass measurements from 124 11-day-old nestlings from
21 groups in 10 years.
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Figure A1. The number of days per year at the study site where the maximum tem-
perature exceeded Tcrit (35.5 �C) for pied babblers in the years 1996e2015.

Table A4
Model terms and interactions which were tested to determine what factors influ-
enced adult body mass change after time spent provisioning a nest

Model term AICc DAICc

Basic �43.222 53.814
Adult group size �42.466 54.57
Freq Tcrit �42.091 54.945
Rank �41.086 55.95
Breeding (yes/no) �93.728 3.308
Group sizeþBreeding (y/n) �97.036 0
Rank�Group size �40.425 56.611
RankþBreeding (y/n) �91.761 5.275

Body mass data were collected from 89 individuals from 19 groups.
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