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ABSTRACT 

Understanding the mechanisms through which species ranges are affected by climate and 

human-modified landscapes are important in order to predict future changes to 

populations. This study addressed the population ecology the hadeda ibis (Bostrychia 

hagedash), a species that has greatly expanded its range in South Africa by about 1000 km 

in the last century. This study examined a population of hadeda ibises at the edge of their 

expanding range, living in mostly urban areas within the Western Cape of South Africa. It 

primarily investigated the demographic rates of this population, namely age-specific survival 

and reproduction, as well as the potential causes of variation in these rates. 

A basic demographic model (matrix model) was developed using estimates for survival 

(analysed with Catch-Mark-Recapture (CMR) methods, using data from the extensive ringing 

program over the period 2006—2010) and reproduction (analysed with generalized linear 

mixed models (GLMMs), using breeding data collected by myself and members of the public, 

between 2003—2010). This model was used to predict the population growth rate, λ.  

Potential causes of variation in demographic rates were examined in relation to local 

climate, fine-scale spatial variation and breeding phenology. In order to determine if climate 

significantly affected demographic rates, CMR methods and an analysis of deviance were 

used to analyse survival in relation to climate, whilst GLMMs (general linear mixed models) 

were used for reproduction. Climate data were provided by the South African Weather 

Service over the period 2006—2010. Spatial variation was analysed with linear models 

utilizing breeding data between 2003—2010. Breeding phenology was analysed in relation 

to rainfall region with trigonometric curves, using reproduction data for nests throughout 

South Africa that were extracted from nest record cards which date as far back as 1940 up 

until 1994, and are curated at the Animal Demography Unit at the University of Cape Town. 

These data were sorted by the rainfall regime of the area in which the nest was, and 

categorised as either year-round, summer or winter rainfall regions. The current project's 

data were added to this dataset.  

Results show that the average survival of hadedas was 0.17 in their first year and 0.78 in 

their second year. The available data did not permit directly estimating survival of older age 

classes. It is known that this hadeda population is expanding and therefore λ must be more 
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than one. When adult survival was set to 0.90 λ = 1.04, which is a plausible value for λ. This 

value for adult survival agrees with published values for similar large-bodied birds, and was 

therefore considered reliable. 

 A breeding age-effect was found for reproduction; older breeding pairs bred significantly 

more successfully and more often than did younger pairs. This effect was evident in the 

number of fledglings per brood, and the number of broods per year. Pairs were able to 

breed successfully more than once per year. Analysis of demographic rates suggests that 

hadedas belong to the bet-hedging life history, who can quickly take advantage of good 

conditions with the potential for a high reproductive capacity. 

Of the measured climate covariates, none significantly affected survival, most probably 

because the urban environment is buffering the effects of climate. In support, no evidence 

of spatial autocorrelation was found for nests throughout the entire study site, despite a 

distinct rainfall gradient. This suggests that the urban environment is overriding the rainfall 

gradient.  

Reproduction was affected by the timing and amount of rainfall; rainfall triggered the onset 

of breeding (i.e. nest building by pairs) and there was clear seasonality in active nests. 

However, despite this, active nests were found at any time during the year. The number of 

fledglings produced per brood significantly increased with an increase in the amount of rain 

that fell during the period for which fledglings were nest-bound. 

Comparing the timing of fledging between three rainfall areas (year-round, summer and 

winter) showed that active nests in summer rainfall regions peaked in summer, whilst in 

winter rainfall regions they peaked in winter. There was not enough data to analyse year-

round rainfall regions. Nonetheless, I show that hadedas were able to adjust their breeding 

phenology to suit the rainfall regime of the area into which they have expanded. 

In sum, hadedas expanded their range from mostly summer rainfall areas to a winter rainfall 

area. I have shown that in the process of expanding their range, they have adapted their 

breeding phenology to suit the different seasonality, which may have been a key factor in 

their success. My results also show that hadedas can adapt to human-modified landscapes 

and quickly take advantage of good conditions, during which they are able to breed 
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successfully, and often more than once per year. I propose that these adaptations of the 

hadeda ibis, and its bet-hedging life history are a key feature in their range expansion.  

Future research should aim to establish the population ecology of hadeda populations in 

rural areas and other range edge populations, since no data on these populations exist. 

Range expansions are a function of local population demography and dispersal, and future 

studies should aim to make clear the dispersal patterns of hadedas, possibly by deploying 

radio transmitters to birds. 
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CHAPTER 1. General introduction 

1.1 IBISES 

Ibises are classified as belonging to the family Threskiornithidae, of the order 

Pelecaniformes (del Hoyo & Matheu, 1992; Vernon & Dean, 2005; Gill & Donsker, 2010). The 

family consists of two subfamilies (del Hoyo & Matheu, 1992); Threskiornithinae, to which 

the ibises belong, and Plataleinae, which consists of spoonbills. In 2010, 28 species of ibises, 

and six species of spoonbills were officially recognized by the International Ornithological 

Congress (Gill & Donsker, 2010), although considerable controversy regarding species 

classification within this family exists (Sheldon & Slikas, 1997). For example, the African 

sacred ibis (Threskiornis aethiopicus), the black headed ibis (Threskiornis melanocephalus)  

and Australian white ibis (Threskiornis molucca) form three separate but allopatric species, 

whereas some believe they should be classified a super species (Lowe & Richards, 1991). 

Additionally, some species hybridize (Ryder, 1967; Ramo & Busto, 1987; Frederick & 

Bildstein, 1992) further complicating the matter. Unfortunately, no taxonomy on this family 

has been done since the work of Sibley and Ahlquist in 1990 (Sibley & Ahlquist, 1990). The 

taxonomy for this family is by no means complete, which necessitates further work, 

particularly in species classification. 

Ibises are medium to large sized birds, ranging from 50 cm to 110 cm (del Hoyo & Matheu, 

1992). They are characterised by their elongated neck, and a long, decurved, slender beak 

well adapted to probe soil, mud, or sand. They have long, broad wings capable of powerful 

flight. Their social tendencies are varied. For example, the American white ibis (Eudocimus 

albus) has been observed to fly in huge flocks consisting of thousands of individuals, whilst 

other species such as the sharp—tailed ibis (Cercibis oxycerca) or the green ibis 

(Mesembrinibis cayennensis) forage and fly alone or occasionally in pairs (del Hoyo & 

Matheu, 1992). Other species are more flexible, for example the hadeda ibis (Bostrychia 

hagedash) which can be found foraging alone, or in large groups of more than 60 birds 

(pers. obs). The legs of ibises are sturdy, and enable them to move quickly along the ground. 

Their plumage is diverse, ranging from completely white (crested ibis Nipponia nippon) to 

almost completely black (red-naped ibis Pseudibis papillosa, del Hoyo & Matheu, 1992). 
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Ibises are present on every continent, except for Antarctica (del Hoyo & Matheu, 1992). 

Their habitat requirements are rather broad, but there is a general preference for moist 

areas because this is where ibises mostly forage for their food. Places of pooled to slow 

flowing water such as wetlands, lakes, estuaries, swamps (Kushlan & Kushlan, 1975; 

Kushlan, 1977; Martinez & Rodrigues, 1999; Macias et al., 2004), lagoons, rice paddies 

(Acosta et al., 1996), mangrove swamps (Martinez, 2004) and riverbanks are typical foraging 

areas for a number of species (Ryder, 1967; del Hoyo & Matheu, 1992). Drier habitats are 

also used, such as farmlands (Li et al., 2002), savannas (Kushlan et al., 1985; Frederick & 

Bildstein, 1992), fields and lawns (Macdonald et al., 1986; Martin et al., 2007; Duckworth et 

al., 2010) and forests (Wood, 1923). Some species inhabit dry, arid, and mountainous 

regions, such as the northern bald ibis (Geronticus eremite) (Schulz & Schulz, 1992). 

Habitat requirements are broad for some species, which allows the same species to occur in 

multiple habitats (del Hoyo & Matheu, 1992; Czech & Parsons, 2002; Martin et al., 2007). 

Others have a narrow requirement, for example, spot-breasted (Bostrychia rara) and olive 

ibises (Bostrychia olivacea), which only live in dense forests in Africa, and the green ibis that 

inhabits only forests in Guyana (Wood, 1923). 

Ibises are usually generalist carnivores and feed opportunistically. Most species forage in 

muddy or shallow, moist soil, and take up small aquatic organisms, such as insects, insect 

larvae, crustaceans, small fish, frogs, and tadpoles (Kushlan & Kushlan, 1975; Kushlan et al., 

1985; Frederick & Bildstein, 1992; Acosta et al., 1996; Macias et al., 2004). Species which 

forage in terrestrial and dry habitats take up insects, small vertebrates like lizards and 

rodents, as well as invertebrates such as grubs, snails and earthworms (Kushlan et al., 1985; 

Macdonald et al., 1986; Czech & Parsons, 2002; Duckworth et al., 2010). A few species have 

been observed to occasionally eat plant material and seeds, suggesting they are able to 

adjust their diet, primarily in dry areas (Acosta et al., 1996), or in the breeding season 

(Acosta et al., 1996). 

Breeding information on ibises is scarce, and the reproductive demographics for many 

species are not recorded (Acosta et al., 1996; Cezilly, 1997). In general, breeding is triggered 

by rainfall (Urban, 1974; del Hoyo & Matheu, 1992; Kopij, 1999). Most ibises breed 

colonially with other species of water bird (Bauchau et al., 1998; Earnst et al., 1998; Hafner 
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et al., 1998; Martinez & Rodrigues, 1999; Macias et al., 2004; Martinez, 2004; Hylton et al., 

2006). Some nest in semi-colonies, for example the forest ibises (such as the crested, green 

and Madagascar (Lophotibis cristata) ibises), and some nest solitarily, such as the hadeda 

ibis (Macdonald et al., 1986; del Hoyo & Matheu, 1992).  

Nests are often over water, but species that inhabit dry arid areas, for example, the 

northern and southern bald ibis, nests in cliff faces (Barnes, 2005c; Schulz & Schulz, 1992). 

The age of first breeding is believed to occur between the ages of 2–4 years (del Hoyo & 

Matheu, 1992) although information on this demographic trait is missing for many species. 

For most species, the clutch size varies between 3–5 eggs. Fledging takes 28–56 days, 

depending on the species (del Hoyo & Matheu, 1992). 

Predation is common within ibis nests and colonies throughout the nesting period. 

Predation is believed to be the major general cause of nest failure for birds as a group (Lack 

1954) and this appears to be true for ibis nests. For example, Shields & Parnell (1986) noted 

that an average 38% of American ibis (Eudocimus albus) eggs were predated upon over two 

years. Olmos (2003) found that 74% of Scarlet ibis (Eudocimus ruber) nests failed due to 

predation during a single breeding season. 

Despite most ibises nesting colonially, small numbers of predators are able to destroy 

colonies (Shields & Parnell, 1986) because most colonies do not have a group nest defence 

behaviour (Frederick & Bildstein, 1992). Most ibises construct their nests over water, or on 

an island surrounded by water to reduce the threat of predation (Frederick & Collopy, 

1989).The range of nest predators is broad, and include birds (crows, raptors and water 

birds), reptiles (snakes and iguanas), mammals (mongooses, rats, raccoons and foxes) who 

that take up eggs and young chicks (Skinner, 1974; Shields & Parnell, 1986; Frederick & 

Collopy, 1989; Olmos, 1990; del Hoyo & Matheu, 1992; Donázar et al., 1996; Olmos & Silva e 

Silva, 2001; Kelly et al., 2005). Mortality is also high for the first few months of 

independence, presumably because the recent fledglings are inexperienced, but this soon 

drops as they reach adulthood (del Hoyo & Matheu, 1992). Predation of adult ibises is 

uncommon and most have a high adult survival rate (Cezilly, 1997; Bauchau et al., 1998), 

but attempted predation has been reported (Donehower, 2006). 
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1.2 THE HADEDA IBIS 

The hadeda ibis (hereafter “hadeda”) is a medium sized ibis (adults 76 cm tall, 1.3 kg), and 

naturally occurs in moist grasslands, savannas, and well vegetated river courses (Macdonald 

et al., 1986; Vernon & Dean, 2005). They feed primarily in areas with soft, moist soil such as 

savannas and grasslands, although they have been observed to forage whilst wading (pers. 

obs.). They are opportunistic feeders and prey mainly on earthworms, grubs and other 

invertebrates beneath the soil (Vernon & Dean, 2005), but have been observed to consume 

small vertebrates such as frogs and small fish (pers. obs). They feed by inserting their beaks 

into soft soil from which they extract prey items. 

They roost colonially, but nest solitarily. They first start to breed at three years of age (pers. 

obs.). They lay between 1–4 (mode=2) eggs and raise up to three young per breeding 

attempt. Pairs frequently breed more than once per year. The main breeding season 

coincides with the rainy season, winter in the Western Cape and summer for the rest of 

South Africa, although it is not uncommon for hadedas to breed year-round (pers. obs). 

Incubation lasts 28 days (Vernon & Dean, 2005), and nestlings fledge after about 30 days. 

After fledging the chicks are dependent on their parents for food for c. one to two months; 

however during this period they increasingly forage themselves. No information on survival 

existed for this species prior to this study. 

RANGE EXPANSION OF THE HADEDA IBIS 

Over the last 50 years the hadeda has increased its range in South Africa substantially. 

(Macdonald et al., 1986). Hadedas were originally confined to the wetter eastern and south-

eastern parts of the country (Macdonald et al., 1986; Vernon & Dean, 2005), which receive 

in excess of 1000 mm of rainfall per year (Kruger, 2004). Since 1910 they have consistently 

increased their range southward and westward (Macdonald et al., 1986) up until about 

1990, when the range started moving westwards into the Western Cape (Fig. 1.1; see 

Macdonald et al. (1985) for a map of the range expansion from 1910 to 1985). As of 2010 

they had completely colonised the south west of the Western Cape, as well as parts of the 

west coast and even as far north as the Namibian-South African border (Orange River 

mouth; Fig. 1.1). 
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Their quick colonisation of the west and south-western coast of South Africa is evident 

when comparing fig. 1.1 A and B. As of 1985 their range covered 1 300 000 km2, compared 

to 531 000 km2 in 1910; just under two and a half times as large. Macdonald et al. (1986) 

proposed the range expansion to be a result of recent land-use change and artificial 

irrigation, which converted previously arid areas into moist grasslands, as well as the 

planting of mostly alien trees in which they nest and roost. Artificial watering seems to be 

especially important, as it has been shown that hadedas would struggle to persist in dry 

areas, for example where the soil has a moisture value of 0.2 cm3.cm-3 or less (Duckworth et 

al., 2010). 

1.3 RANGE EXPANSION OF OTHER IBISES 

Other ibises have expanded their ranges in the last 50 years, such as the glossy ibis (Plegadis 

falcinellus) (Anderson, 1997b; Patten & Lasley, 2000), the African sacred ibis (Kopij, 1999) 

and the white ibis in Australia (Martin et al., 2007). This has been reported to be due to 

their quick colonisation of human-modified landscapes (i.e. urban areas); these species have 

broad habitat requirements (which allows them to successfully roost and nest within urban 

areas) and forage for food in urban areas such as landfills, gardens and lawns, or waste-

management sites (Clergeau & Yesou, 2006; Herring et al., 2006; Martin et al., 2007; Herring 

& Gawlik, 2008). 

In South Africa, the African sacred ibis was classified as a non-breeding winter visitor at the 

beginning of the 20th century (Anderson, 1997a). The first recorded breeding colony was in 

1972/1973 at a man-made dam on a farm just outside Gauteng (Kopij, 1999). They are 

opportunistic feeders and forage in a variety of areas within cities (Barnes, 2005a), which 

has allowed their population to steadily increase within South Africa, to the extent that they 

are now common urban residents (Anderson 1997a; Barnes, 2005a). 

After escaping from a zoo in France, the African sacred ibis established a wild breeding 

colony, and has since spread to 12 European countries (Herring & Gawlik, 2008). Much alike 

the population in South Africa, the success of the African sacred ibis in Europe is also as a 

result of their quick adaptation to urban areas (Herring & Gawlik, 2008). They are 

considered as potential threats to indigenous biodiversity and are viewed as pests (Clergeau 
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& Yesou, 2006; Herring & Gawlik, 2008). They have also established themselves in the 

United States (Herring & Gawlik, 2008). 

Similarly, the Australian white ibis has increased markedly in population size and range 

within Australian suburbs (Martin et al., 2010). This is reportedly due to large land-fill sites 

situated just outside major cities in which many Australian white ibises forage, and the 

roosting and nesting over dams, some of which are man-made (Martin et al., 2010). Despite 

being indigenous, it too is considered an urban pest and management actions are currently 

in effect to control this species (Martin et al., 2007). 

The glossy ibis has also substantially increased its range within South Africa and North 

America. Initially absent from North America, the glossy ibis was first sighted during 1817 in 

Florida, although the means through which it got there remain unknown (Patten & Lasley, 

2000). Breeding was first recorded during the 1880s, and colony numbers only reached 

around 50 pairs by the 1930s. As of 1940 they began to expand their range westwards 

(Stewart, 1970), and by 1996 they had reached the West Coast of North America. Reasons 

for the range expansion include the creation of artificial wetlands in which they forage and 

breed, for example golf courses and sewage ponds (Patten & Lasley, 2000). 

In South Africa, as of 1906, glossy ibises were classed as uncommon non-breeding migrants 

to southern Africa (Stark & Sclater, 1906).  The first recorded breed attempt was during the 

1950s in what is now the greater Johannesburg region (Anonymous, 1951) and in 1955 in 

the Western Cape (Middlemiss, 1955). Since then they have bred steadily due to their quick 

adaptation to artificial wetlands (Anderson, 1997b), similar to the population in North 

America. Their range has greatly increased and they are now classed as locally common 

throughout South Africa (Barnes, 2005a).  

These examples illustrate the strong tendency of particular ibis species to profit and expand 

their ranges as a result of quick adaptation to human activities. 

1.4 POPULATION ECOLOGY 

Populations fluctuate in size and composition through time and space. Such fluctuations are 

a consequence of demographic changes; processes that add or remove individuals to or 
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from a population. Population ecology is concerned with species’ key demographic rates; 

what are they, what causes them to change, and the effect this has on overall fitness 

(Hannan & Freeman, 1977; Caswell & Werner, 1978).  

Survival and reproduction are key demographic rates, because of their direct influence on 

population size. Importantly, species’ demographic characteristics are a key determinant of 

its life history (Caswell & Werner, 1978; Sæther et al., 1996, 2004; Heppel et al., 2000). 

Species can generally be classified into one of three life history strategies on a slow to fast 

continuum, based on their demographics: 1) Reproductive species – typically small sized 

species, with low adult survival rate, quick maturation, and high fecundity and fall under fast 

on the slow-fast continuum; 2) bet-hedgers – high adult survival rate, and potentially high 

fecundity but whose reproductive output is determined by external stochasticity such as 

weather or predation; fall under intermediate to slow on the continuum; 3) Survivor species 

– characterised by delayed maturation, high adult survival rate and low fecundity. These 

species are characterised as slow in the continuum (Sæther et al., 1996). 

 Hence, determining the demographics of a species allows inference of the life history. This 

information is crucial for conservation and management schemes. For example, a decrease 

in adult survival of a reproductive species (defined as life history strategy 1 above) may be 

less of a concern than a similar of decrease in adult survival (defined as life history 3) for a 

survivor species. 

The timing of life-history events, such as maturation, reproduction and death are shaped by 

evolution to maximise fitness (or reproductive output, Roff, 1992; Stearns, 1992). Using 

Leslie matrices (Leslie, 1945) it is possible to use demographic relationships to estimate 

fitness for a population measured by the asymptotic population growth, or λ (Caswell, 

2001).  A population with λ = 1 is self sustaining, with λ < 1 is declining, and with λ > 1 is 

growing. A Leslie matrix model is set up from estimates of age-specific reproduction and 

survival rates, which all contribute to the calculation of λ.  

Examining single fitness components in isolation can potentially yield erroneous conclusions 

of fitness. For example, Legendre et al. (1999) compared demographics of a passerine 

species, and a non-passerine species. The passerine species’ adult annual survival rate was 

0.50 on average, compared to 0.80 for the non-passerine. Immediately it might be assumed 
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the non-passerine has a greater fitness. However, when considering reproduction this is not 

the case; the passerine species’ reproduction was seven fledglings per year yielding λ of 

1.105, whilst the non-passerine’s reproduction was 0.8 fledglings per year, giving a λ of 1.05 

(Legendre et al., 1999). This highlights the significance of information on the whole life 

cycle, rather than relying on individual fitness components. 

Elasticity and sensitivity estimates of λ to changes in fitness components are important 

quantities that can be obtained from Leslie matrices (Leslie, 1945). Elasticity is the relative 

impact proportional changes in the matrix elements (or fitness components) have on λ 

(Caswell, 2001). Sensitivity analyses measure the relative impact of absolute changes in 

fitness components on λ (Caswell, 2001).  

Sensitivity analyses are an important tool in population ecology, especially for conservation 

biology. For example, sensitivity analyses revealed that the control of the alien invasive 

bullfrog (Rana catesbeiana) in Canada was more effective by eliminating freshly 

metamorphosed frogs, rather than tadpoles or breeding adults, as was previously thought 

(Govindarajulu et al., 2005). Crouse et al. (1987) calculated from a sensitivity analysis that 

conservation efforts focusing on eggs and nesting beaches could not reverse the declining 

trend in the population of the loggerhead sea turtle (Caretta caretta); rather, they found 

that conservation efforts should improve the survival of large adult females. 

These methods assume a constant environment (Caswell, 2001), which is almost never the 

case in reality. Many studies have shown that demographics rates such as survival and 

reproduction are linked to the environment (Barbraud et al., 2000; Barbraud & 

Weimerskirch, 2001; Sæther et al., 2004; Moorcroft et al., 2006; Galbreath et al., 2009). 

Because of natural variation in the environment, demographics also vary through time. 

Hence, models which incorporate environmental variability provide a more realistic look 

into demographic rates.  

However, not all age classes are affected in the same way, nor do they respond in the same 

way (Gaillard et al., 2000). Even individuals of the same age class respond differently in the 

breeding and non-breeding season (Coulson et al., 2001; Sæther et al., 2004). Therefore, it is 

important to understand how demographics fluctuate with the environment to understand 

population dynamics. Assuming such relationships are known, it is possible to account for 
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environmental variability in demographic models. Stochastic simulations can be carried out 

on fitness components to produce a stochastic population growth rate, or λs (Tuljapurkar, 

1982). These analyses are invaluable tools for conservation; they help predict the extent to 

which a species will react under proposed land-use or climate change, given the relationship 

between the demographic parameter and the environmental covariate. However, a 

drawback is that they require detailed demographic and environmental data, which may be 

expensive and time consuming to collect. 

CAPTURE-MARK-RECAPTURE (CMR) METHODS 

CMR methods are useful tools in understanding the population ecology of species, 

especially demographic mechanisms (see references within introduction of Lebreton et al., 

1992). Initially developed in the 1930s to estimate population sizes (Jackson, 1939), CMR 

methods have since developed rapidly (Seber, 1992), and are currently used to estimate 

survival rates (Seber, 1962; Cormack, 1964; Jolly, 1965; Lebreton et al., 1992), but also to 

measure other population processes such as dispersal (Wauters et al., 2010; Grosbois & 

Tavecchia, 2003), movement (House et al., 2010; Tolley et al., 2010), and age at first 

reproduction (Tavecchia et al., 2001; Altwegg et al., 2007). 

Steady development of methods has enabled survival estimation from a variety of different 

re-encounters, for example live recaptures (Cormack, 1964), dead recoveries (Jolly, 1965; 

Burnham, 1993), live and dead recoveries, known fate and closed population models 

(Crittenden & Thomas, 1989).  CMR methods essentially observe individuals through time; 

individuals are caught and marked at time i with a unique code from which they can be 

identified later; at times i+1, i+2...up until time i+n.  

The resighting or recapture of an individual per time period after it was marked generates 

an encounter history for the individual, from which CMR model estimates survival 

probability using maximum likelihood (Cormack, 1964). For example, if an individual is 

caught and marked at time i, resighted at time i+1, and resighted again at time i+2, its 

encounter history is 111 over three occasions. Conversely, if an individual was marked at 

time i, not resighted at time i+1, nor at time i+2, its encounter history is denoted 100 over 

the same period. An individual that is not seen during a time period may have either died, 

survived in the study area but was not detected, or emigrated from the study area.  
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This complication in the past has hampered the accuracy of survival estimates, as it was 

difficult to separate these possibilities (Choquet et al., 2009). Recent developments have 

made it possible to separately estimate the local survival rate and the probability of a 

resighting or recapture (defined as the probability of resighting or recapturing an individual 

at time t given that it is alive and in the study area at that time), partly resolving this issue 

(Lebreton et al., 1992). Three main assumptions need to be made when analysing capture 

histories; 

1) Every marked individual in the population at time i has the same probability of 

recapture. 

2) Every marked individual in the population at time i has the same probability of 

surviving until time i+1. 

3) Marks are not missed, or lost. 

The development of specialised software in which to implement CMR models (and their 

extensions) has made it easy to obtain model estimates for a variety of models (Lebreton et 

al., 1992; Nichols, 1992; White & Burnham, 1999). Other programs are available that easily 

test the goodness-of-fit of the data (Choquet et al., 2009). As a result, running complicated 

models can be done quickly; the focus now is on model selection (Lebreton et al., 1992), 

using mostly Akaike’s Information Criterion (AIC) (Akaike, 1974). 

1.5 STUDY SITES 

This study took place in the south-west region of the Western Cape Province in South Africa 

(Fig. 1.2). I collected data for this thesis between 2009—2010, but made use of data 

collected from 2003 onwards by other project members. The Western Cape is the most 

southerly of South Africa’s provinces and is classified as a Mediterranean climate, and 

experiences cold wet winters and hot dry summers (Kruger, 2004). The climate is variable in 

this region due to a number of mountain ranges that act as barriers and promote localised 

conditions. For example, total rainfall of the West coast averages just 250 mm a year 

including places such as Langebaan and other towns situated more northerly (Kruger, 2004). 
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Conversely, the slopes of Table Mountain average in excess of 1000 mm of rainfall per year 

(Kruger, 2004).   

Temperatures in the Western Cape are less variable, and seldom fall below 3 °C in winter 

and average around 27°C in summer. The vegetation is classified as fynbos, which 

characterises the Cape Floristic Region (CFR). This area is one of the world’s biodiversity 

hotspots because it has a high level of floral endemism and species richness (Goldblatt & 

Manning, 2002). Fine sclerophyllous shrubs, geophytes as well as a lack of trees characterise 

this region (Goldblatt & Manning, 2002). The natural vegetation would not be suitable for 

hadedas who need large trees to breed and short vegetation on moist soils to feed on. 

However, most of the fynbos has been destroyed, replaced by agriculture and 

urban/suburban development. My study site was generally characterised by suburban areas 

that have replaced the indigenous fynbos vegetation. Most data were collected from nests 

hadedas constructed in trees within peoples’ gardens, because this is where hadedas were 

most often breeding. A feature commonly associated with urban areas is large, open green 

areas such as parks, sports fields, gardens and lawns, which are maintained via artificial 

watering. Additionally, alien trees such as blue gums (Eucalyptus spp.) and pines (Pinus spp.) 

are common throughout. The core study area was the greater Cape Town region, east to 

Paarl and Somerset West and south to Noordhoek, roughly covering 3200 km2 (Fig. 1.3). 

1.6 THESIS LAYOUT 

This thesis focused on the population ecology of hadedas within the Western Cape Province. 

Specifically, it examined the demography of a growing population of hadedas on the leading 

edge of their expanding range, living mostly in urban areas. The primary research question 

and a short description of each chapter are given below: 

Chapter 2:  

 What is the population ecology for this species?  

This chapter assessed hadeda population ecology by examining demographic rates, 

explicitly, age-specific survival and reproduction. These quantities were used to 

develop a basic population demographic model, from which the population growth 
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rate was obtained. Demographic rates were used to analyse the life history of 

hadedas, and thus their population ecology. 

Chapter 3:  

 What causes variation in measured demographic rates and population processes for 

this population?  

This chapter examined how the variation in local climate affected the basic 

demographic rates and population processes. It built on the basic population 

demographic model developed in Chapter 2.  

 

Chapter 1 and 4 comprise the General Introduction and Conclusion chapters of this thesis 

respectively. 

 

Notice to readers 

Each of the data chapters (Chapters 2 & 3) was written independently and as potentially 

publishable papers, which therefore results in some repetition, particularly in the 

introduction and methods section 
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1.7 FIGURES AND TABLES 

 

Figure 1.1. Distribution of the hadeda ibis in South Africa in 1990 (A) and 2010 (B), taken 

from the first (A) and second (B) South African Bird Atlas (http://sabap2.adu.org.za). Each 

filled block represents a 15 x 15 minute grid cell. The legend refers to the percentage of 

atlas cards submitted that included the hadeda ibis within a particular grid cell. 

B 

A 
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Figure 1.2. Location of the study site in relation to South Africa. The location the Western 

Cape Province is shaded, in which this study was undertaken.  The square outlines the study 

area, which covers roughly 3200 km2. 
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Figure 1.3. Sites of data collection throughout the entire study area, over the period 2003—

2006. The core study area was within the greater Cape Town region. 
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CHAPTER 2. Demography and population ecology of the hadeda ibis on its 

expanding range edge 

2.1 INTRODUCTION 

Over the last 50 years, numerous species have altered their ranges as a result of rapid global 

climate change and land-use change (Parmesan et al., 1999; Thomas & Lennon, 1999; 

Hughes, 2000b; Jepsen et al., 2008). A species’ range is essentially defined as an area where 

reproduction plus immigration at least balances mortality plus emigration (Gaston 2003) 

such that the population growth rate (λ) is at least equal 1 (Holt et al., 2005).  Where λ > 1, 

the population is expanding, and where λ < 1, a population will eventually become locally 

extinct, in isolation from other populations (Holt et al., 2005). Therefore, species’ ranges 

either contract or expand through changes in their demographic rates. 

Species ranges are the result of demographic responses to varying conditions through space 

and time (Bahn et al., 2006). It is generally believed that the centre of a range has optimal 

conditions, which in turns supports the highest population density (Whittaker, 1956). 

Moving outwards from the core, conditions deteriorate such that the range edge has 

minimal conditions (Whittaker, 1956) and the population is being maintained here, rather 

than growing. However, this has recently been disputed (Sagarin & Gaines, 2002), which 

highlights the need for detailed demographic studies throughout the entire range of a 

species to fully understand its demographics. Nonetheless, for a species expanding its range, 

the demographic mechanisms at the range edge that have facilitated the transformation 

from maintenance to expansion are important to understand (Case et al., 2005; Holt et al., 

2005), as this in part determines how fast species can react spatially to climate or land use 

change. Because the range edge defines the shape of the range for the whole species, 

understanding range edge populations is central in understanding the overall dynamics of a 

species’ range.  

The hadeda ibis (Bostrychia hagedash) is a bird that has increased its range in South Africa 

over the last 100 years (Macdonald et al., 1986). Hadedas were originally confined to the 

wetter eastern and south-eastern parts of the country (Macdonald et al., 1986; Vernon & 

Dean, 2005), but since 1910 they have increased their range consistently southwards 
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(Macdonald et al., 1986) up until about 1985, when the range started moving westwards 

into the Western Cape. 

By 2010 they had completely colonised the south western Cape, as well as parts of the west 

coast and even as far north as the Namibian-South African border (see Macdonald et al. 

(1985) for a map of the range expansion from 1910 to 1985; a map of their current 

distribution obtained from the second South African Bird Atlas Project is available at 

http://sabap2.adu.org.za/species_maps.php?Spp=84). As of 1985 their range covered 

1 300 000 km2, compared to 531 000 km2 in 1910; just under two and a half times as large. 

Reasons proposed for the range expansion include artificial watering, by way of irrigated 

fields, which converted previously arid areas into year-round foraging grounds, and the 

plantation of mostly alien trees in which hadedas roost and nest (MacDonald et al. 1986). 

Artificial watering seems especially important, because this has allowed hadedas to persist 

in areas they otherwise would not be able (Duckworth et al., 2010). 

Besides the recent range expansion of the hadeda ibis, surprisingly little is known about 

their population ecology. The goal of this chapter was to establish a basic population 

demographic model, and to assess the life history of hadedas. This was done by examining 

key demographic rates, namely, age-specific survival and reproduction. 

2.2 METHODS 

SPECIES AND STUDY AREA 

The hadeda ibis (hereafter “hadeda”) is a large wading bird of the family Threskiornithidae 

of the order Pelecaniformes (adults 76 cm tall, 1.3 kg, Vernon & Dean, 2005). They roost in 

trees close to water bodies and naturally occur in moist grasslands, savannas, and well 

vegetated river courses. The age at which hadedas start to breed is around three years of 

age (G. Duckworth, unpublished data, 2010). Hadedas are solitary nesters and lay between 

one and four eggs per breeding attempt. Reproduction data collected for this thesis show 

that the main breeding season coincides with the rainy season, winter in the Western Cape, 

although a few active nests can be found at any time during the year. The same pair can 

raise more than one brood per year.  Incubation lasts 28 days (Vernon & Dean, 2005), and 
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nestlings fledge after C. 28 days (Vernon & Dean, 2005). After fledging the chicks are 

dependent on their parents for food for one to two months, however during this period 

they do forage for food themselves. 

The study was conducted in the Western Cape province of South Africa. This area 

experiences a typical Mediterranean climate; winter rainfall, and hot, dry summers (Kruger 

2004). The core study area was the greater Cape Town area, but data was also collected 

from the east (to Paarl, Stellenbosch and Somerset West) and south (to Noordhoek), 

roughly covering 3200 km2 (Fig. 1.3).  Hadeda nests were located and the nestling ringed 

between two and three weeks of age. Nestlings were ringed with a numbered metal ring 

(South African Bird Ringing Unit) and an engraved colour-ring (Pro-Touch Engraving, 

Saskatoon, Canada), the latter with a unique double letter combination. Because the core 

study area falls within residential areas, resightings were reported by an extensive network 

of project volunteers. 

The study area is believed to be large in relation to the movement of the birds; there is 

ample evidence of small-scale movement and a few records of large-scale movement across 

the study area, but no resightings from outside of the study area to date.  However, it was 

possible that birds left the study area undetected, but the study site is large enough that our 

results are not seriously biased by permanent emigration. 

CAPTURE MARK RECAPTURE DATA 

Procedure 

Nestlings were first ringed in August 2006, and as of May 2010, 222 nestlings had been 

ringed and 934 resightings reported. These data were used in the current analyses. Survival 

(φ) and resighting probability (p) were estimated using capture-mark-recapture (CMR) 

methods (Seber, 1962; Cormack, 1964; Jolly, 1965). These methods allow for a separate 

estimation of the local survival rate and the probability that a ringed bird is resighted, given 

that is alive in the study area at the time (Lebreton et al., 1992). 
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Resightings 

Resightings were reported by project volunteers randomly throughout the study period. 

Rather than having resightings fall within discrete time intervals, they were reported 

continuously and were pooled into the recapture interval. Initially, resightings were pooled 

per one month, but preliminary results returned parameters that were either non-estimable 

or unreliable with very wide confidence intervals because there were too few data. As an 

alternative, resightings were pooled into a three month period, which produced reliable 

estimates, and this was set as the time between recaptures. There is a concern that this 

method of pooling resightings (and thereby creating a reduced-capture history) may 

overestimate survival, and cause heterogeneity in apparent survival. However, Hargrove & 

Borland (1994) estimated that the bias in overestimating survival may only be in the region 

of <5%, and because other studies have used pooled recapture intervals without bias 

(Gauthier et al., 2001) this approach was used.  Heterogeneity in apparent survival was 

examined with the goodness-of-fit test and found not to be a problem (see next section). 

Because the resightings data allowed a three month resolution as opposed to, for example, 

an annual resolution, age-specific and temporal variation were analysed in great detail. 

Therefore, this study worked on two time periods; quarterly for the CMR analyses (pooling 

resightings into three month periods), and yearly for reproduction and the matrix 

population model. As a result the CMR estimates had to be converted to yearly estimates 

for the matrix population model.  This was done using the scaling function in MARK (White 

& Burnham 1999). 

Upon reviewing the resightings data, it was apparent that the number of resights reported 

differed by area; large numbers of resightings from particular areas were constantly 

reported, whilst fairly regular or few resightings were reported from others. This was 

attributed to spatial heterogeneity in resighting effort throughout the study area. Three 

regions of unequal resighting effort were identified and were termed: 1) Within, 2) Alphen, 

3) Outside. 

Within refers to areas and suburbs that fall within the core study area (Fig. 1.3). This area is 

mostly urban, and is comprised of schools, parks, golf courses, sports fields and gardens. 
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Resighting effort was fairly regular throughout this region over the study period because 

project awareness was high. 

 Alphen refers to a small area, occupying only 0.24 km2, within the core study area which is 

made up entirely of sports fields and a large park. Ringed birds routinely foraged on these 

fields, and resighting effort from this area was higher than for other areas. Effort further 

increased in this area towards the middle of the study period, and resights were reported 

almost daily by public volunteers.  

Outside refers to areas outlying the core study area, but within the entire study area. These 

areas are partially comprised of urban areas, containing fields and lawns, but include 

industrial areas and farmlands. Resighting effort here is low throughout, probably because 

of the low project awareness. 

Because each of these three areas (or strata) had different resighting effort, they also had 

different resighting probabilities. This clearly violates the assumption that all individuals 

have the same resighting probability throughout the study area (Lebreton et al. 1992). This 

was accounted for by using multi-state models, which allow individuals to move among the 

identified strata (i.e. Within, Alphen and Outside). Individuals are therefore exposed to 

different resighting probabilities depending on what strata they are in (Spendelow et al., 

1995). 

GOODNESS OF FIT 

Modelling began with a goodness-of-fit (GOF) test, assessing whether the data fit general 

multi-strata models adequately. A goodness of fit test for multi-state models was used in 

programme U-CARE v. 2.3.1 (Choquet et al., 2009). None of the tests were significant (Test 

3G:  χ2 = 37.75, p = 0.91, df = 52; Test M: χ2 = 4.394, p = 0.62, df = 6, overall GOF Test: χ2= 

43.146, p = 0.93, df = 58), which suggests that the data sufficiently met the assumptions of 

the model. Since overdispersion was low (χ2/df = ĉ = 0.75) ĉ was kept at 1, and AIC (Akaike, 

1974) was used for model selection. 
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MODEL STRUCTURE 

A model where survival, recapture probability(hereafter called “resighting”) and movement 

were fully time dependent was initially run, which is an extension of the Cormack-Jolly-

Seber (CJS) model (White & Burnham 1999). Then, a model where survival, resighting and 

movement were group (stratum) dependent, but constant through time was run. This 

model was much better supported by the data (∆ AIC = 498.26), and was set as the general 

model, upon which the candidate model set was founded. 

Survival 

Three (yearly) life stages of the hadeda were distinguished; juveniles (0—12 months), 

immature (12—24 months) and adult (24+ months). An age effect on survival was examined; 

it was expected juvenile survival to be lowest, immature survival to be higher, and adult 

survival to be the highest. 

Within the juvenile survival age class, age effects that distinguished between three months, 

six months and a single year were examined. The period between fledging and three months 

may be the most vulnerable age (del Hoyo & Matheu, 1992); in conjunction with the risks of 

fledging, juveniles are inexperienced, have not reached their full size and strength yet, and 

are vulnerable to predation. Also, although they do forage themselves, they are still fed 

often by their parents, which means that they may die if their parents discontinue 

supporting them. 

Between three and six months after fledging they begin to look like their parents in size and 

plumage. Most fledglings leave their parents at about four months; however, some birds 

still roost and forage with their parents for up to six months, which infers that they are still 

dependent on them. After six months, almost all juveniles have left their parents and form 

flocks with other birds, possibly of similar age, with whom they roost and forage. This stage 

is vulnerable too, because they are fully independent for the first time.  

Since there is no resighting data available on breeding birds they were not included in this 

analysis, but it may be possible that breeding birds have a separate survival compared to 

non-breeding adult birds. This will have to be investigated in future when such data are 

available. 
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Resighting 

An age and area effect on resighting was examined; juveniles have a strong tendency to 

roost near the nest with their parents for approximately four months after fledging. At this 

stage they are easier to resight, compared to when they have left the nest site. Therefore, 

an age effect on resighting which distinguished between the first three months and the 

remaining study occasions was set. Because the study area was separated into three strata 

to account for spatial heterogeneity in resighting probabilities, resighting differed in each 

stratum. 

Movement 

This study was not primarily interested in movement probabilities, and therefore did not 

examine any age effects on movement. The multi-strata approach was primarily to account 

for spatial heterogeneity in resighting probability rather than understand movement. 

However, movement between strata was acknowledged. For all movement within the study 

area, reciprocal movement between areas was set equal (for example; probability of 

movement from Alphen to Rest was equal to movement from Rest to Alphen. In Table 2.1, 

movement between Alphen and Rest is subscripted as ψAlphen: Rest). It was hypothesised that 

reciprocal movement between the core study area and outside was different to movement 

within the core study area, and therefore ψOutside:Rest and  ψOutside:Alphen  was set equal, but 

different to ψAlphen: Rest.. This structure was used in the model. 

Subscripting system 

Since this chapter was mostly interested in survival estimates from the CMR model, the 

models presented in the table of candidate models (Table 2.1) used a subscripting system 

which allows one to see how many age classes were considered for the survival of a 

particular life stage (i.e. juvenile, immature or adult). A numeric subscript immediately after 

the life stage represents the number of age classes considered for survival of that life stage 

in that particular model. For example, S(j2, i1, a1) infers that juvenile survival distinguish 

between 2 age classes (and hence used 2 parameters), and immature and adult survival 

each had 1 age class (and 1 parameter). Therefore the model used 4 parameters in total for 

survival. 
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REPRODUCTION 

Hadeda pairs remain faithful to their nest sites (Skead, 1951) and there appears to be no 

shortage of suitable nesting places within the study area, due to the plantation of mostly 

alien trees. The reproductive information for pairs was recorded over time, assuming that 

pairs remained the same, and repeatedly utilised the same nest. Reproduction data were 

recorded via regular nest checks, both by members of this project and the network of 

project volunteers. Many hadeda nests were built in gardens of peoples’ homes, and the 

homeowners reliably noted the reproductive success. Droppings directly beneath the nest 

and the tendency for juveniles to remain near the nest site for about four months after 

hatching render the presence of a hadeda nest conspicuous, and the reproductive success 

obvious. This validates the information from the volunteers as reliable, and many gave us 

information dating up to three years before the project began. As of February 2010, 198 

nests had been monitored, and from these 404 broods were observed. 

The reproductive success of hadeda pairs per year was examined. It was expected there to 

be a “breeding-age” effect on the number of fledglings raised per pair per year; a 

phenomenon whereby older breeding pairs raise more nestlings than younger pairs, a 

feature common in many birds (Clutton-Brock, 1988; Forslund & Part, 1995; Komdeur, 1996; 

Reid et al., 2003). The absolute age of a pair of hadedas was not known, but nest-age (i.e. 

the time since the first known brood) was used as a proxy for parental experience. This 

proxy is referred to throughout the thesis as “nest-age”. 

Preliminary data analysis revealed three contenting age-structures describing the effect of 

nest-age on reproduction; structure 1, which distinguished between three nest-age classes: 

age 0 (i.e. no previous nesting experience), 1, and 2+. Structure 2 also distinguished 

between three nest-age classes: age 0, 1 to 3, and 4+. Lastly, Structure 3, which 

distinguished between four age classes; age 0, 1, 2 to 3, and 4+.  This analysis was primarily 

interested in which age structure best fitted the number of fledglings produced per pair per 

year. This is a function of two processes: the number of broods per pair per year, and the 

number of fledglings per brood. Both of these processes were examined in relation to the 

best fitting age structure. 
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The reproduction data contained excess zeros, which potentially complicates traditional 

analyses techniques. There is also the issue of non-independence; broods from the same 

nest could be considered more similar to each other than randomly selected pairs of 

broods. Accounting for both of these complications was not possible in one analysis and 

they had to be acknowledged separately. To account for excess zeros hurdle models were 

used (Mullahy (1986); developed especially to account for zero-inflated count data.  Hurdle 

models consist of two parts. The first part separates the process of either getting a positive 

count (i.e. x > 0) or a zero (i.e. x = 0) and was modelled using a binomial distribution. The 

second part employs a zero-truncated Poisson distribution to model the positive counts. 

These analyses were performed using package “pscl” (Jackman, 2008) implemented in 

program R v. 2.11.1 (R Development Core Team, 2010). 

A generalized linear model (GLM) with Poisson distribution and log link function was also 

run, assuming that all observations (including the zeros) came from a single Poisson process. 

This model was compared to the hurdle model, using AIC, to assess whether the complexity 

of the hurdle model was indeed necessary. 

A caveat of hurdle models is that they assume that each data-point is independent. There is 

a possibility of non-independence in the data, and accounting for this would require adding 

nest ID as a random effect in the hurdle models, which is not yet possible to do with readily 

available software. It is, however, possible to add random effects in Poisson models, as a 

generalized linear mixed effects model (GLMM). Therefore, a separate Poisson model 

including nest ID as a random factor was run, using package “lme4” (Bates & Maechler, 

2010), implemented in program R v. 2.11.1 (R Development Core Team, 2010). The variance 

estimate for the random effect describes the level of independence in the data, and if low, 

validates the assumption that data-points can be treated as independent. 

POPULATION MATRIX AND GROWTH 

The population growth of hadedas was examined using a Leslie matrix, and assumed a pre-

breeding census on a yearly matrix. The matrix entries were the age-specific survival rates 

estimated from the best CMR model, converted from a quarterly time period to a yearly 

one.  The reproductive rates were taken from the best model analysing the reproductive 

data.  

eqn. 2.1 
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It was assumed that hadedas bred at an age of three years. The model is: 

𝑛𝑡+1 = 𝐴𝑛𝑡 

where 𝑛𝑡  represents the number of individuals in each age class, and A is the population 

projection matrix: 

A = 

[
 
 
 
 
 
 
 
 
 
0 0 F1 F2 F2 F2 F3

S1 0 0 0 0 0 0

0 S2 0 0 0 0 0

0 0 S3 0 0 0 0

0 0 0 S3 0 0 0

0 0 0 0 S3 0 0

0 0 0 0 0 S3 S3]
 
 
 
 
 
 
 
 
 

 

where  

 

F𝑖 = R𝑖 × S1 × 0.5 

Ri was taken from the model that was best supported by the reproduction data, and  which 

represents the average number of fledglings per year produced from nests that are 𝑖 years 

old. S1 was the survival probability of age class one. Only females were considered in this 

analysis, and therefore the number of fledglings was multiplied by 0.5, assuming an equal 

sex ratio in the nest. For the remainder of the matrix, S2 and S3 are the survival probabilities 

for age class two and three respectively. The survival estimates were taken from the best 

supported capture-mark-recapture model in MARK (White & Burnham, 1999). 

The dominant eigenvalue of matrix A is the asymptotic population growth rate, λ (Caswell 

2001), assuming a stable age distribution is reached. Sensitivity of λ to variation in mean 

values for entries of matrix A was explored, and calculated 95% confidence intervals based 

on 10 000 bootstrap replicates following (Caswell, 2001). The bootstrap describes the 

uncertainty in the mean estimate of λ, as a function of the uncertainty in the entries of 

matrix A. All matrix calculations were performed in R 2.11.1 (R Development Core Team, 

2010). 

eqn. 2.2  
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2.3 RESULTS 

SURVIVAL 

Model selection favoured models with an extra parameter for increased effort as of August 

2008 in the Alphen stratum (Models 1—3, Table 2.1). Models 1 and 2 were both well 

supported, and differed by 1.75 AIC units (Models 1 and 2, Table 2.1, Fig. 2.1). Model 3 

differed by more than 2 AIC units from model 1 and was therefore not considered. Model 1 

distinguished between two age classes, one for juvenile survival, and one that set immature 

and adult survival equal (the S(i=a) term in the model), keeping the structures as described 

in the methods section for resighting and movement (Model 1, Table 2.1). Model 2 

distinguished between three age classes; juvenile, immature and adult (Model 2, Table 2.1), 

although there was not enough data to estimate adult survival for this model. Converting 

from quarterly to yearly survival, model 1 estimated annual juvenile survival = 16 (0.10—

0.24), and pooled immature and adult survival (S(i=a)) = 0.70 (0.37—0.90). Model 2 

estimated juvenile survival = 0.16 (0.10—0.24), immature survival = 0.78 (0.30—0.96).  

Model 2 returned estimates for adult survival that were non-sensible, with a wide 

confidence intervals (0.03—0.94). This is understandable, as this parameter was based on 

seven resighted individuals over the entire study period. 

REPRODUCTION 

A simple Poisson GLM predicting the number of fledglings using only an intercept, without 

adding a random factor, was better supported than a comparable hurdle model; AIChurdle : 

891.1, AICglm : 889.0 (∆AIC = 2.10). This indicates the excess of zeros was not severe enough 

to justify the need for the more complex hurdle model. Nest ID was then included as a 

random effect and the number of fledglings per year as a function of nest-age was modelled 

with a Poisson GLMM. The variance estimate for the random effect was low (s2 = 0.05), 

indicating that repeat broods by the same pair were somewhat independent in terms of 

their success. Nonetheless, estimates from models with nest ID added as random effects 

were used in the remaining analyses. 
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In modelling the number of fledglings per year as a function of nest-age (i.e. modelling the 

breeding-age effect), structure 2 was better supported than either structure 1 (∆AIC 2.10, 

just under three times supported as per evidence ratio based on Akaike weights) or 

structure 3 (∆AIC 4.05; over seven times supported).  According to structure 2, hadeda pairs 

of nest-age class 1 (first attempt at raising a brood) raise 1.45 nestlings per year, nest-age 

class 2 (2nd to 4th breeding attempt) raised on average 2.20 nestlings per year, and the third 

nest-age class (5+ attempts) raised 3.03 nestlings per year (Fig. 2.2).  

Structure 2 was also well supported in both the number of fledglings per brood and the 

number of broods per year (Fig. 2.3). The number of broods produced per year, and the 

number of fledglings per brood increase with nest-age.  Nest-age class 1 raise 1.09 broods 

per year, age class 2 raise 1.42 and age class 3 raise 1.59 (Fig. 2.3a). Pairs of nest-age class 1 

produce 1.33 nestlings per brood, age class 2 produce 1.56, and age class 3 produce 1.89 

(Fig. 2.3b). 

POPULATION GROWTH 

Using estimates from model 1 (Fig. 2.1), which calculated juvenile survival to be 0.16, and 

assumed immature and adult survival equal at 0.70, λ was estimated at 0.91 (95% 

confidence interval:  0.59—1.08). Since this population is on the edge of its expanding 

range, λ must be > 1, and therefore this is an underestimate of λ. Therefore, this supports 

the view that adult birds must survive at a higher rate than immature birds. Consequently, 

model 2, which distinguished between juvenile, immature and adult survival, was chosen as 

the best model (see discussion for further motivation).  

Unfortunately, this model was not able to estimate adult survival because of too few data. It 

is known that this population is increasing, and therefore λ must be more than one. This was 

achieved when inputting 0.90 for adult survival into the matrix model. This value for adult 

survival agrees with what is known for similar-large bodied species of bird, which are around 

0.90 up to 0.96 (Lack, 1968; Weimerskirch et al., 1987; Cezilly et al., 1996; Cezilly, 1997; Li et 

al., 2002; Frederiksen et al., 2008; Altwegg & Anderson, 2009; Gauthier et al., 2010). 

Therefore 0.90 as a value for adult survival was considered reliable.   



36 
 

Using mean observed values from model 2 (Table 2.1), inputting 0.90 as adult survival, the 

results obtained from the Poisson GLMM (Fig. 2.2), and the matrix population model (eqns 

2.1 and 2.2), λ was estimated at 1.04 (95% confidence interval: 1.00—1.10). The value for λ 

is reasonable, since this population is on the leading edge of its expanding range, hence λ 

must be > 1, and this was achieved using an estimate for adult survival from what is known 

for similar species. 

Since estimate for adult survival was taken from the literature, there was no variation or 

confidence limits around adult survival. Therefore, confidence intervals estimated around 

lambda were underestimated in this analysis, and will be wider when using estimates of 

adult survival with upper and lower bounds.  

Sensitivity analysis on λ, with adult survival set to 0.90, revealed that it was most sensitive 

to changes in adult survival (sensitivity 0.94, 95% Confidence interval: 0.92—0.94), then to 

juvenile survival (0.64, 0.53—0.80), and least sensitive to immature survival (0.11, 0.08—

0.14). Changes in the other quantities didn’t affect λ much. Elasticity analysis showed λ 

again to be most sensitive to changes in adult survival (0.80, 0.76 to 0.84), followed by 

juvenile survival (0.13, 0.18—0.09) and then to immature survival (0.09, 0.07—0.11).  

2.4 DISCUSSION 

The main goal of this thesis was to understand the population ecology of hadedas. This 

chapter contributed to that goal by establishing a basic demographic population model for 

hadedas on the leading edge of their expanding range, and assessing their life history. It 

estimated age-specific survival using CMR methods, and analysed reproduction using 

general linear models (GLMs) for hadedas in the Western Cape. Clear age effects in survival 

and reproduction were found. Survival increased with age, but adult survival was non-

estimable because there were too few data. However, the observation that this population 

is increasing, published values, and estimates from the matrix population model returned a 

figure that is consistent with what is known for similar species. The age effect in 

reproduction was apparent in an increase in the number of fledglings per pair with an 

increase in nest-age (a proxy for the age of the breeding pair). This trend was evident in the 

number of fledglings per brood, and the number of broods per pair per year. 
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SURVIVAL 

Few studies have focused on the demographics of water birds (Cezilly, 1997; Hafner et al., 

1998), making comparisons to other waders and ibises difficult. A thorough search of the 

literature only returned one paper that studied the demographics of ibises (Li & Li, 1998). A 

further issue is that studies examining water birds often focus on one age class (Cezilly et al., 

1996; Frederiksen & Bregnballe, 2000; Stenhouse et al., 2004; Grosbois & Thompson, 2005), 

rather than all possible ones, thereby creating gaps in demographic estimates for species. 

This highlights the need for detailed demographic studies, throughout all age classes for 

water birds, and particularly for ibises. 

Model 2 was chosen over model 1 as the best CMR model, because it allowed for a separate 

estimation for juvenile, immature and adult age classes, and returned a more plausible 

estimate for λ. When a quickly growing population (as has been observed for this population 

of hadedas) is reproduced, adult survival must be high, at around 0.90. This value agrees 

with what is known for similar large-bodied species of bird (Lack, 1968; Weimerskirch et al., 

1987; Cezilly et al., 1996; Cezilly, 1997; Li et al., 2002; Frederiksen et al., 2008; Altwegg & 

Anderson, 2009; Gauthier et al., 2010). Additionally, despite the support for model 1 over 

model 2 being 2.3 times (as per the evidence ratio, based on Akaike weights), the AIC 

difference between the models is less than two (∆ AIC 1.75), which suggests there is no 

statistically distinguishable best model, and adds to the justification of choosing model 2 as 

the best model. 

When assuming 0.90 for adult survival, the findings of this study agree with demographic 

studies focussing on other ibis species increasing their population size. Li & Li (1998) studied 

the crested ibis (Nipponia nippon), a critically endangered ibis species, in its original habitat. 

They found that their study population was increasing in size, and that a three life stage 

model best fitted the survival data, as was found in this study. They estimated the following 

survival parameters; juvenile: 0.57, immature: 0.80, adult: 0.95 (Li & Li, 1998). The estimate 

for juvenile survival appears high; this crested ibis population was critically endangered and 

was under strict management control. Nestlings that would otherwise have died were 

nursed to health by volunteers, and aided until fledging (for example deterring potential 

predators). The estimate for juvenile survival in this study is therefore not comparable to my 
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study. However, most importantly, the estimates of 0.78 and 0.90 for immature and adult 

survival are consistent with this study. 

Few other studies on birds with a biology comparable to hadedas report survival of 

immature age class (Cezilly, 1997). North (1979) found that second year survival for the grey 

heron (Ardea cinerea) was 0.64. This is similar to the estimate of this study, given the 

uncertainty in the estimate, and thus shows that the estimates for this parameter are 

consistent with the little literature available.  

However, one concern is the wide confidence interval around the estimate (0.30 to 0.96), 

due to few resightings of birds within this age group. Fledglings have a tendency to remain 

around the nest for up to four months after fledging. Here they are easier to see, and are 

mostly resighted by the person in whose garden the nest is. Once these birds disperse from 

the nest site they are more difficult to resight, accounting for the wide confidence interval in 

the immature age class. Additionally this project is only in its fourth year. As the project 

progresses, more resights of older birds will be reported to us, reducing the wide confidence 

interval for this estimate. 

Survival of juvenile water birds appears to be varied. For example, juvenile survival for the 

Eurasian spoonbill (Platalea leucorodia), was found to be 0.32 (Bauchau et al., 1998), for 

wood storks (Mycteria americana) was found to be 0.44 (Hylton et al., 2006), and ranged 

from 0.06 to 0.55 between years for little egrets (Egretta garzetta) (Hafner et al., 1998). The 

mean estimate of 0.16 for juvenile survival in this study is low in comparison to these 

studies. 

This can be due to the above-cited examples being colonial nesters as opposed to hadedas 

who are solitary nesters. Bird colonies have distinct anti-predatory advantages, which 

potentially allows more young to successfully leave the nests (Lack, 1968), accounting for 

their higher reproductive success. 

In comparison to other solitary nesting species, this estimate appears reasonable, and fits in 

well with other studies (Campbell et al., 1999; Altwegg et al., 2007). 
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REPRODUCTION 

A clear breeding-experience effect was found for hadedas; older breeding pairs raised more 

nestlings per year than younger or inexperienced pairs. The capacity for older birds to breed 

more successfully is well-known and occurs within many species (Gadgil & Bossert, 1970; 

Nol & Smith, 1987; Clutton-Brock, 1988; Forslund & Part, 1995; Komdeur, 1996; Reid et al., 

2003; Limmer & Becker, 2010). 

Three key hypotheses have been proposed to account such observations. 1) Natural 

selection (Darwin, 1872). Breeding is costly in terms of energy investment, time, and risk of 

mortality. Some birds are inherently of poorer quality than others, and for them, the costs 

of reproduction are often too high, such that they fail to breed, breed with poor 

reproductive success, or are killed and do not breed again. Consequently, it is the birds of 

high quality that are left, and breed successfully. 2) Increased reproductive effort, or the 

RRV (residual reproductive value) hypothesis (Williams, 1966). Williams hypothesised the 

RRV decreases with age; put more simply, the number of future offspring an individual is 

likely to produce during the rest of its life time decreases with age. For young, long-lived 

birds, the costs of high reproductive effort outweigh the benefits because their RRV is still 

high. As birds age, their RVV decreases, and the benefits of high reproductive output 

outweigh the costs. Hence younger birds’ reproductive effort is comparably lower than 

older birds’. 3) Improved life-skills efficiency.  The efficiency at which individuals perform life 

skills increases with age. For example, foraging (Orians, 1969; Groves, 1978), nest building 

and nest site selection (Nol & Smith, 1987), and predator avoidance (Komdeur, 1996) have 

been shown to increase with age. It’s possible that older birds are more experienced, and 

thus more efficient at breeding related skills, which allows them to raise more nestlings than 

do younger birds. 

The first hypothesis may be tested using random effects. Differences in inherent quality of 

breeding birds are accounted for by the random effects term added as nest ID within the 

reproduction model. As a result, if the observed trend of older birds producing more 

fledglings was solely dependent on the inherent quality of breeding birds, the breeding age 

effect would disappear. This was not observed, and thus, this hypothesis can be rejected. 
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It is difficult to tease apart which of the remaining hypotheses drive the observed breeding 

age effect (Newton, 1989). In the present study there is not enough data to definitively 

support one theory over the other. To understand which one is more applicable in this 

instance, future research should aim to quantify the levels of reproductive efforts and daily 

energetic expenditures of older and younger birds, as has been done in other studies 

(Kushlan, 1977; D'Amico & Hémery, 2007; Green et al., 2009). This will shed light on 

whether older birds perform life skills more efficiently than do young birds, thereby 

distinguishing which of the remaining two hypotheses is more likely. 

LIFE HISTORIES 

Sæther et al. (1996) modified the classification of life-history strategies of birds originally 

proposed by Alerstam & Högstedt (1982) and Sibly & Calow (1985). They propose that birds 

cluster around three life history strategies, on a fast-slow continuum. The first strategy 

consists of high reproductive species. These species are often small, short-lived birds with a 

high reproductive rate, which live in good breeding habitat. The second strategy is 

survivorship. These species have a high adult survival, delayed maturity, and low 

reproductive rate, typically in poor breeding habitat. These species often breed only once 

during the breeding season, and lay only one egg during the breeding season.  The last 

strategy is bet-hedging. These birds are also typified by a high adult survival, but they have a 

potential for large breeding success, given the right conditions (Sæther et al., 1996). They 

have evolved differences in their breeding phenology in comparison to the survivor 

category: bet-hedgers have a larger clutch size than survivors, and are able to breed more 

than once per year by taking advantage of good conditions. 

The current data suggest hadedas fit into the bet-hedgers strategy. Since this population is 

expanding, λ must have been more than 1. To achieve this, given the quantities in the matrix 

population model, adults survival must be at least 0.90. This therefore suggests that 

hadedas are a long-lived species, characteristic of both bet-hedgers and survivor species. 

However, they have a large clutch size relative to survivor species (typically two to three 

eggs are laid per brood, mode = 2, but up to four eggs have been observed). Despite clear 

seasonality in breeding, there are active nests throughout the year, and were also able to 

breed more than once per year (see Fig 2.3a). One particular nest within this study 
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population bred four times in one year, three times successfully, and fledged five chicks. 

Moreover, if a particular brood failed, the adult pair was often able to breed again 

immediately. This contrasts with survivor species, for example, albatrosses, who don't relay 

their only egg, and characterises hadedas as a species that employs the bet-hedging life 

history. 

Active nests are found at any time throughout the year, which suggests that hadedas are 

taking advantage of good conditions. Lack (1968) proposed that levels of food supply during 

the breeding season ultimately limit reproductive output. At present, I speculate that the 

many artificially irrigated fields and lawns throughout the study area appear to provide 

hadedas with a constant source of food. As a result, food is not limiting reproduction, and 

hence hadedas are able to reproduce year round.  

However, at present this observation is speculative. A future research goal is to quantify if 

hadedas are exploiting the many fields for food, which enables them to breed year-round. 

RANGE EXPANSION 

This chapter studied a population of hadedas on the leading edge of their expanding range. 

Adult survival could not be estimated, but using matrix population models allowed an 

estimate that agrees with what is known for similar species. Although the sensitivity 

analyses indicated that lambda was most sensitive to changes in adult survival, life history 

analysis suggests that hadeda species fit into a bet-hedging life strategy. Species of this life 

strategy are able to quickly take advantage of good conditions and reproduce successfully, 

more than once a year. Hadedas are most probably taking advantage of the many irrigated 

fields and lawns throughout the Western Cape, which supply them with a year-round food 

source. This may allow them to breed successfully, sometimes more than once per year, 

which in turn, allows them to persist and possibly expand. Other ibises expanding their 

ranges have also been reported to quickly take advantage of good conditions provided by 

humans, which has been cited as a causal factor in their range expansion. Examples include 

the Australian white ibis in Australia (Martin et al., 2007; Martin et al., 2010), the African 

sacred ibis is Europe (Clergeau & Yesou, 2006) and the glossy ibis within North America 

(Patten & Lasley, 2000). Perhaps the ability to quickly take advantage of good conditions, a 
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trait of a bet-hedging life strategy, makes the ibis family prone to expanding their ranges, 

given the right conditions. 

Since this study was the first to look at hadeda demographics within South Africa, there is a 

lack of data to which the current findings can be compared. Future studies should aim to 

gather similar demographic data in other areas into which hadedas have expanded, as well 

as from the original range, to allow for a good comparison of demographic rates throughout 

most of the hadeda's range. The next step would be to identify what causes variation in the 

demographic rates, which is the theme of the next chapter. 
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2.5 FIGURES AND TABLES 

Table 2.1. Summary of candidate models for hadeda survival in the Western Cape, South 

Africa over the period 2006—2010. Each model consists of three parts; survival (S), 

resightings (p) and movement (ψ) for three strata that distinguished areas of different field 

effort within the entire study area; Alphen (high field effort), Within (medium field effort) 

and Outside (low field effort). The core study area is made up of Alphen and Rest. For the 

survival component of the models, the letters “j”, “i” and “a” refer to the life stages juvenile, 

immature and adult respectively. The numeric subscripts in each model refer to the number 

of age effects considered for that age class (and hence the number of parameters used to 

model that age class).  An S(i=a) term in a model denotes that adult and immature survival 

were pooled, and set equal for that particular model. Letters ”s”, “a” and “e” in the 

resightings model part refer to stratum, age, and effort respectively.  Since August 2008, 

resighting effort has increased markedly in the Alphen stratum and was accounted for with 

an effort parameter (“e”). During preliminary data exploration I found the best supported 

structures for “s”, “a” for resightings and kept them constant in the models shown here. “s” 

in the movement term refers to stratum, and distinguishes movement between the core 

study area and outside of the core study area, as well as movement within the core study 

area. See the Methods text for detailed information on the movement structure. These 

models examined the effects of age on survival with resighting and movement kept constant 

(except for instances where an effort term was added in the case of resighting). Model 

selection was based on Akaike’s Information Criterion, (AIC). A lower AIC value indicates a 

better model. ΔAIC is the difference in AIC units between the current model and the best 

model. w (AIC Weights) is the support for a particular model in relation to other models. 

Dividing one model’s AIC Weights by another’s gives the number of times the first model is 

better supported (evidence ratio). K is the number of parameters in the model, and 

Deviance is the model deviance. 
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Model ∆ AIC w K Deviance 

1 S(j1, i=a1) p (s+a+e) + ψ (s) 0.00 0.60 11 459.34 

2 S(j1, i1, a1) p (s+a+e) + ψ (s) 1.75 0.26 12 458.95 

3 S(j3, i=a1) p (s+a+e) + ψ (s) 3.04 0.14 14 455.90 

4 S(j1, i=a1+season) p (s+a) + ψ (s) 11.34 0.00 16 459.82 

5 S(j2, i=a1) p (s+a) + ψ (s) 49.04 0.00 11 508.38 

6 S(constant) p (constant) ψ (constant)} 58.32 0.00 3 534.39 

7 S(j1, i=a1) p (g+a+season) ψ (s) 80.44 0.00 28 501.43 
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Figure 2.1. Age specific survival rates for hadedas in the Western Cape, South Africa, 

between 2006—2010. The dots and vertical lines are the estimates and confidence intervals 

for the top two models in the candidate model set (Models 1 and 2, Table 2.1). These 

estimates are from the CMR that analysed hadeda survival on a three month resolution, and 

have been converted to yearly survival. The open dots and dashed lines are estimates from 

model 1, which distinguished between 1 age class for juvenile survival, and one for 

immature and adult survival (Model 1, Table 2.1). The solid dots and lines are estimates 

from model 2, which distinguished between three age classes; juvenile, immature and adult 

survival, although was unable to estimate adult survival because of too few data (Model 2, 

Table 2.1). 
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Figure 2.2. Number of fledglings produced per pair per year in relation to nest-age for 

hadedas in the Western Cape, South Africa, between 2003—2010. The bubbles are the 

actual data points, and the sizes of the bubbles are proportional to the number of data 

points. The fitted line shows the best fitting relationship between the number of fledglings 

per pair per year and nest-age (structure 2; see Methods text for details). Nest age is a proxy 

for the age of the breeding pair. This is not the absolute age of the breeding pair, but rather 

inferred from the time since first known brood. The equation for this line is: logit (number of 

fledglings per year) = 0.37 + 0.42 ×(𝑥) + 0.74 × (𝑦), where the dummy variable 𝑥 = 1 for age 

class 2 (𝑦 is necessarily 0 here), and 𝑦 = 1 for age class 3 (𝑥 is necessarily 0 here), and 𝑥 = 𝑦 = 
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0 for age class 1. Both terms 𝑥 and 𝑦 were significant (𝑥: z = 4.43, p < 0.001, n = 276; 𝑦: z = 

3.79, p < 0.001, n = 276).  

 

Figure 2.3. (A) Number of broods produced per year and (B) the number of fledglings 

produced per brood in relation to nest-age for hadedas in the Western Cape, South Africa, 

between 2006—2010. The bubbles are the actual data points, and the sizes of the bubbles 

are proportional to the number of data points. The fitted lines show the best fitting 

relationship between nest-age and reproduction (structure 2; see Methods text for details). 

Nest age is a proxy for the age of the breeding pair. This is not the absolute age of the 

breeding pair, but rather inferred from the time since first known brood. The equation for 

this line in (A) is logit (number of broods per pair per year) =  0.09 + 0.26 × (𝑥) + 0.37 × (𝑦). 
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Only 𝑥 is significant (𝑥: z = 2.64,    p < 0.05; 𝑦: z = 1.53, p = 0.11). The equation of the line in 

(B) is logit (number of fledglings per brood) = 0.29 + 0.16 × (𝑦) + 0.35 × (𝑦). Both age terms 

were significant (𝑥: z = 1.69, p < 0.10; 𝑦: z = 1.98, p < 0.05). where the dummy variable 𝑥 = 1 

for age class 2 (𝑦 is necessarily 0 here), and 𝑦 = 1 for age class 3 (𝑥 is necessarily 0 here), and 

𝑥 = 𝑦 = 0 for age class 1 
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CHAPTER 3: Correlates of variation in demographic rates for an expanding 

population of hadedas on the edge of their range 

3.1 INTRODUCTION 

Climate is a critical component influencing the population ecology of species, because it 

affects the distribution, abundance, reproduction and dynamics of a population (Sæther et 

al., 1996; Hughes, 2000; Stenseth et al., 2002; Walther et al., 2002; Altwegg & Anderson, 

2009). One way in which climate clearly influences population dynamics is by affecting the 

demographic rates of populations. For example, survival is a key demographic that climate 

can affect, by directly killing individuals during periods of unfavourable conditions. Barbraud 

and Weimerskirch (2001) found that an abnormally long warm period that reduced sea ice 

cover caused a 50% decrease in population size of emperor penguins (Aptenodytes forsteri), 

by killing mostly adult males. Alternately, favourable conditions during breeding seasons can 

allow individuals to produce more young, that may survive better (Stenseth et al., 2002).  

Climate can also affect demographic rates indirectly, for example, by influencing the 

population dynamics of the food source of a species. MacLulich (1937) showed that the 

abundance of the Canadian lynx (Lynx Canadensis) closely followed the abundance of its 

main prey species, the snowshoe hare (Lepus americanus). On occasions where climate 

caused a decrease in snowshoe hare populations, there was a proportional decrease in 

Canadian lynx populations (Brand & Keith, 1979). 

However, the influence of climate on demographics is often not so obvious, because it does 

not affect all species in the same way (Adams et al. 2006), and age classes react to and are 

affected differently by climate (Liers et al., 1997). For example, Coulson et al. (2001) showed 

that for soay sheep in Scotland, the probability of survival in relation to the Northern 

Atlantic Oscillation differed by sex and age class. 

Such studies highlight the complex link between climate and demography. Demographic 

analyses are useful in gaining a reliable understanding of how rapid environmental changes 

affect species, such as global warming or human-modified landscapes. 
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Human-modified landscapes have greatly affected the world's biodiversity, mainly through 

habitat fragmentation and habitat loss (Kolar & Lodge, 2001; McGarigal & Cushman, 2002; 

Fischer & Lindenmayer, 2007). This has caused large range contractions and population 

decreases for numerous species, and is predicted to continue to do so in future, as humans 

are increasingly modifying landscapes around them (Forster et al., 2002; Parmesan & Yohe, 

2003; Fischer & Lindenmayer, 2007).  

Nonetheless, many species have profited from human-modified landscapes. For example, 

several species of dove and pigeon (family Columbidaeare) are present throughout cities 

and suburban gardens in high numbers. The Eurasian-collared dove (Streptopelia decaocto) 

is an example of a species adapting very well to human-modified landscapes. This species 

was restricted to Turkey and the Balkans in the early 1930s (Romagosa & Labisky, 2000). By 

1960 it had undergone a large range expansion, and had colonised most of Europe, mostly 

due to its ability to thrive alongside humans. By 1970 it had invaded the United States, 

escaping from captivity in the Bahamas and establishing a wild population in Florida, in 

which its range continues to expand (Romagosa & Labisky, 2000). 

Other species profiting from human-modified landscapes include insects (Thomas et al., 

2001), mammals (Ecke, 1954; Lurz et al., 2001) and trees (Rouget et al., 2001; Améztegui et 

al., 2010). The successful colonisation and range expansion may be a result of species 

quickly and successfully adapting to human-modified landscapes, a high reproductive 

capability and a strong dispersal tendency with no obvious constraints (Emlen, 1974; 

Badyaev & Martin, 2000; Skelly & Freidenburg, 2001). 

The urban environment can provide permanent refugia to species because it may buffer the 

harsh effects of climate, allowing species to persist in areas far outside of the range climate 

alone would allow (Emlen, 1974). Acting in parallel to land-use change is climate change, 

which is affecting a landscape that is currently being extensively modified by humans, and 

these modifications also cause species to shift their ranges (Parmesan & Yohe, 2003; 

Moorcroft et al., 2006; Staley et al., 2007; Jepsen et al., 2008). 

A first step towards understanding the relationship between a species and human-modified 

landscapes is to determine its success within a particular landscape. Thereafter, one needs 

to quantify how species respond to climate under these conditions. These relationships are 
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useful in predicting future range changes for successful species, conserving biodiversity that 

may already be threatened, or to gauge the relative impacts a successful invasive species 

may have on the local fauna and flora. Due to the extensive impact humans have on the 

environment throughout the world, it seems the ability of a species to thrive in a human-

modified landscape is critical to their success (Temple, 1992; Kolar & Lodge, 2001). 

One species that has profited from urbanisation is the hadeda ibis (Bostrychia hagedash, 

hereafter “hadeda”). In South Africa, hadedas were originally confined to the eastern, 

wetter parts of the country that received in excess of 1000 mm of rainfall mainly during the 

summer months (Macdonald et al., 1986; Vernon & Dean, 2005). During the 20th century, 

this species has progressively expanded southwards and westwards, increasing its range 

from 31 000km2 in 1910 to 1 300 00km2 in 1985 (Macdonald et al., 1986). By 1995 hadedas 

had reached parts of the west coast (Anderson, 1997c), and can now be found along the 

Orange River which forms the Namibian-South African border (see Fig. 1.1). 

Reasons for their range expansion include the planting of mostly alien trees, such as blue 

gums (Eucalyptus spp.) and pines (Pinus spp.), which provide roosting and nesting locations, 

as well as the artificial irrigation of fields and lawns, that create year-round foraging grounds 

(Macdonald et al., 1986; Duckworth et al., 2010). Hadedas are now common birds within 

urban areas throughout South Africa, and are frequently observed foraging on parks, 

gardens, open fields and sports fields. 

This chapter studied a population of hadedas on the edge of their expanding range, living in 

mostly human-modified landscapes (i.e. urban areas) in the Western Cape, South Africa. The 

objective of this study was to investigate potential causes of variation in demographic rates, 

as influenced by local climate, fine-scale spatial variation and breeding phenology.  

Hadedas’ original range was confined to areas in South Africa that receive in excess of 

1000 mm of rainfall per year (Macdonald et al., 1986; Kruger, 2004), suggesting that rainfall 

influences their survival. They forage for invertebrates directly beneath the soil surface and 

do so more efficiently at moderate soil moistures (0.7 cm3cm-3), whilst in areas of little soil 

moisture, for example < 0.2 cm3m-3, they would probably not persist (Duckworth et al., 

2010). They would therefore be absent from the drier areas of South Africa if their 

persistence depended entirely on rainfall.  
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In our core study area there is a steep rainfall gradient, going from in excess of 1000 mm per 

year on the slopes of Table Mountain, to 400 mm per year over the Cape Flats (Kruger, 

2004). If their survival in the Western Cape is mostly dependent on climate, one would 

expect to find a large level of spatial autocorrelation; nests in areas that receive more 

rainfall (i.e. the slopes of Table Mountain) would be more successful than those in areas of 

less rainfall (the Cape Flats). If hadedas persistence was maintained by human-modified 

landscapes, one would expect to find low spatial autocorrelation as the birds would take 

advantage of well irrigated fields randomly situated throughout the study area. 

3.2 METHODS 

ENVIRONMENTAL COVARIATES 

I analysed hadeda demographics in relation to climate. Three climate covariates (hereafter 

called covariates) were chosen that were hypothesised to influence the persistence of 

hadedas in the Western Cape: total rainfall, temperature (minimum, average and 

maximum), and wind speed (average and maximum), hence making up six covariate 

variables. 

Each covariate was chosen because of its hypothesised influence of hadeda demographics. 

Rainfall has been shown to influence hadedas' survival (Duckworth et al., 2010). Storm-

winds during the breeding season in the Western Cape reach high speeds of enough force to 

blow nestlings from their nests, and even to blow down entire branches of trees in which 

hadedas have constructed nests.  These high wind speeds have the potential to affect the 

reproduction of hadedas, as well as the survival of immature, adult and breeding birds. 

Temperature was chosen because hadedas are only absent from the hot and dry places of 

South Africa (Harrison et al., 1997; Duckworth et al., 2010), and therefore, the hot, dry 

summers experienced in the Western Cape (Kruger 2004) may affect their survival. 

These data were provided by the South African Weather Service and were available from 

2006—2010 on a daily resolution. Therefore, even though data on breeding productivity 

starting from 2003 was available, productivity in relation to climate was analysed from 

2006—2010 
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SURVIVAL 

To examine the effect of the climatic variables on survival, each covariate variable was 

added to the best CMR model from Chapter 2 (Model 2, Table 2.1) in program MARK (5.0). 

Birds were first ringed in 2006, and therefore, used all available ringing data in the analysis. 

This model distinguished between three life stages; juvenile (0—12 months), and pooled 

immature (12—24 months) and adults (24+ months). Annual survival for juveniles was 

estimated to be 0.16 (95% confidence interval: 0.10—0.24), and for immature and adult 

birds was 0.78 (0.30—0.96). There were not enough data to calculate adult survival 

separately, but because this population is growing, it was estimated to be 0.90, given the 

observed values for the remaining fitness components and assuming the population model 

developed in Chapter 2 to be correct. 

The CMR survival model worked on a three month time period, which was the highest 

resolution the survival data would allow. The climatic variables needed to be on a 

synchronous scale; they were averaged over three month periods, except for rainfall and 

wind, for which the total and maximum values were used over the respective time interval. 

Since this data was available on a three month time period as opposed to, for example, 

yearly, it allowed the analysis of survival in relation to climate to be in great detail. 

The amount of temporal variation in survival explained by the covariates was calculated by 

using analysis of deviance (Skalski et al., 1993): 

Explained variation =  
Dev (constant model)− Dev (covariate model)

Dev (constant model)− Dev (time dependent model)
 

where Dev stands for the deviance of the model. 

REPRODUCTION 

Data 

Hadeda breeding data was collated from 2003 until 2010 in the Western Cape of South 

Africa. Nests were monitored by either project team members or by individuals from the 

network of project volunteers, because many hadedas constructed nests in the gardens of 

peoples’ homes, and they reliably noted the breeding outcome. Nests with at least one egg 

eqn.  3.1 
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were considered to be active, and nests were monitored through short visits roughly every 

3–5 days until the nest became inactive (successful, unsuccessful, or abandoned). A nest 

was considered to be successful if it raised at least one fledgling, and nests for which the 

outcome was uncertain were not included. 

As of June 2010, 203 nests had been observed, making up 411 broods. To supplement this 

data set, nest record cards (NERCs) were used. These cards were compiled by volunteers 

who monitored hadeda nests throughout South Africa and the southern parts of Zimbabwe, 

and were submitted to a database curated by the Animal Demography Unit at the University 

of Cape Town (UCT). These cards date back to 1940 and extend up until 1994; 50% of the 

data were collected after 1972. Only NERCs that stated that nestlings had fledged, or made 

a statement about large chicks, in which case I assumed they soon fledged, were used. In 

total the NERCs made up 81 broods. 

Random effects 

Generalized linear models (GLMs) were used to analyse the reproduction data. Nestlings 

from a particular brood may share the same fate, and some nests contributed several 

broods to my database. This potentially violates the assumption of independence required 

by standard generalized linear models (GLMs). To account for this non-independence, 

“Brood” nested with “Nest” was considered as a random factor, and implemented in 

function lmer of package “lme4” (Bates & Maechler, 2010) in program R v. 2.11.1 (R 

development Core Team, 2010). However, it turned out that there was not enough 

replication to reliably estimate these random effect as 10% of the broods only produced one 

nestling and 60% of the nests only produced one brood. Overall, non-independence was 

therefore not a big issue with this dataset and I decided to use standard GLMs. 

Number of fledglings produced in relation to climate 

Modelling the number of fledglings per brood was done using a GLM with a Poisson 

distribution and a log link function. The environmental conditions during the period over 

which the nestlings were nest-bound were considered as potentially affecting fledging 

success. In many cases, the exact dates of hatching, fledging or death were recorded, 

because many nests were constructed in peoples’ gardens and observed regularly. In cases 
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where such information was not available, it was assumed that the nestlings were nest-

bound for the average period of time (28 days, Vernon & Dean, 2005) if they fledged. If a 

nestling died and was not immediately found, the length of time for which it was dead was 

roughly estimated by its state of decay, assessed visually. Therefore, it was possible to add 

covariates over the period for which all the nestlings were nest-bound. 

Other covariates that were hypothesised to strongly influence reproduction were the 

breeding age experience, and season. Chapter 2 discovered a breeding-age experience 

effect for hadedas; more experienced hadeda pairs were able to raise more nestlings per 

year than less experienced ones (Fig. 2.2). This effect is active up until the pair has been 

breeding for about six years. The best fitting age structure constraining reproduction 

distinguished between three age classes. Hadeda pairs of age class 1 (their first attempt at 

breeding) raised on average 1.45 nestlings per year, pairs of age class 2 (2nd, 3rd and 4th 

year of breeding) raised on average 2.20 nestlings per year, and pairs of age class 3 

(breeding for the 5th + year) raised 3.03 nestlings per year (Fig. 2.2). 

I defined four seasons: spring was August to October; summer, November to January; 

autumn, February to April; and winter, May to July. Preliminary inspection of season showed 

that most of the observations fell during spring (236 observations), winter (100 

observations) and summer (90 observations). Autumn had 19 observations. 

Preliminary results from models that included autumn as a season were spurious; estimates 

would often be 0 with very wide confidence intervals. This is characteristic of fitting models 

with too few data, which prompted the decision to pool observations from autumn and 

winter.  However, the mean total rainfall over the nest-bound period for autumn was 21.17 

mm, whilst for winter it was 204.54 mm. Due to the large difference between these 

numbers, and since my initial hypothesis that the amount of rainfall is important in hadeda 

population ecology, it was decided to omit the 19 autumn observations from the analyses 

rather than pool them with winter. The analyses therefore included the remaining three 

seasons. 
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Fledging in relation to nestling rank 

Variation in fledging probability was examined in relation to nestling rank. Nestlings were 

ranked according to their weight, with the heaviest bird ranked first.  Weight was used as a 

proxy for hatching order as it was assumed that first-borns weighed more than their later 

hatching siblings. At any given time, the last-born nestling should be lighter and smaller than 

its sibling(s), because the process that governs the difference in size is maintained 

throughout the nestling stage. Birds were between two to four weeks old at the time of 

weighing. Nestling mortality was analysed in relation to nestling-rank using a regression 

with a binomial distribution and a logistic link function. 

BREEDING PHENOLOGY 

Breeding phenology of hadedas, specifically the timing of birds fledging, was analysed in two 

separate analyses. In these analyses, nests in which birds fledged successfully are referred 

to as “fledged nests”.  

For the first analysis, the timing of fledged nests within the Western Cape was explored in 

relation to rainfall, using data collected from this study. The second analyses examined the 

timing of fledged nests for hadeda nests throughout South Africa, by making use of the 

NERCs as well as the data collected in this study. 

The first analyses aggregated the number of fledglings per month, and averaged the total 

rainfall per month over the period 2006—2010. The number of fledged nests per month was 

analysed in relation to total monthly rainfall by fitting trigonometric curves. This allowed the 

determination of the annual peak in rainfall and fledged nests. 

NERCs used in the second analyses represented breeding data from eight provinces. These 

were categorised depending on the main rainy season for each province: winter (Western 

Cape), summer (Gauteng, Mpumalanga, Limpopo, Free State and Zimbabwe), or year-round 

(Eastern Cape, Northern Cape and KwaZulu-Natal). The number of active nests was 

aggregated per month, as with the first analyses. The peak in fledged nests for each rainfall 

region was again examined using trigonometric curves. 
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Trigonometric curves were fitted with a linear model with a Poisson distribution, in the 

form: 

predicted value per month   =  sin  ( 2 ×  𝜋 × (
𝑥

12
) ) + cos  ( 2 ×  𝜋 × (

𝑥

12
 ) ) 

where 𝑥 is either fledged nests aggregated per month or rainfall data averaged per month. 

Once fitted, a spline interpolation smoother was used to smooth the curve. 

In the second analysis there was unfortunately few data contained in the NERCs for summer 

and year-round rainfall regions. Winter rainfall areas totalled 289 observations (including 

data from this project), summer rainfall areas had 29 observations, and year-round rainfall 

areas had 28. Observations for summer rainfall data spanned over 12 months, whereas 

year-round rainfall areas spanned only 5 months. For this reason, year-round rainfall was 

omitted from the second analysis. Because of the large difference in sample size between 

winter and summer rainfall areas (n = 289 and 29 respectively) the proportion of total 

observations per month (
Month𝑖

∑Month𝑖
) was used for each area, rather than counts. This ensured 

that data from both areas were constrained sum up to one, and were comparable. 

SPATIAL CORRELATION 

Hadeda reproductive data collected during this study were analysed spatially to asses if 

there was any spatial correlation between nests. As a result of the breeding-age experience 

effect, a pair that appears to be constantly producing more nestlings than other pairs may 

just be older than other pairs. To account for this, a regression with a Poisson distribution 

that predicted the number of fledglings as function of the best age structure constraining 

reproduction was run (structure 2; see Chapter 2 methods and Fig. 2.2).  The residuals from 

this model were used to assess spatial correlation by means of a variogram, using package 

"gstat" (Pebesma 2004). They were also used to statistically test for spatial autocorrelation 

using Moran’s I test (Moran, 1950), implemented in package “ape” (Paradis et al., 2004). 

Four nests lay far outside of this area and were omitted from the analysis. 

All calculations and model fitting were performed in R, v. 2.11.1 (R Development Core Team, 

2010). To assess the significance of models, function “Anova” from the package “car” (Fox & 

eqn.  3.2 
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Weisberg, 2010) was used, which calculates type II sums of squares, and uses a Wald Chi-

square test to assess significance. 

RESULTS 

SURVIVAL 

A constant model was better supported than any model with covariates (Table 3.1). Analysis 

of deviance suggested that none of the single or combination of covariates significantly 

influenced hadeda survival (Table 3.1). Model 8 (Average temperature + total rainfall + 

average temperature) explained the most total deviance, 9.48%, but this was not significant 

(F-value = 0.42, p > 0.1: Table 3.1). Of the single covariates, average wind speed explained 

the most total deviance (4.95%), followed by minimum temperature (4.61%). The rest of the 

single covariates each explained less than 3% of the total deviance. 

REPRODUCTION 

40.2% of broods in this study experienced some sort of failure; defined as 1, 2, 3 nestlings 

failing to fledge. Of this, 14.9% of nests were confirmed to fail due to predation, 26.2% 

failed due to storms, 18.4% failed as nestlings fell out of their nests, and 40.5% failed for 

unknown reasons. 

Number of fledglings in relation to climate 

All models that were at least 2.0 AIC units lower than the AIC of the null model (which fitted 

only an intercept with a Poisson distribution) are shown in table 3.2. Except for maximum 

wind, all models with a single covariate were well supported. The top two models both 

included rainfall and differed by 0.63 AIC units. Total rainfall (Model 1, Table 3.2) was the 

best supported model, followed closely by Total rainfall + season (Model 2, Table 3.2). 

Model 1 was 1.9 times better supported than model 2, and more than four times better 

supported than model 3 according to evidence ratios based on Akaike weights.  

The number of fledglings increased with the amount of rainfall over the nest-bound period 

(Fig. 3.1). Model 1 predicts that at small rainfall values over the nest-bound period, pairs will 
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raise on average just 1.17 nestlings per brood. Comparatively, at high rainfall values they are 

predicted to raise 2.14 nestlings per brood. 

Fledging in relation to nestling rank 

The probability of fledging significantly decreased with nestling-rank (Fig. 3.2, χ2= 10.46, df = 

2, p < 0.01). This model predicted that nestlings that were ranked 1 (the heaviest birds) had 

the highest fledging probability, estimated to be 96.5%, those ranked 2 had a 86.7% 

probability, and those of rank 3 have the lowest, at 78.3%. 

The probability of fledging for each nestling rank was analysed in relation to rainfall, 

because it was the covariate that best constrained reproduction (Table 3.1). The probability 

of fledging increased for all nestling ranks with an increase in rainfall over the nest-bound 

period (Fig 3.3). This was most pronounced for nestlings of rank 3. According to this model, 

at small rainfall values over the nest-bound period, such as 0 mm, nestling rank 1 had a 

substantially higher probability of fledging at 95%, compared to rank 2 at 75% and rank 3 at 

66%. At high rainfall values, such as 500 mm, the probability of fledging is high, and the 

estimates are very similar; 99%, 96% and 95% for each of the three ranks respectively. 

However, rainfall seldom totals 500 mm over the nest-bound period; the maximum over the 

study period was 507.4 mm, but the average was 152.8 mm. Using the average value, this 

model predicts rank 1 to have a 97% probability of fledging, rank 2 86%, and rank 3 80%. 

BREEDING PHENOLOGY 

Trigonometric curves fitted to the rainfall and breeding data provided a good fit, and 

allowed the determination of the location of the peaks and troughs in breeding activity and 

rainfall (Figs 3.4 and 3.5; see figure legends for model specifications). The rainfall cycle 

captures the seasonality of the winter rainfall area, to which the Western Cape belongs, 

well. The number of fledged nests per month was also well captured by trigonometric 

curves, as there appears to be distinct seasonality in breeding (Fig. 3.4). The cyclic trend in 

number of fledged nests is interesting because its peak is close to that of the rainfall peak. 

The model used to plot Fig. 3.4 predicted the peak rainfall to be during July, at 90.52 mm, 

whereas the peak number of fledged nests was in September (57.6 nests). The lag between 

the peaks of the two curves was therefore two months. Given that these birds incubate for 
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21 days and take about 30 days from hatching to fledging, the delay between nest building 

and rainfall was only a few days. 

The number of fledged nests per month in summer and winter rainfall regimes was also well 

captured by trigonometric curves (Fig. 3.5; see figure legend for details). It was possible to 

fit separate phenology curves for fledged nests from summer and winter rainfall areas. The 

peak of the proportion of active nests for the summer rainfall curve was during December (a 

proportion of 0.22), whereas the winter rainfall curve was low at this time (proportion of 

0.06). Conversely, winter rainfall nests had the highest proportion of active nests during 

September (0.21), where proportion of total summer nests was low (0.07). 

SPATIAL CORRELATION 

Nests were analysed spatially to determine any spatial correlation over the study area. This 

was achieved with a variogram and Moran’s I test (Moran, 1950), using residuals from the 

model predicting the number of fledglings as function of the best age structure constraining 

reproduction (structure 2; see Chapter 2 methods and Fig. 2.3), with Poisson distribution.  

These results show no evidence for spatial autocorrelation over the study area (Fig. 3.6; 

Moran’s I test p = 0.61). The line shown in Fig. 3.6 is the best fitted least squares line 

through the data points, produced by the variogram, and is entirely horizontal. A 45° line 

running through the origin of the plot's axes would indicate strong spatial autocorrelation 

for the distance measured along the x-axis, up until the point where the line reaches a 

plateau and remains horizontal, at which there is no spatial autocorrelation (Zuur et al., 

2009). 

When the residuals used in the variogram were plotted spatially it appeared that there was 

slight spatial autocorrelation for the nests within the core study area (Fig. 3.7). Residuals 

from nests within this area were more positive than negative, indicating that nests were 

more successful in this area, but this was not significant (Moran’s I test p = 0.20). Outside 

this area there was no spatial autocorrelation (Fig. 3.7). 
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3.4 DISCUSSION 

This chapter examined the potential sources of variation in fitness components for hadedas 

living in mostly urban areas in the Western Cape, South Africa. This was done by assessing 

how the demographic rates were affected by local climate, fine-scale spatial variation and 

breeding phenology, over the period 2006—2010. Overall, it was found that none of the 

measured covariates significantly affected survival, but that rainfall was most influential on 

reproduction. The number of fledglings per brood and the probability of fledging for each 

nestling rank both increased with rainfall. Rainfall triggered the onset of breeding, and 

hadedas were able to adjust their breeding phenology to suit the rainfall regime of the area 

into which they expanded. There was no evidence of spatial autocorrelation, although there 

was a higher level of spatial autocorrelation within the core study area compared to the 

entire study area. 

SURVIVAL 

Temporal variation in hadeda survival was examined in relation to the local climatic 

variables rainfall, wind speed and temperature over the period 2006—2010. The influence 

of climate was examined on a fine temporal scale because the best CMR model (Model 2, 

Table 2.1), to which covariates were added, worked on a three month time scale. This 

allowed short term climate fluctuations to be captured by the models that otherwise would 

have been averaged. This analysis was based on four years of ringing data and, since all 

birds were ringed as nestling, focused on younger birds that could be more vulnerable to 

short term climate fluctuations. 

Three covariates were chosen because of their hypothesised importance to hadeda survival. 

Rainfall: this is strongly linked to hadedas' survival, and they cannot persist in areas of low 

(<0.2 cm3cm-3) soil moisture (Duckworth et al., 2010). Wind speed: High winds are 

associated with rainfall in the Western Cape. These winds are strong enough to uproot 

trees, and have the potential to affect hadedas' survival. Temperature: hadedas are absent 

from dry, hot areas of South Africa and therefore the Western Cape’s hot, dry summers 

(Kruger 2004) may affect hadedas’ survival. 
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None of the weather covariates examined explained an appreciable amount of variation in 

survival (Table 3.1). This implies that the survival of hadedas is not influenced by the local 

weather in the Western Cape to a degree that was not detectable with these data. This is 

somewhat surprising because hadedas depend on invertebrates that live directly beneath 

the surface (Macdonald et al., 1986; Vernon & Dean, 2005; Duckworth et al., 2010), the 

abundance of which is generally positively correlated to rainfall (El-Duweini & Ghabbour, 

1965) which would be naturally affected by rainfall. Hadedas are absent from the driest 

areas of South Africa (Harrison et al., 1997), presumably due to a lack of sub-surface 

invertebrates that are a result of little rainfall. One would therefore expect periods of low 

rainfall within the Western Cape to affect (i.e. reduce) hadeda survival.  

It appears that hadedas are able to persist in the Western Cape because of human activities. 

Human activities have converted the indigenous fynbos vegetation (unsuitable for hadeda 

foraging) into gardens, lawns, sports fields and parks. These are irrigated year-round, and 

provide hadedas with moist foraging areas upon which they can constantly forage, 

supplementing their food supply, and contributing to their persistence within the Western 

Cape.  

The average annual rainfall in the Western Cape is considerably less than in the eastern 

parts of the country (Western Cape annual average: 500 mm per year; Eastern Cape yearly 

average; 1000 mm per year; Kruger 2004). Only the slopes of Table Mountain receive 

analogous amounts of rainfall (>1000 mm per year; Kruger 2004). If dependent entirely on 

rainfall to moisten soils, hadedas would most probably not persist throughout the Western 

Cape, because this entire area does not receive enough rainfall. By modifying to 

environment, humans have created good foraging conditions for hadedas. In doing so, the 

urban environment has buffered the effects of climate on the survival of hadedas, and is a 

crucial factor responsible for their persistence within the Western Cape. 

REPRODUCTION 

Number of Fledglings in relation to climate 

The number of fledglings was positively related to rainfall. This result fits in well with earlier 

studies which make the observation that the occurrence of hadedas is related to rainfall 
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(Macdonald et al., 1986; Vernon & Dean, 2005) and that soil moisture is important for 

hadeda survival (Duckworth et al., 2010). 

At low rainfall values over the nest-bound period, hadeda pairs are predicted to raise fewer 

fledglings than at high rainfall values. The number of complete nest failures (i.e. zero 

fledglings raised) was fewer at high rainfall values (between 400—500 mm) than at low ones 

(0 mm—100 mm). This implies that rainfall mediates some mechanism that increases 

reproductive output.  

Duckworth et al. (2010) showed that hadedas forage optimally on soils of moisture around 

0.7 cm3 cm-3. Soil moisture (as affected by rainfall or artificially irrigated lawns) may affect 

reproduction through foraging efficiency; theory predicts that where individuals can forage 

optimally, they are more likely to achieve their full reproductive potential, in the absence of 

other restricting factors (Lack 1968).  

It is possible that the majority of fields on which hadedas usually forage in the Western Cape 

(artificially irrigated lawns) may be of sufficient moisture to persist, but not of optimal 

moisture to realise maximum reproductive output. For example, during periods of small 

rainfall amounts over the nest-bound period, pairs are predicted to raise only 1.17 nestlings 

per brood. Presumably they are foraging on lawns that are mostly irrigated artificially. 

Comparatively, during periods of high rainfall amounts over the nest-bound period pairs are 

predicted to raise 2.14 nestlings per brood.  

The additive affect of artificial irrigation and rainfall may increase the soil moisture to 

optimal foraging conditions, thereby increasing their reproductive output. In support, 

hadedas’ main prey in this area, earthworms, are forced to the surface at high rainfalls 

because they are starved of oxygen as water enters their burrows. During such events they 

are easier to prey upon (Duckworth et al., 2010), increasing the foraging efficiency of 

hadedas.  Therefore, rainfall allows for a higher reproductive output by improving foraging 

conditions, possibly to optimal conditions. However, since hadeda pairs are predicted to 

raise 1.17 nestlings per brood at low rainfall values, it is important for the persistence of 

hadedas that fields are kept moist by artificial watering year-round so that they may forage 

on them during periods of low rainfall. 



64 
 

An alternative explanation for the positive relationship between rain and number of 

fledglings produced is reduced predation under high rainfall values. Climate can alter the 

dynamics of predator prey relationships (Chalcraft & Andrews, 1999; Morrison & Bolger, 

2002; Bolger et al., 2005). Rainfall negatively impacts the hunting success of raptors, by 

impairing sight and flight ability (Brown, 1977; Rubolini et al., 2003). It is possible that during 

periods of rainfall, raptors and crows (85% of nest predations were by crows) are less active, 

or less efficient at hunting. The consequential reduction in predation of hadeda chicks 

allows for a higher reproductive output. 

At present, this explanation is speculative due to a lack of data. Testing this theory would 

require constant monitoring of nests, which is difficult to do and time consuming. A more 

efficient means of monitoring nests is to erect cameras within nests. This has been used 

successfully by other studies (Picman & Schriml, 1994; Hernandez et al., 1997; Renfrew & 

Ribic, 2003), and would shed light on predatory patterns through time and between 

seasons. 

Fledging in relation to nestling rank 

Results from the nestling rank analysis suggest that there is a nestling rank effects (see Fig. 

3.2), which supports my original hypothesis that the first born nestling had the highest 

probability of fledging. However, even third born nestlings still had a high fledging 

probability.  The high fledgling success for all nestling ranks is a major contributor to their 

population growth and range expansion within the Western Cape. 

Rainfall significantly affected the nestling rank effect, and a high amount of rainfall over the 

nest-bound period was paramount in raising three nestlings per brood (Fig 3.3). This result 

reinforces my hypothesis that rainfall is an important factor to the persistence, and realising 

maximum reproductive output for hadedas. 

Hatching asynchrony is common for many birds (Howe, 1976; Clark & Wilson, 1981; Mead & 

Morton, 1985; Price, 1985), and has been reported in other ibis species (del Hoyo & 

Matheu, 1992). Two major hypotheses explaining hatching asynchrony have been offered 

(Clark & Wilson 1981); the brood-reduction hypothesis (Lack, 1954), and the predation 

hypothesis (Hussell, 1972). 
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The brood-reduction hypothesis essentially states that by hatching asynchronously, parents 

can rely on the nestlings to compete between themselves for food. In conditions where food 

is limiting, this process is effective in reducing the number of nestlings that can be reared. 

When food isn't limiting there should be minimal nestling competition, producing a higher 

number of fledglings (Lack, 1954).The predation hypothesis explaining hatching asynchrony 

is applicable for nests that are frequently under predation; by incubating sooner parents 

give the first hatched nestlings a higher chance of fledging, in relation to the latter hatched 

nestlings, as predators would most often favour the smaller, latter hatched nestling (Hussell, 

1972). 

Either of these mechanisms may be the primary driver behind the observations of 1) 

hatching asynchrony and 2) the relationship between increasing rainfall and the diminishing 

nestling rank effect in this study. Unfortunately, data from this study do not allow for 

definitive support of one theory over the other, and collecting such data would be difficult 

and time consuming. Once more, erecting nest cameras may be a plausible alternative to 

personally monitoring nests and allow a distinction between these two hypotheses.  

BREEDING PHENOLOGY 

Hadeda breeding was triggered by rainfall, as was expected. Species often begin breeding in 

response to an environmental cue, for example temperature (Aleksiuk & Gregory, 1974), 

photoperiod (Breed & Clark, 1970; McAllan & Dickman, 1986) and rainfall (Altwegg & 

Anderson, 2009; Monadjen & Mamford, 2009). To ensure reproductive success individuals 

should time the birth of their offspring with the maximum food availability in the 

environment. Given that hadedas feed optimally on moist soils (Duckworth et al., 2010), 

rainfall was expected to trigger breeding, as it does for other ibises (del Hoyo & Matheu, 

1992). These results show that hadedas begin to lay their eggs only a few days after the first 

rainfall of the season. 

Although there is clear seasonality in breeding, active nests can be found at any time of the 

year. This differs from traditional views on reproduction, especially those from the Northern 

hemisphere, in which the breeding season is a distinct, short period each year (Lack, 1968; 

Crews & Moore, 1986). Active nests outside of the breeding season are most probably pairs 

that have either laid in response to light rains during the summer months, or, have taken 
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advantage of lawns that are being artificially irrigated year-round. In either case, food does 

not appear to be limiting reproduction and pairs are able to gain enough food from 

artificially irrigated fields to raise their young successfully. The ability to lay year-round may 

explain their successful adaptation to different rainfall regimes, which would have been 

important in their expansion into the Western Cape.  

Hadedas are originally from areas that receive most of their rainfall during the summer 

months. In these areas summer is also the core breeding season (Macdonald et al., 1986; 

Vernon & Dean, 2005). In the Western Cape, they breed mainly during the wet winter 

months. My data allowed a separate curve to be fitted for each rainfall area; therefore, 

hadedas were able to adjust their breeding phenology to suit the rainfall regime of the area 

into which they expand, in the case of the Western Cape, winter rainfall areas (see Fig. 3.5). 

Since rainfall significantly increases their reproductive output, this adjustment is a crucial 

aspect to their success in novel areas, and hence in their range expansion. 

The ability of a species to adjust to novel environments or to rapidly changing environments 

(either from climate-change, or modifications by humans) puts them at an advantage over 

those species that cannot (Temple, 1992; Kolar & Lodge, 2001; van der Jeugd et al., 2009). 

For example, the barnacle goose (Branta leucopsis) has recently expanded its breeding 

range from temperate seas to Arctic seas (van der Jeugd et al., 2009). During the breeding 

season in its Arctic population, this bird was able to shift its breeding phenology forward to 

match the peak in food availability, which has allowed it to persist in novel areas. 

Similarly, the house finch (Carpodacus mexicanus) is more prone to range shifts than other 

species, because it is highly adaptable to novel environments (Badyaev & Martin, 2000). In 

contrast, recent research (McLaughlin et al., 2002; Both et al., 2006) has shown species that 

are unable to adjust to changing climates face population declines or even extinction 

(Thomas et al., 2004; Møller et al., 2008).  

Hadedas appear to be an adaptable species; they have adjusted their breeding phenology, 

as well as to human-modified landscapes, which has accounted for success throughout 

South Africa. 
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SPATIAL CORRELATION 

No evidence of spatial correlation was detected for nests throughout the entire study site, 

although there was more spatial autocorrelation within the core study area that within the 

entire study area. 

The core study area was comprised of the slopes of Table Mountain, and most of the nests 

in this area were successful (as denoted by the positive residuals in Fig. 3.7). This region 

receives, on average, in excess of 1000 mm of rainfall per year (Kruger, 2004). Slight 

evidence of small-scale spatial autocorrelation in this region fits in well with other results of 

this chapter, which show that rainfall significantly affects reproduction. Other studies have 

also found small-scale spatial heterogeneity in demographic rates, mostly as a result of 

variation in food quantity or quality (Coulson et al., 1999; Pettorelli et al., 2005). This 

mechanism may be in effect in this study population, because more food is provided by the 

wetter areas, in which hadeda nests are more successful. This finding supports the 

hypothesis that breeding is more successful in wetter areas than in other areas. 

Rainfall varied throughout the study area. The slopes of Table Mountain receive the most 

rainfall, while the rest of the area receives, on average, around 500 mm per year (Kruger 

2004). Since hadedas are more reproductively successful in wetter areas, there should a 

gradient of nesting success over the entire study area, from high reproduction in the wet 

areas, to low reproduction in the less wet areas. However, the variogram and spatial tests 

results did not show this, and no spatial autocorrelation was detected across the entire 

study area. 

What is most likely overriding the gradient of nesting success is urban development, which 

is buffering the effects of climate, as has been observed for other bird species (Emlen, 

1974). Human-modified landscapes have created good foraging grounds on areas that 

would otherwise be unsuitable habitat. This has allowed hadedas to profit in areas that they 

otherwise would not visit.  
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3.5 FIGURES AND TABLES 

Table 3.1. Proportion of temporal variance in hadeda survival explained by wind, 

temperature and rainfall by means of an analysis of deviance (anodev; Skalski et al., 1993), 

within the Western Cape, South Africa, between 2006—2010. Each covariate was added to 

the best Capture-Mark-Recapture (CMR) model, calculated from Chapter 2, and its 

proportion of total deviance explained with an analysis of deviance (anodev). The best CMR 

model differentiates between three age classes for survival, resighting rate is dependent on 

stratum and age, and movement is constrained between the core and peripheral study area. 

See Chapter 2 methods and results text for more detail on this model's specifics. Since the 

best supported CMR model from Chapter 2 was constant through time, I used this as my 

baseline for the anodev, and it is depicted by model 1. Model 9 shows the fully time 

dependent model. % total variance is the percentage of total model variance explained by a 

particular covariate. Model fit was assessed by Akaike’s Information Criterion (AIC); a lower 

value indicates a better fit. ∆ AIC is the difference in AIC between each model. w is the 

Akaike Weight and assesses the support that a given model has from the data relative to the 

other models in the set. F values and p values were calculated using an analysis of deviance. 

 
Covariate ∆ AIC w df deviance 

% total 
deviance 

f stat p 

1 Constant model 0 0.25 11 459.45 
   

2 Avg wind 0.89 0.19 24 458.17 4.95 0.73 0.41 

3 Max wind 0.98 0.15 24 458.27 4.61 0.68 0.42 

4 Min temp 1.44 0.11 24 458.73 2.80 0.40 0.54 

5 Avg temp 1.77 0.10 24 459.06 1.51 0.21 0.65 

6 Max temp 1.89 0.09 24 459.19 1.00 0.14 0.71 

7 Tot rainfall 2.11 0.09 24 459.40 0.17 0.02 0.88 

8 Avg temp + tot rain + avg wind 4.07 0.03 22 457.03 9.48 0.42 0.74 

9 Time dependent model 8.19 0 26 434.00 
   

   
∑ = 1 
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Table 3.2. Model selection for the reproduction of hadedas in the Western Cape, South 

Africa, between 2006—2010. The number of fledglings was modelled as a function of 

individual covariates using Poisson distribution. Models shown are those that are at least 2 

AIC units lower than a model fitted with only an intercept with Poisson distribution (the null 

model).  Model fit was assessed by Akaike’s Information Criterion (AIC); a lower value 

indicates a better fit. ∆ AIC is the difference in AIC between each model and the model with 

the lowest AIC. w is the Akaike Weight and assesses the support that a given model has 

from the data relative to the other models in the set. Model 1 has 1.9 times the support 

than model 2, and over four times that of model 3. 

 

Covariate K Deviance ∆ AIC w 

1 Total rainfall 2 227.68 0.00 0.42 

2 Total rainfall + season 4 224.31 0.63 0.22 

3 Min temp 2 229.12 1.45 0.10 

4 Avg wind 2 229.27 1.60 0.08 

5 Max temp 2 229.53 1.85 0.07 

6 Avg temp 2 229.67 1.99 0.06 

7 Total rainfall + age + season 6 222.22 2.54 0.03 

8 Total rainfall * season 6 222.73 3.05 0.02 

9 Intercept 1 229.67 4.26 0.00 

     

∑ = 1 
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Figure 3.1. Number of successful hadeda fledglings in relation to total rainfall (mm) over the 

period during which nestlings are nest-bound, for hadedas in the Western Cape, South 

Africa, between 2006—2010. The black line is the estimate of the best supported model 

(Table 3.2, Model 1), where the number of fledglings is dependent on rain. This line is given 

by the equation: log (number of fledglings) = 0.16 + 0.001 × total rainfall (mm). The rainfall 

term was significant (χ2= 6.26, df = 1, p = 0.01).  Black squares represent observed data 

points, with scatter in order to show points that would otherwise overlay each other. 
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Figure 3.2.  Probability of hadeda nestlings fledging from the same brood given their rank, in 

the Western Cape, South Africa, between 2006—2010. Nestlings were ranked within a 

brood according to their weight, with the heaviest bird assigned rank 1. The bubbles are the 

model estimates from the model: logit (probability of fledging) = 3.31 – 1.43 × (𝑥) – 2.03 × 

(𝑦), where the dummy variable 𝑥 = 1 for rank 2 (𝑦 is necessarily 0 here), and 𝑦 = 1 for rank 3 

(𝑥 is necessarily 0 here), and 𝑥 = 𝑦 = 0 for rank 1. See Results text for significance test. The 

sizes of the bubbles are the sample size of the actual data for each nestling rank. The line is 

a trend line estimate from the model: logit (probability of fledging) = 3.952 – 0.918 *nestling 

rank. 
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Figure 3.3. Probability of hadedas fledging in relation to total rainfall (mm) over the nest-

bound period for each nestling rank within the Western Cape, South Africa, between 2006—

2010. The solid line represents nestlings of rank 1, the dashed line of rank 2, and the dotted 

line rank 3. Nestlings were ranked within a brood according to their weight, with the 

heaviest bird assigned rank 1. This model is given by : logit (probability of fledging) = : 2.95 – 

1.83 × (𝑥) – 2.27 × (𝑦) + 0.005 × rainfall, where the dummy variable 𝑥 = 1 for rank 2 (𝑦 is 

necessarily 0 here), and 𝑦 = 1 for rank 3 (𝑥 is necessarily 0 here), and 𝑥 = 𝑦 = 0 for rank 1. 

Both nestling rank and total rainfall were significant in this model (nestling rank:  χ2= 11.80, 

df = 2, p < 0.01; total rainfall:  χ2= 3.21, df = 1, p = 0.05). 
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Figure 3.4. Number of nests in which the nestlings successfully fledged, aggregated per 

month, for hadedas and total rainfall averaged per month within the Western Cape, South 

Africa, between 2006—2010, as fitted by trigonometric curves. The lines are the model 

predictions and the open dots are the actual data (solid line and dots: monthly number of 

fledged nests; dotted line and open dots: rainfall). For rainfall, both the sin and cos terms 

were significant (sin: χ2 = 10.29 df = 1, p < 0.01; cos: χ2 = 29.82, df = 1, p < 0.001), whilst only 

the sin term was significant for number of nests (sin: χ2 = 182.29, df = 1, p < 0.001; cos: χ2 = 

1.07, df = 1, p  > 0.1 ). 
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Figure 3.5. The proportion of total nests, from which hadeda nestlings fledged, per month 

from two different rainfall regimes (summer: dashed line, winter: solid line) within the 

Western Cape, South Africa as fitted by trigonometric curves. Data on nests from summer 

rainfall areas dates back to 1940 until 1994. Winter rainfall areas also used this data, and 

added to it data collect from the present study over the period 2006—2010. Proportion of 

nests per month from winter rainfall seasons were significantly seasonal( χ2 = 182.29 df = 1, 

p < 0.001; cos: χ2 = 1.074, df = 1, p < 0.1 ), as were they for summer rainfall nests (sin: χ2 = 

141.12, df = 1, p < 0.001; cos: χ2 = 3.327, df = 2, p < 0.01). 
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Figure 3.6. Plot of variogram results analysing spatial autocorrelation of hadeda nests within 

the entire study region within the Western Cape, South Africa, over the period 2003—2010. 

The points are taken from the variogram analysis, to which the best fitting line was added. 
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Figure 3.7. Spatial plot of residuals from the model: number of fledglings per year 

dependent on nest-age (see Chapter 2 methods text for more information on this structure) 

between 2003—2010, for hadeda nests within the Western Cape, South Africa. Grey dots 

are positive residuals and black dots are negative. The sizes of the bubbles are proportional 

to the magnitude of the residual. Except for four extreme outlying nests, all nests within the 

project are plotted here. The overlaying oval shape outlines the core study area. 
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CHAPTER 4: Conclusion 

4.1 INTRODUCTION 

The objective of this thesis was to study the population ecology of hadedas on the leading 

edge of their expanding range. This was achieved by examining the demographic rates, 

namely, age-specific survival and reproduction, of a population of hadedas within the 

Western Cape of South Africa. These quantities were used to develop a basic population 

demographic model that was examined in Chapter 2, and was used to examine the life-

history traits of hadedas. Chapter 3 investigated the causes of variation in demographic 

rates, due to local climate, fine-scale spatial variation and breeding phenology.  

4.2 GENERAL SUMMARY 

Survival was analysed using Capture-Mark-Recapture (CMR) methods using data from the 

extensive ringing program conducted between 2006—2010 within the Western Cape 

(Chapter 2). The best model analysing survival distinguished between three age classes and 

showed that survival increased with age; juveniles (0—12 months; survival: 0.16, 95% 

confidence interval: 0.10—0.24), immature (12—24 months; 0.78, 0.30—0.96), and adults 

(24+ months). Too few data prevented this model from producing reliable estimates for 

adult survival. However, using values from the literature, supported by outputs from the 

matrix population model, adult survival must have been around 0.90. These are similar to 

demographics reported for other water birds (Bauchau et al., 1998; Hafner et al., 1998; 

Hylton et al., 2006) and ibises (Li & Li, 1998) and solitary nesters (Campbell et al., 1999; 

Altwegg et al., 2007). 

Reproduction was analysed in relation to the breeding pair’s age with generalized linear 

mixed models (GLMMs), using data collected within the Western Cape between 2003—2010 

by myself, other project members, and the network of project volunteers. The actual age of 

breeding pairs was not measured, but rather inferred from the assumption that pairs 

remain faithful to their nests every breeding occasion. This analysis showed the number of 

fledglings raised per year for older pairs was significantly higher than that of younger pairs   

(z = 2.55, p = 0.01,df = 209), a feature which is common for many birds (Clutton-Brock, 1988; 

Forslund & Part, 1995; Komdeur, 1996; Reid et al., 2003). Hadeda pairs of nest-age class 1 
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(first attempt at raising a brood) raised 1.45 nestlings per year, nest-age class 2 (2nd to 4th 

breeding attempt) raised on average 2.20 nestlings per year, and the third nest-age class (5+ 

attempts) raised 3.03 nestlings per year. This effect was found for both the number of 

broods per year and the number of fledglings per brood.  

Interestingly, hadeda pairs were able to reproduce more than once per year; nest-age class 

1 raised 1.09 broods per year, age class 2 raised 1.42 and age class 3 raised 1.59. Not only 

were they able to relay if a brood was completely lost (which is in contrast to other long-

lived birds, for example Albatrosses who do not relay their only egg if it is 

lost,(Weimerskirch et al., 1987), but they were also able to successfully raise more than one 

brood per year.  

Since this population is expanding, λ must be more than one. This was achieved when 

setting adult survival to 0.90. Using these demographics in the matrix population model and 

assuming 0.90 for adult survival, λ was (population growth rate) 1.04 (95% confidence 

interval: 1.00—1.10). Analysis of demographic rates in relation to life histories suggests that 

hadedas belong to the bet-hedging strategy (Sæther et al., 1996). Species belonging to this 

type of life history are able to quickly take advantage of good conditions, and have the 

capacity for large reproductive output. 

Since soil moisture is strongly linked to the persistence of hadedas (Duckworth et al., 2010), 

rainfall is expected to influence their survival. However, none of the measured climatic 

covariates significantly affected the survival of hadedas (Chapter 3). A model including 

average temperature, total rain fall and average wind explained the most variance in 

hadeda survival; 9.475%, although this was not significant.  

The effects of climate on the survival of hadedas may be buffered by human-modified 

landscapes, by providing constant feeding grounds in the way of artificially irrigated lawns 

(Duckworth et al., 2010), and the plantation of large trees in which they nest and roost 

(Macdonald et al., 1986). These fields and trees are situated in areas that would otherwise 

contain natural vegetation (fynbos), with hard, dry soils during the summer (Kruger, 2004), 

on which hadedas would most probably struggle to forage efficiently. Additionally, no 

evidence of spatial autocorrelation was found throughout the study area, despite there 

being a distinct rainfall gradient from Table Mountain towards the Cape Flats (Chapter 3). 
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This suggests that throughout the study area, hadedas were making use of the artificially 

irrigated fields, which is overriding the rainfall gradient (although nests on the slopes of 

Table Mountain were reproductively more successful than in other places, but this was not 

significant).  

The effect of human-modified landscapes supporting species is not new (Ecke, 1954; 

Romagosa & Labisky, 2000; Lurz et al., 2001; Rouget et al., 2001; Thomas et al., 2001; 

Améztegui et al., 2010), and the successful adaptation of hadedas to the urban environment 

is a pivotal factor in their successful persistence and range expansion, as has been cited for 

other species of bird  (Emlen, 1974; Badyaev & Martin, 2000; Skelly & Freidenburg, 2001).  

As expected, reproduction was positively significantly affected by rainfall. The number of 

fledglings increased with an increase in rainfall over the nest-bound period. This model 

predicts that at low rainfall values, hadeda pairs raise 1.17 nestlings per brood whilst at high 

rainfall values they raise 2.14 nestlings per brood. Despite many irrigated fields situated 

throughout the study region, it appears that the additive effect of rainfall and irrigated fields 

allow hadedas to reproduce very well. However, during periods of low rainfall, it is still 

important for fields to be artificially irrigated for hadedas to reproduce.  High rainfall values 

are therefore important in realising maximum reproductive output (i.e. raising three 

fledglings per brood). This confirms my hypothesis that wetter areas are more productive 

than drier ones. 

Rainfall was also found to act as a trigger for the start of the breeding season. This is 

common for many ibises (del Hoyo & Matheu, 1992; Kopij, 1999) and was expected. There 

was clear seasonality in nesting; the peak in active nests occurred during the wet season, 

and there appeared to be a lag of only a few days between the first rains and the 

construction of nests by hadedas. However, despite this, active hadeda nests were found 

throughout the year. This is in stark contrast to traditional views on reproduction of 

northern hemisphere birds that show a breeding season occurring for a brief period of time, 

only once a year (Lack, 1968). The ability to breed year-round is probably a manifestation of 

hadedas’ bet-hedging life strategy; they are able to quickly take advantage of good 

conditions and reproduce successfully more than once a year (Sæther et al., 1996). I 

speculate that hadedas are taking advantage of the well irrigated fields and lawns situated 
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throughout the study area, which provides them with a constant food source year-round. 

Food is a key limiting factor constraining reproduction (Lack, 1968), although it may not be 

an issue for the hadeda population in the Western Cape, as irrigated fields have allowed 

them to forage year-round, which in turn has allowed them to breed successfully, often 

more than once per year. 

Using data collected during this project, and nest record cards which span over a 50 year 

period, I have shown that the main breeding season coincided with the rainy season 

throughout South Africa (Chapter 3). In the Western Cape, rain falls during winter, while for 

the rest of South Africa (and in the original range of hadedas) it falls during summer (Kruger, 

2004). This means that hadedas have adjusted their breeding phenology to suit the rainfall 

regime of the area into which they expand.  This is a crucial aspect to their range expansion, 

since their reproductive success depends on how much rain falls. The combination of being 

able to react to rainfall cues and to breed at any time during the year probably enabled 

hadedas to easily adapt to areas of different rainfall regimes. This chapter has shown that a 

component of hadedas’ demographic rates appear to be very strongly affected by climate 

(i.e. rainfall affects reproduction), but nonetheless they are able to adapt to other climatic 

regimes.  

4.3 GENERAL CONCLUSION 

Prior to this study, the demographic rates of hadedas were poorly known. This study has 

provided good estimates for survival (although adult survival is a first rough estimate) and 

reproduction. Reproduction results show hadedas breed annually, and despite rainfall 

triggering breeding, nests are active at any time throughout the year, and the breeding 

success dependent on rainfall. These traits suggest hadedas employ a bet-hedging life 

strategy that enables them to quickly take advantage of good conditions. 

A study by Duckworth et al. (2010) observed hadedas foraging only within fields and lawns 

that were maintained by humans. Therefore, hadedas appear to have successfully adapted 

to and profited from human-modified landscapes by foraging in fields and lawns, as well as 

roosting and nesting in trees (that are mostly alien, Macdonald et al., 1986) which were 

planted by humans. As they are bet-hedgers they are able to adapt quickly to good 
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conditions and breed successfully; in this study population, not only were breeding pairs 

able to breed successfully more than once per year, they were also able to breed at any 

time throughout the year. These pairs are presumably taking advantage of the many well 

irrigated fields throughout the study area. Although much of what hadedas require in order 

to persist has been provided by humans by way of urbanisation, they are still dependent on 

rainfall to realise their maximum reproductive output. However, they have shown they are 

able to adapt to local rainfall regimes by adjusting their breeding phenology accordingly.   

Nonetheless, I speculate that the bet-hedging life strategy of hadedas, in conjunction with 

their quick adaptation to human-modified landscapes and to areas of different rainfall 

regimes are key features behind the range expansion of the hadeda ibis in South Africa. 

4.4 FUTURE RESEARCH 

This thesis has highlighted the need for future work to address the following aspects of the 

hadeda and its range expansion: 

1) What is the population ecology like for other populations of hadedas? This thesis 

was unable to compare its results to other hadeda populations because data on 

these populations do not exist. Of particular interest is the ecology of hadeda 

populations that are in the centre of its current range, from its original range, and in 

other places where they are currently expanding. Similar demographic studies are 

already underway in Johannesburg and Pietermaritzburg. 

2) Is the population ecology of hadedas similar in urban and rural areas? This study was 

carried out in an urban environment, in which hadedas have profited greatly, from 

lawns and fields. Are the conditions provided by urban areas crucial for hadedas’ 

persistence? Similar demographic studies in rural areas will shed some light on this, 

and determine the urban environment is buffering the effects of climate. 

3) To what extent do individuals (or populations) move? Range expansions are a 

function of two processes; local population ecology and movement (Kot et al., 1996). 

This study recorded some small-scale movement, but no individual outside of the 

study area was been resighted. Preliminary data from this project suggests that after 
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about 1 year, some birds were not resighted, but then after about 2 years they were 

often resighted in the same place. These birds are possibly leaving the study site and 

returning later on, although this is hard to tell with the current data. Deploying radio 

transmitters to birds would make this clear, and reveal their patterns of dispersal. 
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