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Abstract 

Collision with overhead wires can result in significant avian mortality and is of conservation concern 

for many larger bird species. To date, little progress has been made in understanding the scale and 

demographic impacts of this problem, or in developing effective mitigation measures. In this thesis I 

used various approaches to investigate power line collision mortality of the large terrestrial avifauna 

of the vast semi-arid Karoo, South Africa, with particular reference to Ludwig’s Bustard Neotis 

ludwigii. This little-known species is endemic to the arid western parts of southern Africa and is 

thought to be both partially migrant and nomadic in response to rainfall. It was listed as globally 

Endangered on the IUCN Red List in 2010 as a result of potentially unsustainable collision mortality.  

I conducted road and aerial censuses across the Karoo, repeating counts from the late 1980s. Using 

Distance, I estimated the current South African population of Ludwig’s Bustard at 114,000 (95% CI 

87,000-148,000) birds, with no evidence for a population decrease over the past 20 years (although 

there was for some other bustard species). There was a clear seasonal, but not rainfall, effect on 

abundance between Karoo biomes, with just under half of the population in the western Succulent 

Karoo in winter but birds almost absent there in summer. Ludwig’s Bustards were more strongly 

associated with transformed lands than in the 1980s, although land use has not changed markedly. I 

counted dead birds on high voltage transmission power lines throughout the Karoo for two years, 

and low voltage distribution lines in the central Karoo for one year. Scavenger and observer bias 

experiments were also performed in the central Karoo to relate the numbers of birds found dead to 

the numbers actually killed. Ludwig’s Bustard was the most common collision victim (69% of 

carcasses), with bustards generally comprising 87% of mortalities recovered. Numbers of Ludwig’s 

Bustard collisions were variable between years, and mortality was male-biased. Rainfall, season and 

proximity to roads were significant explanatory factors, with collisions occurring in a clumped 

distribution across the landscape.  

Collision rates were higher on high voltage lines, but with a low voltage network four times more 

extensive, these smaller lines probably kill more birds. Total annual mortality was estimated at 41% 

of the Ludwig’s Bustard population, with Kori Bustards Ardeotis kori also dying in large numbers (at 

least 14% of the South African population killed in the Karoo alone). I set up a large-scale line 

marking experiment in the eastern Karoo on 72 km of high voltage power line to test efficacy of this 

mitigation measure for South African birds. Early indications from this on-going trial are a reduction 

in mortality for Blue Cranes Anthropoides paradiseus, but there are not yet sufficient data to assess 
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the efficacy of line marking for bustards. Current protocol is to only mark the central two-thirds of 

spans, but early results from this experiment suggest that this practice may divert collisions to the 

unmarked sections. 

Predictability of movement is key to collision risk, so I used two approaches to track Ludwig’s 

Bustards. Eight individuals tagged with GPS satellite transmitters at sites across the Karoo generally 

made seasonal east-west movements, with strong fidelity to easterly summer sites. Day-to-day, 

movements were relatively short, with most travel in the early morning and late afternoon. Some, 

but not all, birds showed a preference for transformed lands, and birds were within 5 km of a power 

line on 46% of tracking days. Two birds died; one was probably hunted and the other collided with 

overhead lines. I also used stable isotope analysis, which showed 58% of Ludwig’s Bustards had at 

least some primary feathers that they likely grew in the western Succulent Karoo. It suggested that 

there was no difference in movement strategies between sexes, but that most juveniles were from 

the eastern Nama Karoo. Overall, my results highlight the high susceptibility of Ludwig’s Bustard to 

collisions with overhead lines, and provide support for the partial migration theory but little 

evidence for nomadic responses to rainfall, perhaps because the study years were not particularly 

dry.  

Rather surprisingly, I could find no evidence for a decline in the Ludwig’s Bustard population despite 

extremely high rates of power line mortality, but basic population models indicate this is only 

plausible under the most optimistic of demographic scenarios. The predominantly male-biased 

mortality for these polygynous birds, and less random movements than previously assumed are 

possible reasons for this, although the accuracy of the population estimates is unknown. The 

threshold length of line in the ever-expanding power network where the population may start to 

decline is hard to predict, because so little is known about demographic parameters for this species. 

Given the inherent unpredictability, variability and scale of collisions in South Africa, and the variety 

of species affected, I recommend that all new power lines either be buried, or be marked with bird 

diverting devices from pylon to pylon along their entire length during construction when it is most 

cost-effective to do so. Siting new lines close to roads and away from cultivated land also may 

reduce collision risk. 
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Chapter 1: An introduction to bird collisions with overhead power lines 

 

Overview of bird mortality on energy infrastructure 

Over the last century, escalation of human development has drastically modified environments 

across the planet, and birds now have to navigate landscapes fragmented by transport infrastructure 

and cluttered with buildings, towers, fences, overhead wires and wind turbines. Bird collisions with 

human-built obstacles are well-documented, and may constitute the greatest accidental cause of 

avian mortality (Erickson et al. 2005, Drewitt & Langston 2008). The toll that collisions take on bird 

populations worldwide is unknown, but power lines are likely to be responsible for a large 

proportion of these deaths. Estimates of the number of birds killed globally on power lines range 

from a few million to over a billion birds annually (Hunting 2002, Erickson et al. 2005). 

Impacts of overhead lines on birds were observed almost as soon as these structures were 

introduced (Coues 1876, Emerson 1904, Beadnell 1937). It is sobering that Coues’ (1876) comments 

below on bird collisions with telegraph wires in North America remain largely true, illustrating just 

how little progress has been made in mitigating this impact. 

“Few persons, probably, even among ornithologists, realize what an 

enormous number of birds are killed by flying against these wires, which 

now form a murderous net-work over the greater part of the country. Until 

recently, I had myself no adequate idea of the destruction that is so quietly, 

insidiously, and uninterruptedly accomplished. My observations do not 

enable me to form even an approximate estimate of the annual mortality, 

and I suppose we shall never possess accurate data...” (p. 734) 

While we now generally understand the problem of overhead wires, we still have little idea of the 

scale or impacts of this escalating source of anthropogenic mortality on wild birds. 

Bird interactions with power lines are almost all negative, with the exception of the use of pylons for 

perching and nesting by some species. Avian mortality on power lines usually results from either 

collision, which is the focus of this thesis, or from electrocution (APLIC 1994, Bevanger 1998, Lehman 

et al. 2007, Prinsen et al. 2011a). In a collision, a bird can be killed when it flies into a line either from 

the impact with the line, from hitting the ground, or from injuries sustained in the process. This 
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complex conservation problem has been well studied over the past few decades, yet the search for 

effective mitigation has had limited success. Collisions generally have no effect on the electricity 

supply, and can occur on any type of overhead wire (although most research to date has been on 

higher voltage power lines; Yee 2008). In contrast, electrocutions are generally only a problem on 

smaller power lines and often disrupt power supplies, so are of more interest to utility suppliers. 

Birds that perch or nest on pylons are electrocuted by causing a short circuit, either by touching two 

live wires, or a live and an earthed component. This problem is essentially a design issue, and can be 

solved by making either of these situations unlikely on bird-friendly pylons, e.g. as demonstrated for 

White Storks Ciconia ciconia in Poland (Kaługa et al. 2011). Mitigation has been available since the 

1970s, but a large number of dangerous pylons remain in use around the world because of the scale 

of the problem, lack of awareness or proactive mitigation, and differing responses from energy 

providers (Lehman 2001, Lehman et al. 2007). Other power line impacts include habitat loss, 

disturbance and displacement (Silva et al. 2010, Raab et al. 2011a). 

The size of the global electricity network is staggering, and it has been built largely without taking 

measures to safeguard wildlife (Prinsen et al. 2011a). By the end of 2010, more than 70 million 

kilometres of power line were in use, with less than 10% underground. This total is expected to 

increase to more than 76 million kilometres by the end of 2015, largely through electrification of 

developing countries (ABS 2011). The extent of power lines in sub-Saharan Africa is currently 

relatively low at approximately 700,000 km, but is expected to grow rapidly (ABS 2011). While this 

will threaten increasing numbers of birds, it also presents an opportunity to site and build new lines 

in as bird-friendly a manner as possible (Prinsen et al. 2011a).  

Exact definitions vary between utilities, but power lines are generally classified depending on the 

voltage that they carry. They are either transmission (high voltage, often transmitting electricity over 

large distances between load centres) or distribution lines (low-medium voltage, including 11/22 kV 

reticulation lines conveying power to the end user; APLIC 1994, Prinsen et al. 2011a). In this thesis I 

consider power lines ≥132 kV to be high voltage transmission lines, with lower voltages being 

distribution lines. This is primarily because in South Africa the pylon configurations from 132 kV 

upwards are similar (Fig. 1.1).  
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Figure 1.1. Typical configuration of a transmission power line in the Karoo, with insert showing the position of 

the earth wire (white arrow) above the conductors (black arrow). 

 

Why do birds collide with power lines? 

The collision risk posed by power lines is complex and problems are often localised. While any bird 

flying near a power line is at risk of collision, this risk varies greatly between different groups of 

birds, and depends on the interplay of a wide range of factors (APLIC 1994). Bevanger (1994) 

described these factors in four main groups – biological, topographical, meteorological and 

technical. Birds at highest risk are those that are both susceptible to collisions and frequently 

exposed to power lines, with waterbirds, gamebirds, rails, cranes and bustards usually the most 

numerous reported victims (Bevanger 1998, Rubolini et al. 2005, Jenkins et al. 2010).  

The proliferation of man-made structures in the landscape is relatively recent, and birds are not 

evolved to avoid them. Body size and morphology are key predictive factors of collision risk, with 

large-bodied birds with high wing loadings (the ratio of body weight to wing area) most at risk 

(Bevanger 1998, Janss 2000). These birds must fly fast to remain airborne, and do not have sufficient 

manoeuvrability to avoid unexpected obstacles. Vision is another key biological factor, with many 
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collision-prone birds principally using lateral vision to navigate in flight, when it is the lower-

resolution, and often restricted, forward vision that is useful to detect obstacles (Martin & Shaw 

2010, Martin 2011, Martin et al. 2012). Behaviour is important, with birds flying in flocks, at low 

levels and in crepuscular or nocturnal conditions at higher risk of collision (Bevanger 1994). 

Experience affects risk, with migratory and nomadic species that spend much of their time in 

unfamiliar locations also expected to collide more often (Anderson 1978, Anderson 2002). Juvenile 

birds have often been reported as being more collision-prone than adults (e.g. Brown et al. 1987, 

Henderson et al. 1996).  

Topography and weather conditions affect how birds use the landscape. Power lines in sensitive bird 

areas (e.g. those that separate feeding and roosting areas, or cross flyways) can be very dangerous 

(APLIC 1994, Bevanger 1994). Lines crossing the prevailing wind conditions can pose a problem for 

large birds that use the wind to aid take-off and landing (Bevanger 1994). Inclement weather can 

disorient birds and reduce their flight altitude, and strong winds can result in birds colliding with 

power lines that they can see but do not have enough flight control to avoid (Brown et al. 1987, 

APLIC 1994).  

The technical aspects of power line design and siting also play a big part in collision risk. Grouping 

similar power lines on a common servitude, or locating them along other features such as tree lines, 

are both approaches thought to reduce risk (Bevanger 1994). In general, low lines with short span 

lengths (i.e. the distance between two adjacent pylons) and flat conductor configurations are 

thought to be the least dangerous (Bevanger 1994, Jenkins et al. 2010). On many higher voltage 

lines, there is a thin earth (or ground) wire above the conductors (Fig. 1.1), protecting the system 

from lightning strikes. Earth wires are widely accepted to cause the majority of collisions on power 

lines with this configuration because they are difficult to see, and birds flaring to avoid hitting the 

conductors often put themselves directly in the path of these wires (Brown et al. 1987, Faanes 1987, 

Alonso et al. 1994a, Bevanger 1994). 

 

Impact on populations worldwide 

While millions of birds are undoubtedly killed annually on power lines, most of these losses accrue 

to common species, and probably do not have a significant demographic impact (e.g. Arnold & Zink 

2011). However, power line collisions can have significant local impacts, and can threaten species 

with small populations, and those under threat from other sources (Alonso & Alonso 1999, Hunting 
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2002, Drewitt & Langston 2008). Unfortunately, this means that many large, long-lived and slow 

reproducing species are particularly at risk e.g. Dalmatian Pelicans Pelecanus crispus in Greece 

(Crivelli et al. 1988), Bonelli’s Eagles Hieraaetus fasciatus (Mañosa & Real 2001) and White Storks in 

Spain (Garrido & Fernández-Cruz 2003), Sarus Cranes Grus antigone in India (Sundar & Choudhury 

2005) and Blue Cranes Anthropoides paradiseus in South Africa (Shaw et al. 2010a). In addition to 

being more susceptible to collision, these birds are also less able to sustain this unnatural mortality, 

especially if they are threatened by other factors, such as habitat loss. 

Much of the research on collision mortality to date has focused on short lengths of power line in 

particularly high-risk areas, which makes extrapolation of collision impacts to the broader landscape 

impossible. It is very difficult to gauge accurately the seriousness of the threat posed by collisions, as 

detailed data on population size, range, and demographic parameters of threatened species are 

required to do this. In addition, representative collision rate data, with sufficient spatial and 

temporal extent, must be collected and corrected for the various survey biases (e.g. removal of 

carcasses by scavengers) which underestimate true mortality rates. All these data are difficult, time 

consuming and expensive to obtain, but are requisite to understanding the impacts of collision more 

generally (Bevanger 1999, Erickson et al. 2005, Drewitt & Langston 2008, Loss et al. 2012).  

 

Mitigation 

Collision mortality can be reduced if new power lines are sited appropriately, and use safer line 

designs (see previous section). In many countries, the Environmental Impact Assessment (EIA) 

process is the mechanism through which this advance planning is performed (Prinsen et al. 2011a). 

However, collisions can only be completely eliminated by burying lines. In north-west Europe, the 

majority of low voltage lines are now underground, with some countries also burying some high 

voltage lines (Prinsen et al. 2011a, 2011b). Removal of the earth wire is another option, but this is 

not feasible in areas of high lightning activity (APLIC 1994). The expense and technical problems 

associated with both of these options mean that marking lines remains the most practical and 

widespread mitigation method for existing power lines (APLIC 1994, Alonso & Alonso 1999, Rubolini 

et al. 2005). Markers are devices attached to power lines to increase line visibility, hopefully 

attracting the attention of approaching birds using bright or contrasting colours, and luminescent, 

reflective or moving parts. Worldwide, a variety of marking devices are used, but very few have been 

adequately field-tested (Jenkins et al. 2010). Great uncertainty remains about which are best, as 

they vary in effectiveness between species and in different conditions (van Rooyen & Ledger 1999, 
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Anderson 2002). However, marking generally seems to be fairly effective, with a recent meta-

analysis showing a 78% decrease in mortality rates on marked lines (Barrientos et al. 2011). Other 

mitigation options such as the use of raptor silhouettes to deter birds, and using a slightly thicker 

earth wire have proved ineffective (Brown et al. 1987, Janss et al. 1999). Of course, it is also 

important that all disused power lines are removed. 

Where a species is concentrated in a single area, all relevant lines can be marked proactively (as in 

the case of the Wattled Crane Grus carunculatus in South Africa; Jordan & Morrison 2010), but in 

general, marking is reactive, leaving much of the power grid unmarked and more widespread species 

unprotected (van Rooyen & Ledger 1999). Clearly, being able to predict where collision hotspots will 

occur is vital. Initial attempts to do so using GIS has had mixed results, perhaps relating to the 

predictability of different species, and the quality and resolution of available spatial data (Shaw et al. 

2010a, Quinn et al. 2011). From a limited ground-truthing study, a GIS model built to predict 

collisions of waterfowl on transmission lines in Canada was fairly successful (Quinn et al. 2011). 

However, another recent attempt to develop a GIS model to predict hotspots for Blue Crane 

collisions on distribution lines failed to do so, but the study did highlight the importance of 

understanding bird movements, and also showed that multiple species may be affected by particular 

hotspot locations (Shaw et al. 2010a).  

 

The collision problem in South Africa: management and priority species 

The effective management of wildlife and power line interactions depends very much on policy 

aspects, such as legislation, the number of parties involved, and the level of cooperation between 

them (Antal 2010). In South Africa, the national utility company Eskom controls most of the energy 

supply, and has been cooperating with conservationists since 1978. In 1996, Eskom entered into a 

strategic partnership with the Endangered Wildlife Trust (EWT), a non-governmental conservation 

organisation, to more systematically monitor and mitigate the problem (van Rooyen & Ledger 1999).  

At the centre of this partnership is the maintenance of the Central Incident Register (CIR), through 

which all mortality incidents reported by Eskom staff, conservationists and the general public are 

collated and assessed for reactive mitigation action. Between August 1997 and April 2012, 4,174 

wildlife mortalities were recorded, 4,024 of which were of wild birds. Of these, 87% occurred on 

distribution lines, and 13% on transmission lines, reflecting in part the greater length of distribution 

lines (85% of the total network of some 350,000 km), but also the fact that transmission lines tend to 
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be sited away from roads, making carcass detection less likely. On distribution lines where both 

collisions and electrocutions are possible, there were 1,891 reported collisions and 1,579 

electrocutions (Eskom-EWT 2012). Incidentally collected reports are not representative because 

various sources of bias affect carcass detection and reporting e.g. small species are undoubtedly 

underrepresented, because they are easier for scavengers to remove and less likely to be noticed. 

Incidental reports are therefore known to significantly underestimate the true levels of power line 

mortality (Shaw et al. 2010b). However, these data are still useful to give an idea of heavily affected 

species, and to direct more focussed research and monitoring.  

 

Figure 1.2. Top ten species most often reported killed in power line collisions in South Africa (distribution in 

dark grey, transmission in light grey) 1997-2012 (Eskom-EWT 2012). 

The species most often reported in the collision data of the CIR (Fig. 1.2) correspond well with the 

types of birds predicted by the literature: large terrestrial and wetland birds with high wing loading, 

which fly often and flock are those most reported in collisions, while vultures, raptors and owls make 

up about 74% of all reported electrocutions (Eskom-EWT 2012). The fact that eight of the top ten 

collision victims (Fig. 1.2) are at least regionally Red-Listed (Barnes 2000) is cause for concern. The 

Blue Crane is by far the most frequently reported, which is unsurprising given that this bird is well 

known, conspicuous, and commonly inhabits intensively farmed landscapes. However, the fact that 

Ludwig’s Bustard Neotis ludwigii is the second most often reported species hints at a potentially 

more serious problem. This bird is wide-ranging, and lives in semi-arid, sparsely populated areas, so 

dead birds are very unlikely to be found or reported. Ludwig’s Bustard is also unusual in being the 

only species recorded more often on transmission lines than distribution lines, reflecting at least in 
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part its range in the arid west of South Africa where the distribution network is much less dense than 

other regions of the country (Figs. 1.3 and 1.4).  

Eskom (then ESCOM) was established in 1923, and began to build (mainly distribution) electrical 

infrastructure from the 1930s. Construction of transmission lines began in the 1950s, with most of 

the larger lines erected from the 1970s onwards (Eskom 2012). Approximately 350,000 km of power 

line are in currently place in South Africa (Fig. 1.3), with Eskom currently undertaking a major 

expansion plan to double capacity by 2026. This will result in many more power lines, with 11,800 

km of additional 765 kV and 400 kV transmission line already approved or planned for the next ten 

years (Eskom 2012).  

 

Figure 1.3. Eskom power grid in South Africa (low voltage distribution lines (≤33 kV) in light blue, mid voltage 

lines (44-110 kV) in dark blue and high voltage transmission lines (≥132 kV) in red). 

In order to mitigate power line collisions, several marking devices are in use in South Africa. 

However, the limited experimental evidence compiled to date suggests that these are ineffective in 

reducing Ludwig’s Bustard collisions (Anderson 2002). This preliminary finding parallels results from 
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elsewhere in the world on bustard collision mitigation. For example, Janss & Ferrer (1998) found no 

reduction in collisions post-marking for Great Bustards Otis tarda, despite reductions for other 

species, and more recently Raab et al. (2011b) and Barrientos et al. (2012) demonstrated only 

minimal reductions in collision rates after marking for this bird. These findings need to be thoroughly 

tested for African species, but if line marking has limited impact on the ability of bustards to detect 

overhead lines in time to avoid collisions, then different mitigation approaches may be required 

(Martin 2011).  

Mitigation poses a significant challenge in South Africa because the collision problem is extensive. 

Many of the species frequently killed by power lines (Fig. 1.2) are nomadic or migratory, and are 

unlikely to follow specific routes, reducing the potential to mitigate collision hotspots at particular 

staging sites or migration bottlenecks (e.g. Morkill & Anderson 1991). The considerable expense of 

retrospectively marking large parts of the existing national grid is also problematic in a country 

where much of the population still lives in poverty, and many South Africans do not yet have access 

to electricity, especially in rural areas (Bekker et al. 2008). In addition, there are challenges in 

designing durable dynamic marking devices to last in the harsh environmental conditions, which 

include extreme temperatures, high solar radiation and strong winds (Anderson 2002).  

 

The bustards 

The bustards (Otididae) are Old World birds, characterised by their medium to large size, highly 

terrestrial nature, and preference for warm, dry and open environments (Collar 1996). Africa is the 

centre of global bustard diversity, with 21 of the world’s approximately 25 species present on the 

continent (Collar 1996). Southern Africa is a key area of speciation, and this region is of worldwide 

importance for its rich and unique bustard fauna, with six of the 11 species endemic to the region 

(Collar 1996). Unfortunately, the conservation status of southern Africa’s bustards is generally poor, 

with over half of the species present on the regional Red List (Barnes 2000). A Bustard Working 

Group was formed under the auspices of BirdLife South Africa in 2009 to attempt to improve their 

conservation status. The main threats to bustards in South Africa include collision with power lines, 

habitat destruction and degradation, general disturbance and climate change, and there is also some 

concern about a possible increase in hunting by tourists using falcons (Michler 2009, Allan & 

Anderson 2010).  
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Ludwig’s Bustard 

Range 

Ludwig's Bustard is near-endemic to southern Africa, where its range is centred on the arid zone of 

western South Africa and Namibia (Fig. 1.4; Harrison et al. 1997, SABAP 2 2012). It also occurs 

marginally into south-western Angola (Dean 2000) and south-western Botswana (Harrison et al. 

1997). Ludwig's Bustard is typically found in the flat, open landscapes of the Succulent Karoo, Nama 

Karoo and Namib (Fig. 1.4), but is tolerant of a variety of habitats and, depending on rainfall, may 

also be found in the western grasslands of the Free State and Eastern Cape, the southern Kalahari 

and cultivated fields and pastures (Allan 1994, 2005a).  

 

Figure 1.4. Approximate range of Ludwig’s Bustard (with core (dark horizontal lines) and peripheral areas (light 

horizontal lines) based on atlas reporting data (Harrison et al. 1997, SABAP 2 2012)) overlaid on the biomes of 

South Africa and Namibia (Mendelsohn et al. 2002, SANBI 2006). This is the range of Ludwig’s Bustard referred 

to throughout this thesis. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

  Chapter 1: Introduction       

11 
 

This project is based in the Karoo, which is a semi-arid, relatively flat and largely treeless region, 

characterised by short, shrubby vegetation and little surface water. Comprising two biomes it covers 

a vast area, with the Succulent Karoo in the west and the increasingly grassy regions of the Nama 

Karoo to the east (Dean & Milton 1999, Esler et al. 2006). The Succulent Karoo biome covers 

approximately 111,000 km2 of southern Namibia and western South Africa. This region is renowned 

for its succulent botanical diversity, which has developed largely as a result of the mild, even climate 

and relatively predictable, gentle winter rainfall (Mucina & Rutherford 2006, Appendix 1). The larger 

Nama Karoo biome lies to the east of the Succulent Karoo, covering approximately 248,000 km2. In 

contrast with the Succulent Karoo, this biome has a continental climate with more extreme 

temperatures and low and erratic rainfall, mainly falling as thunderstorms in late summer (Mucina & 

Rutherford 2006, Appendix 1). This unpredictability favours opportunism and nomadism, and the 

Karoo has the highest proportion of nomadic bird species of the southern African biomes (Dean 

1997). Nomadism is a strategy to use resources that are unpredictable and patchy in time and space; 

in arid and semi-arid systems these resources, e.g. new plant growth and insect outbreaks, are 

normally triggered by rain events (Dean 1997, Dean & Milton 2001). The main land use in the Karoo 

is extensive livestock farming, particularly of sheep, goats and cattle, which has led to overgrazing in 

some areas, sparking debate in the 1990s about increased desertification of the Karoo because of 

overstocking (Dean et al. 1995a, 1995b). Game farming on these rangelands, particularly of 

springbok Antidorcas marsupialis, has increased in recent decades. Over 80% of the land is under 

private ownership, with the bulk run on a commercial farming basis, and the rest communally 

owned. Only a small fraction (<5%) of the Karoo is cultivated (Hoffman et al. 1999, Mucina & 

Rutherford 2006, SANBI 2009).  

Ecology 

The only population estimate of Ludwig’s Bustard is of between 56,000 and 81,000 individuals (Allan 

1994), based on data collected over 20 years ago. Between 50 and 75% of these birds are thought to 

occur in South Africa (Anderson 2000a). Ludwig’s Bustards are the third largest bustard species in 

southern Africa, and are highly sexually dimorphic with males (3.1-6.0 kg) weighing up to twice as 

much as females (2.2-3.0 kg; Allan 2005a). They are polygynous breeders with dispersed leks and a 

population sex ratio of 1:1.4 males:females (Allan 2005a). Laying occurs in winter in the Succulent 

Karoo, and in summer in the Nama Karoo. Females lay 1-3 eggs, and are solely responsible for 

incubation and care of the young. There is apparently low hatching success, with an average brood 

size of 1.45 (n=22, Allan 2005a). There are no data available on the lifespan of this species or the age 

of sexual maturity, but from what is known about other large bustards (age of first breeding for Kori 
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Bustards Ardeotis kori is minimum 3 years; Allan & Osborne 2005, and maximum age for Great 

Bustards is 30; Alonso et al. 1994b), they are likely to be long-lived and exhibit delayed maturity. 

Like most bustards, Ludwig’s Bustards are omnivorous, mainly taking arthropods, small vertebrates 

and vegetable matter (Collar 1996), and are normally found foraging singly or in small groups (<6 

birds; Allan 2005a). Ludwig’s Bustards appear to be nomadic and partially migratory, moving in 

response to rainfall, perhaps to take advantage of locally abundant food sources. It is thought that 

birds move in winter from the Nama Karoo to the Succulent Karoo and from the Namibian 

Escarpment to the Namib (Allan 1994). However, there is no evidence that the numbers of birds in 

the east decline in winter as they increase in the west (Allan 1994). 

Power line collisions in Ludwig’s Bustard: previous research 

Almost everything known about the morphology and behaviour of Ludwig’s Bustards indicates a high 

susceptibility to collisions with power lines (Allan 2005a, Jenkins et al. 2010, 2011). Their large size 

and relatively heavy bodies means that they lack manoeuvrability in the air, and they often fly in 

loose flocks in low light conditions at dusk and dawn. Their migratory and nomadic nature means 

that unlike the two bigger southern African species, Kori Bustards and Denham’s Bustards Neotis 

denhami, they fly long distances, with much of this time spent in unfamiliar landscapes (Jenkins & 

Smallie 2009). In addition, like Kori Bustards they are likely to have limited frontal vision, which 

means that if they are not looking ahead, they probably will not see elevated obstacles they do not 

expect in their naturally empty landscape (Martin & Shaw 2010).  

The first systematic bird mortality surveys along power lines in South Africa were conducted on 

approximately 30 km of 132 kV and 400 kV transmission lines in the Platberg-Karoo Conservancy 

near De Aar, Northern Cape, from 1997-2001. Overall, collision rates of approximately 1 bustard 

killed per kilometre per year were estimated for these lines, with Blue Cranes also found to be dying 

in large numbers (Anderson 2000a, 2002). On the basis of these high levels of observed mortality, 

and the suggestion in the CIR data that the problem could be extensive, a research programme was 

started by the EWT in 2008.  

The first part of this was the establishment in 2008 of a long-term monitoring site on approximately 

112 km of 400 kV power line near De Aar (including the lines surveyed in Anderson’s 2002 study), 

which is checked regularly for dead birds (Jenkins et al. 2009). To test whether this was a high risk 

location, two additional surveys were conducted on 400 kV power lines at four other sites across the 

South African range of Ludwig’s Bustard in winter 2009 (total of 226 km). These surveys found 
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similar levels of mortality, indicating that the problem is widespread (Jenkins et al. 2011). The data 

from 2008/09 gave an average rate of 0.63 (± 0.12 SE) fatal collisions km-1.yr-1 for Ludwig’s Bustard 

on transmission lines in South Africa (Jenkins et al. 2011). The power network in South Africa and 

Namibia is extensive and increasing in length, with approximately 17,000 km of transmission lines 

crossing the range of Ludwig’s Bustard by 2009. Simple extrapolation of this mortality rate suggested 

that a minimum of 8,600 (95% CI 5,300–11,900) bustards were killed annually (Jenkins et al. 2011). 

The impact of this toll was investigated with the Demographic Invariant Method (Niel & Lebreton 

2005), using a range of estimates for key life history parameters. This showed that collision mortality 

on high voltage lines is likely to be unsustainable and that the population likely to be decreasing. The 

mortality estimate in this study was conservative because the collision data were not adjusted for 

survey biases, and the analysis did not include mortality on distribution lines or other human-

induced mortality (Jenkins et al. 2011). As a result, the global conservation status of Ludwig’s 

Bustard was upgraded to Endangered in 2010 (BirdLife International 2012).  

Other threats 

Although power line collisions clearly pose a serious threat to the Ludwig's Bustard, it is also affected 

by a range of other hazards. These include collision with other overhead wires and fences, capture in 

traps set for mammalian carnivores, disturbance during nesting, and the potential effects of climate 

change and possibly commercial falconry (Allan 2005a, Simmons et al. 2004, Allan & Anderson 

2010). Large wind farms are being planned in South Africa, including in the Karoo. The impact of 

such developments on Ludwig’s Bustards is unknown, but is unlikely to be trivial (Jenkins 2010). 

Another potential landscape-level disturbance in the planning stages is underground hydraulic 

fracturing to access shale gas deposits in the Karoo (Department of Mineral Resources 2012), which 

could have wide ranging effects on e.g. water availability and contamination (de Wit 2011). Some 

other threats have become less important in recent decades. Well known to be good eating, these 

birds were hunted historically for food (Clancey 1972, Brooke 1987). In the last few decades, legal 

protection and increased farmer awareness have reduced such mortality, although it still continues 

at a lesser level (pers. obs.). Another historic problem was the poisoning of birds in Brown Locust 

Locusta pardalina control operations, particularly with organophosphate insecticides. These have 

now been largely phased out, with ecologically safer alternatives now being used instead (Price & 

Brown 2000).  

 

 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

 

14 
 

Overview of this thesis 

Previous research has given us a good grasp of the circumstances surrounding power line collisions 

(APLIC 1994, Bevanger 1994, Drewitt & Langston 2008, Jenkins et al. 2010), and of which species are 

most at risk (Bevanger 1998, Janss 2000), but little progress has been made in understanding the 

scale and demographic effects of collision mortality, or how to effectively mitigate the problem. This 

project was initiated in light of these significant gaps in our knowledge, and given the apparently 

extensive and immediate threat posed by power line collisions to the persistence of Ludwig’s 

Bustards (Jenkins et al. 2010, 2011). Several recent reviews agree that there are no easy, generic 

solutions to collision mortality and that because collisions are species- and site-specific, in-depth 

knowledge of particular problems is essential to develop effective, proactive mitigation (Negro 1999, 

Hunting 2002, Erickson et al. 2005, Drewitt & Langston 2008, Jenkins et al. 2010, Loss et al. 2012). 

These reviews also agree that systematic mortality monitoring across space and time using 

standardised methodologies, site-specific survey bias estimation, rigorous experimental testing of a 

variety of mitigation methods and monitoring of at-risk bird populations are the main research 

needs to generate this knowledge. Thus the aim of this thesis is to provide detailed, quantitative 

data on the population impacts of collision mortality for Ludwig’s Bustards, to assess the 

effectiveness of possible mitigation measures, and to attempt to predict collision hotspots through 

the analysis of local/daily and regional/seasonal patterns of movement. This work follows on from 

my MSc project (2008-2009) and subsequent monitoring which I ran until 2011 in which I 

investigated the impact of power line collisions on the Overberg population of Blue Cranes (Shaw et 

al. 2010a, 2010b, 2011). This project gave a useful idea of the magnitude of collision mortality and 

possible population effects for this well known and fairly predictable bird in the Overberg. The 

rationale behind this thesis is to broaden the scope of power line research in South Africa by 

focussing on the most severe, extensive and difficult to solve collision problem in this region, in 

order to gain a detailed understanding of collisions that has a wider relevance, providing a solid basis 

for managing the problem in South Africa and beyond. The large aggregate range of Ludwig’s 

Bustard, and its highly mobile behaviour within this range, hugely complicate research on this 

species. Constraints on time and resources restricted my study to the Karoo in South Africa, but a 

complimentary MSc project by John Pallett is currently underway to collect similar data in the 

Namibian part of the Ludwig’s Bustard range. 

The thesis is presented as a series of chapters generally written as stand-alone documents to 

facilitate subsequent publication. In Chapter 2, I repeat David Allan’s large terrestrial bird census 

counts of the late 1980s to assess population trends potentially caused by collision mortality, and to 
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provide an updated population estimate for the South African population of Ludwig’s Bustard. In 

Chapter 3, I report on two years of extensive mortality surveys on transmission lines across the 

Karoo, and a smaller study on distribution lines near Calvinia. The distribution line study formed part 

of Maurice Schutgens’s MSc mini-thesis (Schutgens 2012), although I initiated the power line surveys 

in this region, and continued monitoring the lines after Maurice had finished his primary research on 

scavenger and observer bias (Appendix 2). In Chapter 4, I present the preliminary results of a large-

scale line marking experiment set up at the long-term monitoring site near De Aar. I designed the 

experiment as part of this thesis, but delays in marking of the lines mean that final results will only 

be available towards the end of 2013 or into 2014. In Chapter 5, I use satellite-tracking data to 

explore the movement biology of Ludwig’s Bustard, and relate these movements to the power grid 

and collision risk, and in Chapter 6, I use stable isotope ratios of carbon and nitrogen to infer broad-

scale movement of a larger sample of bustards than is possible with satellite tracking. Chapter 7 is a 

synthesis of my research, estimating the population-level impacts of collision mortality on Ludwig’s 

Bustards and describing the way forward for managing power line collisions in South Africa.  

With the exception of some field-work and assistance with data analysis, this work is all my own. My 

supervisors Peter Ryan and Andrew Jenkins conducted the winter aerial survey (Chapter 2), Maurice 

Schutgens conducted two of the distribution line mortality surveys (Chapter 3), Bradley Gibbons and 

colleagues at the EWT collected most of the data for the marking experiment (Chapter 4) and Ben 

Dilley and Delia Davies trapped bustards and deployed satellite transmitters without me at Bathseba 

and Nooitverwag (Chapter 5). Tim Reid advised me on data analysis throughout this thesis, and in 

particular helped with the mixed modelling and factor analyses in Chapter 3 and in testing for 

efficacy of markers in Chapter 4. Rainfall patterns in the Karoo are pertinent to several chapters, so 

Appendix 1 is a series of maps from the South African Weather Service showing general patterns in 

South Africa, as well as rainfall anomalies over the study period. I also had access to monthly rainfall 

and monthly percentage of normal rainfall maps, but I have not included them here. The main focus 

of Maurice Schutgens’s MSc project was summer bias experiments for collision mortality estimates; I 

co-supervised Maurice and helped him to design these experiments, so I include as Appendix 2 the 

manuscript of the resulting paper on which I am a co-author. Appendix 3 is the manuscript of a 

paper that I wrote reporting on a winter bias experiment at the same site (both of these manuscripts 

are formatted for target journals). During my PhD I was also co-author on other publications relevant 

to this thesis, although they are not included here. These were a study of the visual capacity of 

several collision-prone South African birds (Martin & Shaw 2010, Biological Conservation 143: 2695-

2701), a preliminary assessment of the threat of collision mortality to Ludwig’s Bustard (Jenkins et al. 
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2011, Bird Conservation International 21: 303-310), and a short note on avian scavengers in the 

Karoo (Ryan et al. 2012, Ornithological Observations 3: 102-106).  
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Chapter 2: Current population size and population trends of Ludwig’s Bustard 

and other large terrestrial birds in the Karoo 

 

Abstract 

Population monitoring is key to the effective conservation of threatened species. Ludwig’s Bustard is 

listed as globally Endangered because of a projected population decline resulting from high collision 

mortality on power lines throughout its southern African range. However, without population trend 

data the actual impact of this mortality is unclear. In this study I repeated extensive road and aerial 

census counts of Ludwig’s Bustard and other large terrestrial birds previously conducted in the late 

1980s across the Karoo, South Africa. A winter aerial survey supported results on the road counts, 

indicating that road counts are an adequate method for censusing Ludwig’s Bustard. Using Distance, 

the current South African population is estimated at 114,000 (95% CI 87,000-148,000) birds, with no 

evidence for a population decline over the past two decades. The overall numbers of Karoo, 

Southern Black and Blue Korhaans were lower than on the 1980s counts, and the numbers of Blue 

Cranes higher. In common with the 1980s surveys, there was a strong seasonal effect in the 

Succulent Karoo, with Ludwig’s Bustards abundant in winter and rare in summer. Likewise, there was 

no evidence of a corresponding decline in the Nama Karoo in winter, but this probably relates to 

detectability in summer as there is evidence for large proportions of the population migrating 

between biomes. No relationship was found between the numbers of Ludwig’s Bustards by 

bioregion and rainfall in the preceding months, perhaps because of larger scale rainfall patterns in 

the Karoo and/or because the species is not strictly nomadic. Compared with the 1980s, Ludwig’s 

Bustards were more strongly associated with transformed lands, which have increased marginally on 

road count transects. These results broadly support the theory that Ludwig’s Bustard is a partial 

migrant, and suggest that the South African population is not decreasing rapidly, despite the large 

numbers estimated to be killed by power line collisions.  

 

Introduction 

Knowledge of population sizes and trends are central to the effective conservation and management 

of threatened species (Bennun 2000, Mace et al. 2008, Bonebrake et al. 2010). However, these basic 

parameters are often difficult to obtain, particularly for low-density and wide-ranging species 
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(Bildstein 2011). Birds are among the most mobile of organisms, and their dispersal ability and often 

structured populations add to the difficulty of accurate population size estimation (Bildstein 2011, 

Negro 2011).  

Ludwig’s Bustard is a wide-ranging bird endemic to the arid south-western region of Africa (Allan 

2005a). It is extremely susceptible to collisions with overhead power lines, and observed mortality 

rates are worryingly high (Jenkins et al. 2011, Chapter 3). Monitoring in the eastern Nama Karoo in 

the late 1990s, and extrapolation of power line collision rates with best-guess demographic 

parameters suggest that the Ludwig’s Bustard population is in decline (Anderson 2000a, Jenkins et 

al. 2011). This species was listed as globally Endangered in 2010 because of this potentially 

unsustainable collision mortality, exacerbated by the lack of effective mitigation and the rapidly 

expanding power grid (BirdLife International 2012). The IUCN Red List is precautionary, with the 

uplisting of Ludwig’s Bustard recognising the potentially serious but uncertain effects of this 

unnatural mortality, and highlighting the urgent need for further research (Mace et al. 2008). 

Clearly, a research priority for Ludwig’s Bustards is to gain a better understanding of actual 

population trends. Unfortunately, it is a difficult bird to study as it is cryptic and inhabits the vast and 

remote landscapes of the Karoo and Namib (Allan 2005a). Very little is known about life history 

parameters such as breeding success and longevity, and current bird monitoring systems in South 

Africa (e.g. the Southern African Bird Atlas Projects (SABAP 1 and 2) and the Coordinated Avifaunal 

Roadcount (CAR) project) are of limited use because of the minimal data available from this sparsely 

populated region (Hofmeyr 2012). This leaves dedicated census counts as the best way to generate 

the population data necessary to understand the apparently heavy impact of collision mortality on 

this species. Fortunately, there are historical count data available from 1988-1989, when David Allan 

conducted extensive road censuses, an aerial survey and analysed SABAP 1 data and landowner 

observations to estimate the population sizes of Ludwig’s Bustard (and other large Karoo birds). He 

arrived at the only population estimate for this species of between 56,000 and 81,000 individuals 

(Allan 1994), 50-75% of which were thought to occur in South Africa (Anderson 2000a). Allan (1994) 

also inferred a seasonal migration of Ludwig’s Bustards to the Succulent Karoo in the winter, but 

could not find evidence of a corresponding decline in the Nama Karoo. His possible reasons for this 

were that this bird is a partial migrant, that the proportion moving is relatively small, that above 

average rainfall in the Nama Karoo in the year of his counts meant fewer birds moved, or that 

bustards are generally harder to see in the summer (especially in the Nama Karoo, where summer 

grass growth might mask a winter decrease in bustard density). 
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In this chapter I repeat David Allan’s road and aerial counts to assess population trends for Ludwig’s 

Bustard and other large terrestrial birds of the Karoo over the past two decades, and to seek 

evidence to support any of his theories regarding the apparently constant Nama Karoo population. 

As the census counts cover much of the range of Ludwig’s Bustard and Karoo Korhaan Eupodotis 

vigorsii, I use distance sampling methods (Buckland et al. 2001) to estimate the current South 

African population sizes of these species. I also assess the abundance of Ludwig’s Bustard across the 

Karoo in relation to season, rainfall and habitat. 

 

Methods 

I conducted an extensive census of large terrestrial birds in the Karoo, following as closely as 

possible the routes and methodology for road and aerial counts carried out by David Allan in the late 

1980s (described in detail in Allan 1994). My road counts followed two transects in the east and west 

Karoo four times over one year, with two aerial counts (Fig. 2.1A).  
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Figure 2.1. Maps of bird census routes. A. Western South African biomes, with the west road count route (solid 

dark blue line) and east road count route (solid dark green line) followed on census counts in 2010/2011, and 

corresponding aerial survey routes shown with dashed lines. The original 1980s road route (Allan 1994) is 

shown in red where it differed from the current road routes. B. Bioregions used in analysis of Ludwig’s Bustard 

population data. Blue lines are routes covered on the 2010-2012 road counts, and the red line shows the 

A. 

B. 

BlOME 

Albany Thicket 

Desert 

Fynbos 

Grassland 

Nama Karoo 

Succulent Karoo 

BIOREGION 

Albany Thicket 

Bushmanland 

Dry Highveld Grassland 

Gariep Desert 

Karoo Renosterveld 

Knersvlakte 

Lower Karoo 

Namaqualand Hardeveld 

Namaqualand Sandveld 

Northwest Fynbos 

Rainshadow Valley Karoa 

Richtersveld 

Southern Namib Desert 

Southwest Fynbos 

Sub-Escarpment Grassland 

Trans-Escarpment Succulent Karoo 

Upper Karoo 

West $trandveld 

Westem Fynbos-Renosterveld 

N 

o 100 200 Kms 400 A 

2S0 Kms 500 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

  Chapter 2: Census     

21 
 

divide used to broadly separate bioregions into Succulent and Nama Karoo. Road counts passed through all the 

bioregions presented (=surveyed area for Distance analysis), and black lines indicate the approximate total 

range of Ludwig’s Bustard in South Africa (Harrison et al. 1997, SABAP 2 2012). 

Road counts 

As far as possible, I followed the original routes (west route of 2,404 km, east route of 2,452 km; Fig. 

2.1A), which were largely on district gravel roads. Where Allan’s route was no longer accessible, I 

took the next closest road (most similar direction, distance and road type). As in the original study, 

the roads were driven at a constant speed of 50 km.h-1 with the driver and one passenger searching 

for large terrestrial birds (including all bustards, cranes, storks, and Secretarybirds Sagittarius 

serpentarius) on either side of the vehicle. We did not count when passing through built-up areas, 

when visibility was poor in rain or fog, or in the first or last hour of daylight as birds flying to or from 

roosts may have been more visible and biased results.  

When a bird was spotted, the vehicle was stopped and the area scanned with binoculars. As far as 

possible the species, age and sex of the bird (and any others seen) was noted. Sexing of Ludwig’s 

Bustards was based largely on size (they are sexually dimorphic, with the males up to twice the size 

of females) as well as on the broader and darker necks of males (Allan 2005a). Details of activity, 

habitat the birds were in and the habitat generally, side of the road and whether the road surface 

was tar or gravel (as a proxy for traffic volume) were also recorded. The position was logged with a 

Garmin 60 GPS, and a Bushnell Pinseeker 1500 laser rangefinder and compass used to measure 

distance and sighting angle of the bird where first seen from the road. Where the road was not 

straight, the perpendicular distance to where the bird was first seen was measured. Where David 

Allan measured distances on his counts, he usually used an optical rangefinder or else paced out the 

distance (pers. comm.). 

David Allan conducted four road counts; two in winter (July-August 1988, June-July 1989) and two in 

summer (November-December 1988, March 1989). I also did four main counts, with two in winter 

(May-July 2010, August-September 2010) and two in summer (November-December 2010, March-

April 2011). For logistical reasons I was unfortunately unable to replicate the count timing exactly, 

but my surveys still fell into broadly the same seasons as David Allan’s. As it was not possible to do 

the west aerial survey at the same time as the full winter road counts, I also conducted an additional 

shorter road count (1,164 km) from 18-21 September 2012 which followed the west route from 

Velddrif to Kleinsee, Springbok and back to Karoopoort. Allan noted the general habitat types on the 

road count routes (on his July-August 1988 survey), so I also collected habitat data (on my 
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November-December 2010 survey), recording the predominant land use on either side of the road 

every kilometre. I refer to David Allan’s counts as the 1980s counts, and mine as the 2010s counts 

for the remainder of this thesis. 

Aerial counts 

I conducted two aerial counts (Fig. 2.1A); the first was a summer count covering 1,397 km through 

the Nama Karoo on 2-3 April 2011 (from Beaufort West to Willowmore, Somerset East, Graaff 

Reinet, Cradock, Burgersdorp, Bethulie and Edenburg, then back via Philippolis, Hanover and 

Richmond). I also replicated David Allan’s winter aerial count (conducted on 13 September 1989) 

through the Succulent Karoo on 13 October 2012 (from the Berg River west of Piketberg to 

Vredendal, Kleinsee and Springbok, then back via Vanrhynsdorp, Nieuwoudtville and Karoopoort). 

This survey covered 819 km, excluding a 50 km section of the planned route in the vicinity of 

Kotzesrus (30°57’ S, 17°50’ E), when counting had to be suspended because of low cloud. 

Unfortunately, only low-winged aircraft were available for both counts (a Piper Dakota on the east 

count, and a Mooney 201 on the west count). Counts were conducted with an observer in the front 

passenger seat counting on the right and an observer behind the pilot counting on the left. On the 

east count an additional passenger took notes, and on both counts the pilot helped to spot birds 

because the view of the left observer was partly obscured by the wing. As on Allan’s 1989 count, 

markers were placed on the wings to mark a 500 m strip on each side of the plane with the aim to 

count all birds within this strip. Also consistent with Allan’s methods, the surveys were conducted at 

100-120 knots at approximately 150 m above ground, counting all large birds seen on either side 

within the strip. While other birds could be seen on the ground, Ludwig’s Bustards were only spotted 

as they flushed away from the aircraft, when their white wing panels made them conspicuous. 

Statistical analyses 

All raw data from the 1980s census was available (D. Allan unpublished data). Route and count data 

from the 1980s and this census were standardised using ArcGIS 10 (ESRI 2010). The 1980s count data 

were digitised on the basis of the 1:50 000 grid reference, odometer reading and farm name (using 

the cadastral boundaries layer of the South African Environmental Potential Atlas (ENPAT); 

Department of Environmental Affairs and Tourism 2001) recorded with each observation. As the 

exact boundaries of the biogeographical regions used in the analysis of the 1980s data (Allan 1994) 

were no longer available, all data were categorised using Mucina and Rutherford’s (2006) bioregion 

classification. All measurements were made using a WGS 1984 UTM Zone 34S projection.  
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Statistical analyses were generally performed using R (R Core Team 2012). For these analyses I 

assumed a sampling fraction of 1.0, i.e. the driver and passenger are equally likely to see birds; to 

test whether this was justified I compared number of sightings by species made on each side of the 

vehicle with a χ2 test for the 2010s data in a contingency table. To compare observer efficacy 

between the 1980s and the current census, I compared number of perpendicular sightings made 

(excluding flying birds) in a contingency table of 50-100 m distance bands (number of bands 

depending on species), also with χ2 tests. On the 1980s census, sighting distances were only 

recorded on the last winter survey (June/July 1989) and the number of sightings only great enough 

to compare three species (n=121 Ludwig’s Bustard sightings, n=91 Karoo Korhaan and n=18 Blue 

Crane). These data were compared with my three winter counts (n=213 Ludwig’s Bustard sightings, 

n=69 Karoo Korhaan and n=43 Blue Crane). I also investigated group size and behaviour first seen 

(flushed, active or inactive) with χ2 tests and contingency table classifications.  

Rainfall data from April 2010–April 2011 and July – September 2012 were obtained from the South 

African Weather Service for each bioregion (Appendix 2.A1). I assessed the effect of rainfall in the 

preceding months on the numbers of Ludwig’s Bustards per 100 km seen on road counts with 

Pearson’s product-moment correlation coefficients, Generalised Linear Models (GLMs) and 

Generalised Additive Models (GAMs; gam in library mgcv v1.7-18; Wood 2006). I compared the total 

rainfall (averaged over the number of weather stations in each bioregion) preceding each count by 

one, two and three months to the count data overall, and for the Nama and Succulent Karoo 

separately. I also examined the patterns after taking the log of both rainfall and the number of 

Ludwig’s Bustards seen.  

I compared land use in the two time periods with χ2 tests (on count data in a contingency table) after 

categorising the habitat data from both surveys in 1 km sections as either transformed lands (i.e. 

intensive agriculture) or natural vegetation (known locally as natural veld). On the 1980s census, 

habitat along the road routes was generally classified as agricultural or as different types of Karoo. I 

classified a section on my surveys as transformed lands if the major land use was crops, fallow, farm 

buildings, pasture, ploughed land, stubble or vineyards on either side of the road, with all other land 

uses considered natural. I compared habitat use of Ludwig’s Bustards between counts, and for 

bustards seen on the 2010s surveys when both transformed and natural habitats were available. To 

investigate the effect of road surface on the numbers of Ludwig’s Bustards seen I compared the 

average number of Ludwig’s Bustards seen per 100 km on tar and gravel by bioregion (where there 

was at least 10 km of each surface type) on the two main winter counts for the 1980s and 2010s. I 

used Wilcoxon signed-rank tests for this (test statistic W), and Mann-Whitney tests (test statistic U) 
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to test the effect of season on average group sizes, as the assumptions for T-tests were not met in 

either case (Zar 2010). 

Distance 

I used the Conventional Distance Sampling engine in Distance 6.0 release 2 (Thomas et al. 2009) to 

calculate population estimates for Ludwig’s Bustards and Karoo Korhaan, and to assess trends 

between the 1980s and 2010s censuses. My data set did not meet the minimum of 60-80 detections 

(Buckland et al. 2001) to use this analysis for the other species, or did not cover enough of their 

range to make population estimation meaningful. I only used winter count data (1980s; 1 survey in 

June-July 1989, 2010s; 3 surveys in May-July 2010, Aug-Sept 2010, Sept 2012), because distances 

were only measured on this one 1980s count. In addition, winter was more representative of the 

Ludwig’s Bustard population because counts were higher and the birds are spread across their range 

at this time of year. There were too few data to use this method to estimate summer densities of 

Ludwig’s Bustards (n=10 detections in the Succulent Karoo, n=37 in the Nama Karoo). 

Distance sampling assumes that objects on the line are detected with certainty, objects are detected 

at their initial location, measurements are exact and detections are independent (Buckland et al. 

2001). I believe these assumptions were largely met in my surveys, with accurate measurements 

taken to the initial location of birds. As birds in a group are clearly not independent from each other, 

I defined an object as a group of birds. Road transects are problematic if the density of birds along 

these routes differs from the survey area as a whole because of e.g. increased disturbance (Erxleben 

et al. 2011, Marques et al. 2012). However, by selecting minor gravel roads I hoped to minimise any 

impact of road avoidance. There were insufficient data to generate densities by bioregion, so for 

Ludwig’s Bustards I stratified density estimations into Nama and Succulent Karoo. This increased 

precision and allowed comparison of densities and group sizes for each area (Thomas et al. 2010). 

For both species I estimated population numbers for the bioregions within the range that were 

sampled on the road counts, and then for the whole South African range (Harrison et al. 1997, 

SABAP 2 2012; Fig. 2.1B, Appendix 2.A2). For Karoo Korhaan, I only included road count transects 

that had been driven within the range of this species. 

I converted all sighting measurements to perpendicular distances, and examined histograms of the 

count data (separately for the 1980s and 2010s). I looked for evidence of assumption failures, and 

determined appropriate truncation points; 5-10% right truncation is recommended to remove 

outliers and facilitate modelling (Buckland et al. 2001). There was evidence of evasive movement 

from the road in most of the analyses, so the data were grouped accordingly. I then fitted models 
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using all combinations of suggested key functions and adjustment terms (uniform with cosine or 

simple polynomial, half-normal with cosine or Hermite polynomial and hazard-rate with cosine or 

simple polynomial), and assessed fit using χ2 goodness-of-fit, lowest AIC and by inspecting 

histograms, particularly near zero distance (Buckland et al. 2001, Burnham & Anderson 2002). The 

best fitting detection functions used in density estimation are presented in Appendix A2.3. Size bias 

was investigated i.e. that group size was not independent of distance, so may be underestimated at 

further distances, and/or that proportionally fewer small groups were seen at further distances. 

There was little evidence for this, so I set the models to use the regression of log observed group size 

on detection probability to account for this where the relationship was significant (p<0.15), but 

otherwise to just use the mean group size (Buckland et al. 2001). Empirical variance estimation 

requires n>20 transects, so density variance was estimated by assuming observations followed a 

Poisson distribution, and with bootstrapping (999 replicates; Buckland et al. 2001). Splitting one 

transect into smaller units would result in pseudoreplication, so observations within each transect 

were resampled as sample sizes were large enough (minimum of 47) for the 1980s count, and for 

observations within transects for the 2010 counts. For Ludwig’s Bustards, group size and encounter 

rate were estimated at stratum level (Nama and Succulent Karoo). I tested whether separate 

detection functions were necessary for each Karoo type by comparing models with detection 

functions estimated globally (for the whole area) and by stratum (Buckland et al. 2001). 

Allan (1994) assumed that all Ludwig’s Bustards were seen on aerial surveys as they flushed away 

from the aircraft, and therefore used this as a correction factor to calculate the actual density of 

birds seen on road counts. As I used Distance to estimate population sizes, I did not rely on this 

assumption. Instead, I used aerial counts to assess the suitability of road counts for censusing 

Ludwig’s Bustards, by comparing the density of birds seen per 100 km2 by bioregion for each 

method. The area searched on road counts was calculated from the transect length multiplied by the 

effective search width (ESW), as estimated by Distance. I used paired T-tests and correlation tests to 

compare results generated from both methods. For comparison of the western aerial and road count 

results, the section of the road count corresponding to the missed 50 km section on the aerial count 

was excluded. 
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Results 

Comparison of surveys 

Most of the original road transect routes were accessible (94%) on this census, and the length of 

transects covered in both time periods were similar (Table 2.1). The proportion of tar roads surveyed 

has increased slightly, from 14% of roads in the 1980s to 19% of roads in this study. 

 

Table 2.1. Average distances (kilometres) covered on the west and east road counts in the 1980s and 2010s by 

road surface type, with the percentage increase/decrease in gravel and tar roads between counts. 

 
1980s 2010s 

Difference 

between 

counts 

1980s 2010s 

Difference 

between 

counts 

1980s 2010s 

 
Gravel Gravel Gravel Tar Tar Tar Total Total 

West 2,206 2,062 -6% 198 355 +6% 2,404 2,417 

East 1,976 1,769 -5% 476 563 +5% 2,452 2,332 

Total 4,182 3,831 -5% 674 918 +5% 4,856 4,749 

 

Observer efficiency appeared to be greater in the 1980s for Ludwig’s Bustards and Karoo Korhaans, 

but not Blue Cranes (Table 2.2). For Ludwig’s Bustards there was no difference between behaviour 

( 2=3.61, df=2, p=0.16) or group size ( 2=2.16, df=2, p=0.34) of birds seen between counts, but on 

the 1980s counts Ludwig’s Bustards were seen significantly further away ( 2=54.66, df=5, p<0.001). 

In the 1980s, significantly more Karoo Korhaans were seen while they were inactive ( 2=32.73, df=2, 

p<0.001) and in pairs or threesomes ( 2=7.64, df=2, p=0.02), and also at greater distances ( 2=10.64, 

df=2, p=0.001). Activity ( 2=1.55, df=2, p=0.21), group size ( 2=0.38, df=2, p=0.83) and distance from 

the road ( 2=2.49, df=3, p=0.48) were similar in the 1980s and 2010s for Blue Cranes. Therefore, it 

seems that detection was better for more cryptic species on the original surveys, which complicates 

comparison of the results. However, this effect is not certain as the 1980s sample is just one survey, 

and distance measurements were likely to be less accurate (although not necessarily more biased) 

than the 2010s measurements taken with a laser rangefinder. In addition, the current count totals of 

more cryptic species like Karoo Korhaans were not consistently lower than the 1980s counts 

(Appendix 2.A4). I have therefore not attempted to adjust my count data as distance sampling 

methods account for the different search widths identified for Ludwig’s Bustards and Karoo 

Korhaans.  
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Table 2.2. Mean (± SE) perpendicular sighting distances (metres) on the June/July 1989 survey (1980s) and the 

three 2010s winter roads counts. 

 

 
1980s 2010s 

Ludwig's Bustard 200 ± 17 91 ± 5 

Karoo Korhaan 69 ± 5 49 ± 8 

Blue Crane 294 ± 42 215 ± 26 

 

There was no difference between the number of sightings made on each side of the vehicle on the 

2010s counts (n=633 sightings where side of the road was recorded; 2=3.64, df=7, p=0.82), so the 

assumption of a sampling fraction of 1.0 is justified. 

Overall road count trends 

The overall numbers of Ludwig’s Bustards seen on the 1980s and 2010s road counts were similar 

(Fig. 2.2), with perhaps a decline in the Nama Karoo between surveys. However, as highlighted 

previously, whether this relates to different observer efficiencies between surveys is unclear. In both 

time periods, Ludwig’s Bustards were abundant in the Succulent Karoo in the winter and rarely seen 

in the summer (Figs. 2.2 and 2.3). In the Nama Karoo, birds were more often seen in winter than 

summer, which is a pattern also seen for Karoo Korhaans in this biome (Appendix 2.A4). Karoo 

Korhaans are sedentary, so this effect probably relates to reduced conspicuousness from higher and 

denser summer vegetation in this grassier biome, and/or more secretive behaviour while raising 

chicks (Allan 1994).  
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Figure 2.2. Mean (± SE) number of Ludwig’s Bustards seen per 100 km of road counts by biome and season, 

with 1980s counts in dark grey and 2010s counts in light grey. 

For other large terrestrial birds counted on road surveys (Appendix 2.A4), there was evidence of a 

decline in Karoo Korhaans in the Nama Karoo but not the Succulent Karoo. Numbers of Northern 

Black Korhaans Eupadotis afraoides were comparable in the two time periods, but there has been a 

marked decrease in numbers of Southern Black Korhaans Eupadotis afra in the Succulent Karoo. 

Likewise, there were far fewer Blue Korhaans Eupodotis caerulescens seen in the 2010s counts. Kori 

Bustards and Secretarybirds were relatively scarce overall, with no clear population trends between 

the counts. Considerably more Blue Cranes were seen on the current count in the Nama Karoo, 

compared with the 1980s.  

Ludwig’s Bustards 

Over the 2010-2011 survey year, winter rainfall was average in the Succulent Karoo and below 

average in the Nama Karoo. This was followed by a wet summer across the Karoo, so overall annual 

rainfall was slightly above average (Appendix 1). The number of Ludwig’s Bustards seen in the main 

Karoo bioregions varied by season, particularly for the Succulent Karoo, but there was no apparent 

pattern with rainfall in the months before the four main road counts (Fig. 2.3) or the September 

2012 west count (before which rainfall had been normal). There was no correlation, and all GLMs 

and GAMs failed to detect any relationship between the rainfall and counts for each bioregion, 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

  Chapter 2: Census     

29 
 

separately for the Nama and Succulent Karoo, and overall for each time lag examined. This contrasts 

with the positive relationship identified in the original counts (Allan 1994). 

 

Figure 2.3. Total monthly rainfall (mm; grey line) averaged over 2-8 weather stations for the three main 

bioregions in the Succulent and Nama Karoo, with number of Ludwig’s Bustard seen per 100 km (dark bars) on 

four road counts (June 2010-March 2011). 

Ludwig’s Bustards on the current surveys were more likely to be seen in transformed habitats 

compared with the 1980s surveys ( 2=223.81, df=1, p<0.001), and also in comparison with the 

proportion of transformed land on the survey routes ( 2=137.99, df=1, p<0.001, Table 2.3). The 

percentage of transformed land has decreased slightly on the west route between the two counts 

( 2=4.64, df=1, p=0.031), but has increased on the east route ( 2=91.97, df=1, p<0.001). In areas on 

the 2010s surveys where both habitat types were present, Ludwig’s Bustards were more often seen 
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in transformed habitats (n=97 birds, compared to 25 in natural habitats and 51 in both (birds in 

groups were not classified individually); 2=23.38, df=2, p<0.001). 

Table 2.3. Percentage of transformed and natural habitats on the east and west road count routes in the 1980s 

and 2010s, with the percentage of total Ludwig’s Bustards seen in each habitat by route. 

 
 

Percentage of Ludwig’s 

Bustards in each habitat 
Percentage of each habitat 

Count Transect Transformed Natural Transformed Natural 

1980s East 2% 98% 6% 94% 

 West 3% 97% 10% 90% 

 Overall 2% 98% 8% 92% 

2010s East 28% 73% 14% 86% 

 West 24% 76% 8% 92% 

 Overall 25% 75% 11% 89% 

 

There was no significant effect of road surface on the average number of Ludwig’s Bustards seen in 

the winter in 12 bioregions in the 1980s (U=44, p=0.103) or 14 bioregions in the 2010s (U=63, 

p=0.065). Such an effect could have been hard to detect as the proportion of tar roads was minimal 

(Table 2.1), but it is also therefore unlikely to have unduly influenced population estimates. 

As on Allan’s (1994) counts, Ludwig’s Bustards were seen in larger groups in winter (3.56 ± 0.21 SE) 

than summer (2.13 ± 0.32 SE; W=7862, p<0.001). Generally, I found sexing bustards difficult as birds 

were often too far away to clearly see their colouring (especially on days with heat haze) or when 

groups were spread widely, limiting size comparisons. Juvenile males were also difficult to 

distinguish from adult females. Overall, I assigned sex to 402 of 987 bustards seen on all surveys; 194 

females and 208 males (compared with Allan’s 491 females, 309 males of 1,154 bustards seen in 

total). In my data, there were no patterns of sex in relation to season or Karoo biome. Males were 

more often seen alone, and females were more often seen in groups or 2-4 birds and larger 

( 2=6.38, df=2, p=0.041). 

The first behaviour of Ludwig’s Bustards seen on 2010s road counts differed with distance from the 

road, with birds near the road flushing more often ( 2=102.94, df=3, p<0.001, Fig. 2.4). As expected, 

inactive birds were only rarely seen further from the road, as they are more difficult to detect. On 

the 2010s surveys there was no seasonal difference between behaviours (fly, flush, active or 

inactive) overall ( 2=1.63, df=3, p=0.652) or on Nama Karoo surveys only ( 2=3.47, df=3, p=0.325), 

but on the 1980s counts birds were more likely to flush in winter overall ( 2=8.63, df=3, p=0.035), 

and on Nama Karoo surveys only ( 2=10.54, df=3, p=0.014). Therefore, there was evidence on the 
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original counts for bustards being more difficult to see in summer, if they were more likely to crouch 

in the higher vegetation than flush. However, this was not the case for the current counts, and there 

was also no difference between sighting distances in the Nama Karoo in summer and winter 

(W=1061, p=0.412). 

 

Figure 2.4. First behaviour seen for each Ludwig’s Bustard sighting on the 2010s surveys by distance from road 

(with sample sizes). 

Aerial vs road counts 

As in the 1980s (Allan 1994), the Succulent Karoo aerial survey gave broadly similar abundance 

patterns to the road count (Table 2.4). Densities seen on the road counts were higher, but the 

difference between the estimates from both methods was not significant (T-test: t=2.08, df=8, 

p=0.071). The density estimates were significantly and positively correlated (Pearson product-

moment correlation coefficient r=0.84, t=4.16, df=7, p=0.004), indicating that road counts are an 

unbiased method of censusing this species. The results of the Nama Karoo survey were inconclusive 

(T-test: t=1.68, df=4, p=0.168; Pearson product-moment correlation coefficient r=0.36, t=0.66, df=3, 

p=0.56; Table 2.4), but this could have been because few bustards were seen. Such low numbers 

also support the idea that birds are less likely to flush in summer. 
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Table 2.4. Comparison of 2010s count methods, with the density of Ludwig’s Bustards (LBs) seen by bioregion 

on aerial and corresponding road counts in summer (March-April) 2011 in the Nama Karoo, and winter 

(September-October) 2012 in the Succulent Karoo. Road count search area calculated from the ESW estimated 

by Distance analyses (151 m; Table 2.5). 

 
Aerial count Road count 

Bioregion 
Number 

of LBs 

km
2
 

searched 

LBs.100 

km
-2

 

Number 

of LBs 

km 

searched 

km
2
 

searched 

LBs.100 

km
-2

 

Summer 2011 Nama Karoo        

Upper Karoo 14 605 2.3 3 510 77 3.9 

Lower Karoo 7 373 1.9 19 649 98 19.4 

Dry Highveld Grassland 3 276 1.1 1 445 67 1.5 

Albany Thicket 0 119 0.0 3 226 34 8.8 

Sub-Escarpment Grassland 0 24 0.0 0 74 11 0.0 

Total 24 1,397 1.7 26 1,904 288 9.0 

Winter 2012 Succulent Karoo 
   

   
 

Karoo Renosterveld 19 18 107.4 13 24 4 354.4 

Namaqualand Sandveld 26 183 14.2 5 167 25 19.9 

Knersvlakte 8 107 7.5 4 175 26 15.1 

Namaqualand Hardeveld 7 176 4.0 45 271 41 110.0 

Northwest Fynbos 1 67 1.5 1 118 18 5.6 

Rainshadow Valley Karoo 0 177 0.0 0 187 28 0.0 

Southwest Fynbos 0 8 0.0 0 28 4 0.0 

Trans-Escarpment Succulent Karoo 0 23 0.0 1 25 4 26.4 

West Strandveld 0 61 0.0 7 26 4 177.8 

Total 61 819 7.4 76 1,021 154 49.3 

 

Distance population estimates 

The Distance analyses indicate that there has been no substantial change in the Ludwig’s Bustard 

population in South Africa, with approximately 97,000 (95% CI 75,000-126,000) birds estimated from 

the 1980s count and 114,000 (95% CI 87,000-148,000) from the 2010s counts (Table 2.5). In both 

time periods, the densities of bustards were lower in the Nama Karoo than the Succulent Karoo, and 

the densities in the Nama Karoo were similar (Table 2.5). However, the density in the Succulent 

Karoo was much higher in the 2010s counts than in the 1980s (0.43 vs 0.28 bustards.km-2). This 

probably relates to an irruption of Ludwig’s Bustards (along with other arid zone birds) in the 

southern part of this biome in winter 2010, following dry conditions in the Nama Karoo. Overall, 54% 

of the population in the 2010s were found in the Succulent Karoo, compared to only 42% in the 

1980s. Average group sizes in both time periods were similar overall, but were higher in the 

Succulent Karoo compared with the Nama Karoo in the 1980s, and approximately equal in both 

biomes in the 2010s counts (Table 2.5). 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

Chapter 2: Census
        

 

33 
 

Table 2.5. Density estimates of Ludwig’s Bustards from 1980s and 2010s winter count data, with the best three Distance models presented in order of increasing AIC. 

Estimates for effective search width (ESW in m), group size, density (birds.km
-2

) and overall population size (surveyed area and whole SA range) given by Karoo stratum and 

overall, with 95% confidence intervals (2.5% and 97.5% quantiles of bootstrap estimates). The original 1980s data were truncated at 500 m (from n=136 to n=123) and 

grouped into 6 equal groups, and the original data were truncated at 300 m (from n=249 to n=244) and grouped into 5 equal groups. 

Model K AIC Karoo ESW (95% CI) 
Average group 

size 
Density  (95% CI) 

Total number surveyed area 

(95% CI) 

Total number across SA range 

(95% CI) 

1980s 
  

  
    

Half-normal 2 386.21 Nama 209 (167-261) 3.05 (2.45-3.64) 0.13 (0.09-0.17) 45,236 (32,975-59,811) 59,853 (43,629-79,135) 

Stratum detection function 
  

Succulent 283 (234-344) 4.40 (2.95-6.81) 0.28 (0.17-0.45) 32,392 (19,890-51,445) 32,835 (20,162-52,147) 

   
Pooled  

 
0.17 (0.13-0.22) 77,629 (59,849-100,940) 96,889 (74,697-125,982) 

Uniform + cosine 3 387.53 Nama 203 (163-253) 3.07 (2.47-3.76) 0.13 (0.09-0.19) 47,330 (31,245-68,241) 62,620 (41,340-90,287) 

Stratum detection function 
  

Succulent 287 (249-330) 4.36 (2.94-6.58) 0.29 (0.17-0.47) 32,821 (19,688-53,287) 33,269 (19,957-54,014) 

   
Pooled  

 
0.17 (0.12-0.23) 80,150 (58,499-109,941) 100,034 (73,013-137,219) 

Half-normal + cosine 2 387.99 Nama  3.07 (2.51-3.72) 0.12 (0.08-0.16) 41,394 (29,691-56,622) 54,768 (39,284-74,917) 

Global detection function 
  

Succulent  4.35 (2.89-6.58) 0.35 (0.21-0.55) 39,752 (23,991-62,752) 40,295 (24,319-63,610) 

   
Pooled 217 (174-271) 

 
0.17 (0.12-0.23) 81,145 (57,582-109,648) 101,278 (71,869-136,855) 

2010s 
  

  
    

Hazard-rate 2 668.93 Nama  3.78 (2.74-5.04) 0.12 (0.08-0.17) 42,027 (27,260-61,927) 55,607 (36,068-81,935) 

Global detection function 
  

Succulent  3.60 (3.01-4.32) 0.43 (0.35-0.53) 49,255 (39,669-60,480) 49,928 (40,211-61,306) 

   
Pooled 151 (130-175) 

 
0.19 (0.15-0.25) 91,282 (70,051-118,940) 113,929 (87,430-148,444) 

Half-normal 1 671.01 Nama  3.76 (2.63-5.02) 0.12 (0.07-0.17) 42,105 (26,493-61,442) 55,710 (35,052-81,294) 

Global detection function 
  

Succulent  3.60 (3.00-4.36) 0.44 (0.35-0.53) 49,775 (40,157-59,922) 50,455 (40,706-60,741) 

   
Pooled 148 (134-164) 

 
0.20 (0.15-0.25) 91,880 (70,427-115,760) 114,675 (87,900-144,477) 

Hazard-rate 4 672.15 Nama 165 (116-234) 3.80 (2.76-5.04) 0.11 (0.06-0.21) 39,676 (20,961-73,117) 52,496 (27,733-96,739) 

Stratum detection function 
  

Succulent 147 (125-173) 3.58 (3.00-4.27) 0.46 (0.35-0.59) 52,205 (40,409-66,803) 52,918 (40,961-67,716) 

   
Pooled  

 
0.20 (0.14-0.27) 91,880 (67,121-129,040) 114,675 (83,775-161,060) 
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There is some evidence of a decline in Karoo Korhaans between the two censuses (Table 2.6). Approximately 103,000 (95% CI 85,000-124,000) birds were 

estimated for the 1980s count, compared with 68,000 (95% CI 0-125,000; the zero lower CI results from the October 2012 count when just two Karoo 

Korhaans were seen) for the 2010s count (Table 2.6). Group sizes in both time periods were similar. However, issues with detectability and the very wide 

confidence intervals for the 2010s census highlight the uncertainty of this apparent decline.  

Table 2.6. Density estimates of Karoo Korhaans from 1980s and 2010s winter count data, with the best three Distance models presented in order of increasing AIC. 

Estimates for effective search width (ESW in m), group size, density (birds.km
-2

) and overall population size (surveyed area and whole SA range) with 95% confidence 

intervals (2.5% and 97.5% quantiles of bootstrap estimates). The original 1980s data were truncated at 200 m (from n=93 to n=92) and grouped into 5 equal groups, and 

the original 2010s data were truncated at 120 m (from n=74 to n=68) and grouped into 8 equal groups. 

Model K AIC ESW (95% CI) Average group size Density (95% CI) 
Total number surveyed area 

(95% CI) 

Total number across SA range 

(95% CI) 

1980s 
  

 
    

Half-normal 1 269.18 112 (94-134) 2.16 (1.96-2.36) 0.27 (0.22-0.33) 96,520 (79,545-115,960) 102,822 (84,741-123,497) 

Uniform + cosine 1 269.37 114 (100-129) 2.16 (1.95-2.35) 0.28 (0.23-0.37) 98,772 (80,162-130,890) 105,223 (85,396-139,446) 

Hazard-rate 2 270.49 111 (84-146) 2.17 (1.94-2.36) 0.28 (0.20-0.36) 99,560 (71,832-127,810) 106,063 (76,525-136,159) 

2010s 
  

 
    

Half-normal 1 247.60 57 (47-69) 2.07 (1.00-2.54) 0.18 (0.00-0.33) 63,685 (0-117,230) 67,846 (0-124,884) 

Uniform + cosine 1 247.67 62 (57-67) 2.14 (1.00-2.54) 0.19 (0.00-0.36) 66,229 (0-127,910) 70,556 (0-136,265) 

Uniform + simple polynomial 2 249.45 62 (53-72) 2.10 (1.00-2.55) 0.17 (0.00-0.33) 58,478 (0-116,290) 62,299 (0-123,889) 
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Discussion 

In general, the current census supports the 1980s results for Ludwig’s Bustards (Allan 1994). Using 

Distance, the South African population in the 1980s was estimated at 97,000 (95% CI 75,000-

126,000) birds, compared with Allan’s (1994) estimate of 56,000-81,000 individuals across the whole 

range. Distance sampling methods are likely to give better estimates because they do not rely on the 

unrealistic assumption of constant detectability, accounting for undetected birds (Marques et al. 

2007), and Allan therefore probably underestimated the population. Two decades later, the current 

South African population is approximately 114,000 (95% CI 87,000-148,000) birds. Given that 

transects were driven at a relatively high speed, I consider these to be minimum population 

estimates. The current population estimate is higher than the 1980s estimate, but the latter was 

calculated from a fraction of the census data (one survey), the difference is not great and there is 

considerable uncertainty in the two estimates. A key assumption of Distance is that transects are 

randomly placed with respect to the birds, and conducting counts along roads is a violation of this 

(Marques et al. 2012). Ludwig’s Bustards appear to be disturbed by road traffic; there was evidence 

of evasive movement and birds more often flushed close to the road on my counts, although there 

was no apparent effect of road surface. However, there is no cost-effective alternative for censusing 

these wide-ranging birds and the more randomly placed aerial counts broadly supported the road 

count data. Grouping the data for analysis should have partly accounted for the evasive movement 

evident in the data (i.e. fewer detections close to zero distance than expected), but this also could 

result from birds avoiding the fenced road verge, which can be quite wide in the Karoo. Satellite 

tracking results (Chapter 5) show that while bustards are less often found close to the road, they do 

not avoid the general road vicinity and behave similarly regardless of road type. Therefore, while 

these issues with using Distance on road count data could have underestimated population sizes, I 

believe that such biases are not excessive. However, the population estimates are probably not 

accurate enough to detect a change between the two census counts, and I conclude that the 

Ludwig’s Bustard population has likely remained stable. 

With sighting distances only taken on one 1980s survey, it was difficult to compare observer 

efficiency with any confidence, although there seems to be evidence for poorer detection of cryptic 

species in the current census. The comparison is complicated by the different technology used to 

measure distances in the two time periods (optical vs laser rangefinders). It is not clear whether the 

difference in sighting distances between the two surveys results from varying detection abilities or 

from the accuracy of the rangefinders used. Other factors could also influence detectability e.g. 
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changes in habitat, although I would then have expected greater sighting distances in the later 

surveys (more sightings on open transformed lands with better visibility). Despite this issue, my 

findings generally support Hofmeyr’s (2012) assessment of large terrestrial bird population trends in 

South Africa made using long-term bird monitoring project data (CAR, SABAP 1 and 2)). Like Hofmeyr 

(2012), I found a decline of Southern Black Korhaans in the Succulent Karoo, no change of the 

Northern Black Korhaan population and a decrease in Blue Korhaans in the eastern Karoo (although 

Hofmeyr found this species to be stable or slightly increasing elsewhere in its range). The SABAP data 

supported the increase I saw for Blue Cranes in the grassy Nama Karoo, but suggested Karoo 

Korhaans were stable (Hofmeyr 2012). However, coverage of the Karoo Korhaan range in both 

monitoring projects is poor, particularly in the Nama Karoo where I found a decline. Detection issues 

may have enhanced such an effect, but the numbers of Karoo Korhaans seen on both counts in the 

Succulent Karoo were similar. The problems with using Distance discussed above for Ludwig’s 

Bustards probably also relate to Karoo Korhaans, although these birds are commonly seen on the 

road verge. Again, the confidence intervals of the population estimates for Karoo Korhaans are very 

wide; 1980s population estimate of 103,000 (95% CI 85,000-124,000) birds, 2010s estimate of 

68,000 (95% CI 0-125,000) birds, but both counts agree that the population is smaller than the 

hundreds of thousands reported to occur in South Africa (Allan 2005b). Reasons for a decline of this 

species in the Nama Karoo are unclear, and power line mortality for this species is minimal (Chapters 

3 and 4).  

Seasonal patterns in the distribution of Ludwig’s Bustards were similar in both censuses, with large 

numbers seen in the Succulent Karoo in winter, and fairly low numbers seen in the Nama Karoo year 

round. This supports Allan’s (1994) inference that Ludwig’s Bustard is a partial migrant. The Distance 

analyses suggested that approximately half of the South African population is in the Succulent Karoo 

during winter (1980s=58%, 2010s=46%). These proportions were similar, despite a difference in 

conditions; rainfall had been above average in the Nama Karoo in the winter counts of the 1980s, 

but the winter of 2010 was dry in this biome. It is difficult to explain the lack of discernible Nama 

Karoo population declines in winter when such high proportions of the population migrate to the 

Succulent Karoo (there is no evidence that the migrants come from Namibia, and satellite tagged 

birds generally travelled west for winter; Chapter 5). It is likely that trends are difficult to detect in 

the larger area of the Nama Karoo where density of bustards is low, and summer conditions make 

detection more difficult (Allan 1994).  

Unlike the 1980s counts, my census results did not show a positive correlation between rainfall and 

Ludwig’s Bustard abundance. There were no instances of population increases following specific rain 
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events as seen in Allan’s (1994) data. His increases were largely seen in the Succulent Karoo in June 

1989 in response to high rainfall in April 1989, and Allan (1994) therefore concluded that these birds 

were nomadic. My results do not provide evidence for this behaviour in response to rainfall, but 

perhaps responses are as much to do with rainfall in other regions as they are in the place the birds 

are seen e.g. the winter 2010 irruption in the southern Succulent Karoo followed dry conditions in 

the Nama Karoo. The relationship between nomads and rainfall is not always straightforward with 

other factors involved, and birds may use different movement strategies in different years (Dean 

1997, Dean & Milton 2001). Indeed, Allan (1994) found that the rainfall/density correlation 

explained relatively little of the variation in bustard counts, and suggested that rainfall in more mesic 

parts of the Karoo would have less influence on bustard densities than in arid areas. It may be that in 

the relatively wet 2010-2011 resources were abundant everywhere, so Ludwig’s Bustards did not 

need to track rainfall. Depending on environmental productivity, Karoo nomads can breed year 

round (Dean 1997, Allan 2005a), so perhaps the bustards either moved less in order to breed, or had 

a greater choice of productive areas to move to. In addition, there is evidence from the satellite 

tracking data that bustards often visit the same sites, so movements may not be strictly nomadic in 

the classic sense of random movement linked to patchy resources (Chapter 5).  

The sex ratio of Ludwig’s Bustards varied between the censuses, with an approximately equal ratio 

on my counts and a female-biased population in Allan’s counts (1994). However, I only assigned sex 

to 41% of birds (and only 43% of those seen up to 100 m from the road), with birds I was uncertain 

of more likely to be female. There is also the possibility that the smaller females are more difficult to 

see, especially when breeding, and my sex ratio may have resulted from potentially poorer detection 

as discussed previously. However, I think this is unlikely as females are still large birds. My findings 

contrast with those of Allan (1994), who assigned sex to 69% of birds seen. This suggests he had 

greater confidence in his ability to sex birds, so I think the female-biased population is probably the 

more accurate assessment. Most other patterns were similar on both censuses; males more often 

seen alone, females more often in groups and group sizes larger in winter. In the 1980s groups were 

larger in the Succulent Karoo compared with the Nama Karoo, but were there was no difference in 

the 2010s. Perhaps fewer birds were breeding in the Succulent Karoo at the time of the drier 1980s 

counts; breeding birds are more often alone (Allan 2005a). Seasonal patterns relating to detectability 

were found in Allan’s (1994) data, but not in mine, which perhaps relates to the fact that 

substantially more of my sightings were in transformed, open habitats.  

The road count routes were comparable between the two censuses, with only a slight increase in 

tarred roads, but this did not appear to affect the numbers of bustards seen. The habitat data were 
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collected at different scales on the two counts (1980s; only noted when broad habitat changes, 

2010s; every kilometre), so the comparison is crude. However, it suggests that there has been a 

slight increase in transformed land on the east transect, but not in the west. Remote sensing data 

agrees that there have only been minor land use changes in the Karoo over the past few decades 

(Brink & Eva 2009, Schoeman et al. 2010). A comparison of the 1994 and 2005 National Land Cover 

datasets concluded that the amount of cultivated land (currently 11.9% countrywide) has remained 

the same in the Eastern (8.1%) and Northern Cape (0.7%), declined slightly in the Western Cape 

(17.6% to 16.2%) and increased slightly in the Free State (28.5% to 29.5%; Schoeman et al. 2010). 

Brink & Eva (2009) found just a 0.2% increase in agriculture in the Karoo-Namib eco-region from 

1975-2000. Stocking rates declined across the Karoo in the 20th century as a result of historical 

overstocking, with some concern that rangeland mismanagement negatively affects bustards (Dean 

et al. 1995a, 1995b). In Namaqualand, both cultivation and livestock farming have declined since the 

1970s, with evidence that the veld is very slow to recover from the historical impacts of these land 

uses (Hoffman & Rohde 2007). Recent land use trends are for consolidation of economically unviable 

farms into large game farms and conservancies, and for the subdivision of State acquired land to give 

to previously disadvantaged small-scale farmers (Esler et al. 2006). Despite minimal changes in the 

amount of cultivated land, there was a marked increase in the proportion of Ludwig’s Bustard 

sightings in this habitat. While this could result from improved detection in open farmed landscapes, 

association of these birds with farmed areas is also shown by some satellite tagged bustards 

(Chapter 5). This apparent habitat switch between the censuses is not explained by the state of the 

veld, as degradation began long before the 1980s counts (Dean et al. 1995a, 1995b, Esler et al. 

2006). The preference for cultivated land during the recent surveys may result from a combination 

of factors, including good rains making marginal lands more productive, the timing of locust 

outbreaks (generally every 7-13 years), climatic variability and which crops are currently grown 

(Simmons et al. 2004, Esler et al. 2006).  
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Appendix 2.A1. Weather stations in each bioregion from which rainfall data were obtained from the 

South African Weather Service 

 

Weather station Bioregion Latitude Longitude 

Calizdorp Dam Albany Thicket -33.48 21.70 

Mooredale Albany Thicket -33.17 23.75 

Prospect-Farm Albany Thicket -32.60 25.22 

Augrabies Bushmanland -28.67 20.44 

Brandvlei Bushmanland -30.47 20.48 

Lekkerdrink Bushmanland -29.93 18.63 

Pofadder Bushmanland -29.13 19.38 

Sandkolk Bushmanland -29.39 20.34 

Bloemfontein-Stad Dry Highveld Grassland -29.12 26.18 

Colesberg Dry Highveld Grassland -30.73 25.10 

Jagersfontein-Pol Dry Highveld Grassland -29.78 25.42 

Ketelfontein Dry Highveld Grassland -30.30 26.19 

Philippolis-Pol Dry Highveld Grassland -30.27 25.27 

Reddersburg-Pol Dry Highveld Grassland -29.65 26.17 

Rooiklip Eastern Fynbos-Renosterveld -33.48 23.39 

Nieuwoudtville SADP Karoo Renosterveld -31.37 19.12 

Sandvlei Knersvlakte -31.67 18.93 

Vanrhynsdorp Knersvlakte -31.61 18.74 

Kamferskraal Lower Karoo -32.23 23.05 

Kendrew Estates Lower Karoo -32.52 24.48 

Rietbron Lower Karoo -32.90 23.15 

Somerset East Lower Karoo -33.05 25.72 

Kliprand Namaqualand Hardeveld -30.60 18.69 

Komaggas Namaqualand Hardeveld -29.80 17.48 

Koringhoek Namaqualand Hardeveld -30.60 17.92 

Springbok WO Namaqualand Hardeveld -29.67 17.89 

Steinkopf Namaqualand Hardeveld -29.25 17.73 

Hondeklipbaai Namaqualand Sandveld -30.32 17.28 

Kleinsee Namaqualand Sandveld -29.67 17.09 

Port Nolloth Namaqualand Sandveld -29.23 16.87 

Vredendal Namaqualand Sandveld -31.67 18.50 

Achtervlei Northwest Fynbos -32.80 18.67 

Kanolvlei Northwest Fynbos -31.98 18.49 

Elandsvlei Rainshadow Valley Karoo -32.32 19.56 

Kalkgat Rainshadow Valley Karoo -31.91 19.52 

Ladismith Buffelsvlei Rainshadow Valley Karoo -33.48 21.04 

Oudtshoorn Rainshadow Valley Karoo -33.62 22.21 

Schuinspad Rainshadow Valley Karoo -33.41 24.54 

Willowmore Rainshadow Valley Karoo -33.28 23.50 

Zachariasfontein Rainshadow Valley Karoo -33.10 22.17 

Lekkersing Richtersveld -29.00 17.10 
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Richtersveld Kuboes Richtersveld -28.46 16.99 

Drommelvlei Southwest Fynbos -32.77 18.42 

Alberval-Farm Sub-Escarpment Grassland -32.74 26.01 

Grapevale Sub-Escarpment Grassland -31.15 25.23 

Doornrivier Trans-Escarpment Succulent Karoo -31.25 19.20 

Rietfontein Trans-Escarpment Succulent Karoo -31.32 19.50 

Beestekraal Upper Karoo -30.93 24.75 

Brakfontein Upper Karoo -31.88 23.05 

Cradock-Mun Upper Karoo -32.17 25.63 

Hillston Upper Karoo -31.40 25.50 

Hughenden Upper Karoo -30.70 26.18 

Knell Upper Karoo -31.02 25.51 

Vlakfontein Upper Karoo -31.28 23.97 

Vleiplaats Upper Karoo -31.98 23.84 

Elandsbaai West Strandveld -32.31 18.34 

Laaiplek West Strandveld -32.77 18.15 

Lambertsbaai Nortier West Strandveld -32.03 18.33 

Grootkraal Western Fynbos-Renosterveld -33.41 22.23 

Kruisrivier Western Fynbos-Renosterveld -33.44 21.87 

Ladismith Western Fynbos-Renosterveld -33.50 21.28 

Touwsrivier Western Fynbos-Renosterveld -33.33 20.03 
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Appendix 2.A2. Map of bioregions and areas used in population estimation for Karoo Korhaans. Blue 

lines are routes covered on the 2010-2012 road counts. Road counts passed through all the 

bioregions presented (=surveyed area for Distance analysis), and black lines indicate the 

approximate total range of Karoo Korhaans in South Africa (Harrison et al. 1997, SABAP 2 2012). 
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Appendix 2.A3. Observed distances and best fitted detection functions used to estimate density for 

Ludwig’s Bustard and Karoo Korhaan in winter counts in 1980s and 2010s with Distance 
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Appendix 2.A4. Comparison of mean number of large terrestrial birds (± SE) seen per 100 km of all road counts by season and Karoo biome, with 1980s 

counts in dark grey and 2010s counts in light grey 
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Chapter 3: Collision mortality of Ludwig’s Bustard and other large terrestrial 

birds on power lines in the Karoo 

 

Abstract 

Quantifying the impact of avian collisions with power lines is difficult, but such accidental mortality is 

of conservation concern for many large terrestrial bird species worldwide. To investigate the effects 

of collision mortality on the Ludwig’s Bustard population at an appropriate scale, mortality surveys 

were conducted at five transmission line sites (totalling 252 km) throughout the Karoo for two years. 

Surveys were also carried out at one distribution line site for one year (95 km), where scavenger and 

search bias experiments were performed. Overall, 30 bird species were found dead under the power 

lines, with Ludwig’s Bustards comprising 69% and other bustards a further 18% of all carcasses 

(n=679 birds). As expected, Ludwig’s Bustard collision rates in the Succulent Karoo were highest 

following the winter months. For all transmission lines, rainfall, season and year were significant 

explanatory factors of bustard collisions, but there was no effect of power line configuration or 

orientation. For distribution lines, season and proximity to roads best explained bustard mortality, 

with more collisions in winter and away from roads. The Ludwig’s Bustard collision rates on 

transmission lines were higher than on distribution lines, but these smaller lines are four times as 

extensive in South Africa so probably kill more birds. More males than females were killed (63% vs 

37%), and 36% of recovered wings retained some juvenile primary feathers. Extrapolated collision 

rates over the survey period adjusted for search and scavenger biases suggest that some 12,000 

(95% CI 6,000-26,000) Ludwig’s Bustards are killed annually on transmission lines in South Africa and 

up to 35,000 (95% CI 12,000-68,000) on distribution lines. Kori Bustards were the second most 

commonly recovered bird, with some 720 (95% CI 190-1,260) killed annually on transmission lines in 

the Nama Karoo alone. While such extrapolations are necessarily crude and the rates highly variable, 

the mortality suffered by these two species is worryingly high (41% and 14% of the estimated 

national populations per year), and should be causing population declines. Possible explanations as 

to why this does not appear to be the case for Ludwig’s Bustards include lower impacts on 

demographically sensitive age and sex classes, selective loss of birds in poor condition, better 

breeding success and more familiarity with the landscape than has been assumed. However, the 

power grid continues to expand and the threshold length of line where population declines may 

become apparent is unknown. 
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Introduction 

Collision with power lines is a well-known conservation problem for many birds, and for some 

species can be a significant source of mortality (Bevanger 1998, Erickson et al. 2005, Drewitt & 

Langston 2008, Shaw et al. 2010a). The reasons for collisions are complex, with each case involving a 

variety of biological, topographical, meteorological and technical factors (Bevanger 1994). Affected 

birds are generally large, flocking species which fly often, with waterfowl, gamebirds, cranes, 

bustards and storks usually among the most frequently reported casualties (Bevanger 1998, Janss 

2000, Jenkins et al. 2010). The most effective way to assess collision mortality is to count dead birds 

under power lines, ideally with repeat surveys of the same lengths of power line (APLIC 1994, 

Bevanger 1999). This is labour intensive and expensive, but the greater the extent of line, the more 

frequent the surveys and the longer the time over which they are continued, the more 

representative the data will be. In some cases combining bird flight monitoring (visually or using 

radar) with mortality surveys is worthwhile (e.g. Rusz et al. 1986, Savereno et al. 1996, Janss & 

Ferrer 2000, Krijgsveld et al. 2009), but this technique cannot be used to assess the susceptibility of 

rare or widely ranging species (Bevanger 1999). Since the 1980s, efforts have been made to develop 

remote collision detection systems such as the Bird Strike Indicator (Pandey et al. 2008), but to date 

they have only been used on a small scale (APLIC 1994, Pandey et al. 2008). 

An important step in collision mortality studies is to ascertain the relationship between the number 

of dead birds found, and the number that were actually killed by the power line (Bevanger 1999). To 

do this, various sources of survey bias should be accounted for, or estimated collision rates can be 

misleading underestimates (Erickson 2005, Drewitt & Langston 2008). These biases are the removal 

of dead birds by scavengers and weather between surveys (scavenger bias), the ability of searchers 

to find carcasses with varying environmental conditions and levels of experience (search bias), the 

detectability of carcasses in different habitats (habitat bias), and ultimately fatal collisions in which 

the bird dies away from the power line search area (crippling bias; APLIC 1994, Bevanger 1999). 

These factors vary considerably between sites and species, so using estimates from studies in other 

situations (e.g. Janss & Ferrer 2000) is not appropriate. The patterns are also complicated; e.g. 

scavenging intensity depends on a range of environmental factors, as well as the behavioural 

patterns and interactions of the scavenging guild (Selva et al. 2005). In recent years, more attention 

has been paid to developing experimental and statistical approaches to estimate adequate site-

specific search and scavenger biases (e.g. Ponce et al. 2010, Bispo et al. 2012). 
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Over the past few decades, much research has focussed on the power line collision issue, but studies 

have often concentrated on high risk locations such as lines crossing major flyways or near wetlands 

(e.g. Faanes 1987, Brown et al. 1987, Rubolini et al. 2005), and have used differing methodologies 

which has limited the value of comparison among studies. Results from extrapolation of mortality 

rates estimated from short sections of high-risk line (e.g. Crivelli et al. 1988, Janss & Ferrer 2000) are 

unrealistic, so little is known about the overall impact on bird populations. There are few examples 

where efforts to assess such impacts have been made by repeatedly surveying power lines and 

relating collision rates to bird populations (Bevanger 1995, Jenkins et al. 2011). There is still no clear 

evidence of population level effects at broad regional scales, and for most species collision mortality 

is probably negligible (Drewitt & Langston 2008, Arnold & Zink 2011). However, standardised and 

detailed data collection on appropriate spatial and temporal scales which is targeted at high risk 

species, together with an understanding of biasing factors, may help to provide such evidence 

(Drewitt & Langston 2008, Loss et al. 2012).   

In this chapter I build on previous research by conducting quarterly transmission line (high voltage; 

≥220 kV) mortality surveys across the Karoo for two years. Ludwig’s Bustard is a wide-ranging bird 

living in an unpredictable environment, so broad-scale and long-term data are necessary to generate 

the accurate estimates of collision rates essential to assess population effects and to identify priority 

areas for future mitigation (Loss et al. 2012). Surveys at this level also encompass other bird species, 

including the regionally Vulnerable Kori Bustard (Barnes 2000). In addition, I report the first collision 

rate estimates for smaller distribution lines (low-medium voltage; 22-66 kV), based on a year of 

quarterly surveys in the central Karoo conducted in conjunction with an MSc study (Schutgens 2012). 

Distribution lines are often overlooked in collision studies (Yee 2008), but given their far greater 

extent they can represent a serious source of mortality (Shaw et al. 2010a, 2010b). I use these data 

to assess the factors affecting collision rates, and use correction facts from local bias experiments 

(Appendices 2 and 3) to estimate the toll of power lines on Ludwig’s and other bustard species in the 

Karoo. 

 

Methods 

Survey sites 

To generate broad-scale collision data, I carried out vehicle-based mortality surveys on five sections 

of transmission power line in the major Karoo bioregions (Fig. 3.1) every three months from April 
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2010 – April 2012. In the Nama Karoo biome these transects were 49 km of Droërivier-Proteus 1 

(400 kV) in the Lower Karoo near Beaufort West, 55 km of Hydra-Kronos 1 (400 kV) in the Upper 

Karoo near Prieska and 52 km of Aries-Helios 1 (400 kV) in Bushmanland near Brandvlei. In the 

Succulent Karoo biome, I surveyed 51 km of Helios-Juno 1 (400 kV) in the Knersvlakte near 

Vanrhynsdorp, 36 km of Gromis-Oranjemund (220 kV) and 9 km of Gromis-Kleinzee (66 kV) in the 

Namaqualand Sandveld near Port Nolloth (Fig. 3.1). All surveyed transmission lines have earth wires, 

and pylons typically are 25-30 m high. Droërivier-Proteus has guyed-V pylons, Hydra-Kronos, Aries-

Helios and Helios-Juno have self-supporting pylons, and the Gromis lines have delta suspension 

pylons (Fig. 3.2). While Gromis-Kleinzee is technically a distribution line, it is included in the 

transmission line surveys and results (unless specified otherwise) as it has a similar pylon 

configuration and was surveyed using the methodology applied to transmission lines. Lines from this 

point onwards are named by the nearest town for clarity.  

The transmission power lines were located in the same areas as those surveyed by Jenkins et al. 

(2011), but the Vanrhynsdorp and Brandvlei sections were not the same as those covered in that 

study because I wanted to minimise variation by selecting unbroken transects of 400 kV lines 

without other power lines in the vicinity (<5 km). Within these criteria, specific sites were chosen 

primarily for ease of access. However, it wasn’t possible to have a completely uniform sample. The 

Beaufort West line has a 22 kV distribution line running in parallel (although this is 900 m away at 

the closest point). There is only one 400 kV power line in the Succulent Karoo (Helios-Juno), so the 

220 kV Port Nolloth line was added to the sample as the only other transmission line in this biome. 

The 66 kV Port Nolloth section also was surveyed as I had to drive along it to access the 220 kV line. 

The Port Nolloth 220 kV line has a different 66 kV line running on a common servitude for all but 5.2 

km of the survey transect. In addition, I have not included data from the transmission lines surveyed 

near De Aar (Chapter 4) for the sake of consistency. The De Aar lines run close together with other 

lines, some sections were marked to test mitigation devices, the survey interval changed during the 

two-year period, and I did not carry out most of these surveys, which may introduce an additional 

source of search bias.  

Collisions were also assessed on foot along five sections of distribution line near Calvinia (Fig. 3.1) in 

the Trans-escarpment Succulent Karoo from July 2011 – October 2012. These included a 17 km 

section of 66 kV line (H-pole with suspended conductor configuration), and four sections (18-21 km 

in length) of 22 kV line (steel A-frame configuration), totalling 95 km. The distribution power lines 

were selected based on ease of access, and were all within 80 km of Calvinia. The site was chosen 

because it has a fairly extensive network of distribution lines in the central part of the Ludwig’s 
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Bustard range (Fig. 1.4). These surveys were conducted on foot because distribution lines in the 

Karoo are generally not accessible with a vehicle. 

 

Figure 3.1. The Eskom power grid in western South Africa (low voltage distribution lines (≤33 kV) in light blue,  

mid voltage lines (44-110 kV) in dark blue and high voltage transmission lines (≥132 kV) in red) with sample 

power line sections in black: Port Nolloth = Gromis-Oranjemund 220 kV and Gromis-Kleinzee 66 kV, 

Vanrhynsdorp = Helios-Juno 400 kV, Brandvlei = Aries-Helios 400 kV, Calvinia = Calvinia 66 kV and 22 kV, 

Prieska = Hydra-Kronos 400 kV and Beaufort West = Droërivier-Proteus 400 kV.  

The land use on all transmission line transects is extensive livestock farming, principally of sheep. 

The lines generally cross flat to slightly undulating terrain, with natural short, shrubby vegetation 

(Mucina & Rutherford 2006; Fig. 3.2). Most of the distribution line transects also cross natural 

rangelands, but 8% are on seasonal fields and 75% within 2 km of such lands. All power lines were 

unmarked, with the exception of a 2.5 km stretch of the Vanrhynsdorp line which had small bird 
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flappers on one earth wire. However, most of these markers were broken (either just the clamp 

remaining or the flapper hooked) so I consider this section unmarked. 

 

Figure 3.2. Representative photos of pylon configuration and vegetation at survey power lines: (a) 

Vanrhynsdorp, (b) Brandvlei, (c) Prieska, (d) Beaufort West, (e) Port Nolloth 220 kV, (f) Port Nolloth 66 kV, (g) 

Calvinia 66 kV and (h) Calvinia 22 kV. 

Transmission line surveys 

I conducted nine surveys of the transmission lines. On the first survey, all bird remains were cleared 

to ensure that subsequent collisions could be attributed to known time intervals, then eight repeat 

surveys were conducted at three monthly intervals for two years: 16-30 April 2010 (clearing survey), 

13-24 July 2010, 9 October – 4 November 2010, 18-28 January 2011, 16-29 April 2011, 12-21 July 

2011, 11-20 October 2011, 17-25 January – 3 February 2012 and 18-25 April 2012. Survey dates 

were chosen to represent the season; Jan-Feb = summer, April = autumn, July = winter and Oct-Nov 

= spring. Generally, all power lines were surveyed on each trip, but initially some sections were 

missed because of access problems, and occasionally short parts of some transects were impassable 

because of e.g. flooding. In these cases, the next survey of those sections was treated as another 

clearing survey as I could not be sure when observed collisions might have happened.  
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I conducted searches for dead birds broadly following standard methodologies (APLIC 1994, 

Bevanger 1999, Jenkins et al. 2011), with one additional observer (different on each survey). All 

transmission lines had a servitude (dirt track) running under the line, so surveys were conducted 

from a 4x4 vehicle driven at 10-20 km.h-1, generally covering each transect in 1-2 days. The driver 

and passenger scanned the area on either side of the vehicle for carcasses as far as could be seen 

(generally ~15 m). The vehicle was stopped when any bones or feathers were spotted, and the 

immediate area (approximately 15 m radius) was searched for any bird remains.  

When a bird carcass was found, it was photographed and coordinates were taken with a Garmin 60 

GPS. Data on species, sex and age were recorded as far as possible. The state of decomposition was 

noted, with categories broadly based on Anderson (2002) and Jenkins et al. (2011). Carcasses were 

classified as fresh (<1 week old, with soft flesh remains), recent (<1 month old, with dried flesh 

remains and numerous feathers), fairly old (<6 months old, with bones, sinews and possibly some 

old feathers) or very old (>6 months, with bleached bones). A Bushnell Pinseeker 1500 laser 

rangefinder was used to record the position of the carcass; measurements were taken to the two 

nearest pylons and from the outermost conductor wire. A sample of each collision victim (ideally a 

wing, humerus and tarsus) was collected to confirm identification and sex the victim; the rest of the 

bird was removed from the site. When whole fresh or recent carcasses were found, they were left in 

situ to monitor the speed of decomposition and estimate the rate of carcass removal by scavengers.  

On the clearing survey, all remains were recorded, but on subsequent surveys, I did not record a 

collision if there was only one bone. This is because carcasses can be dispersed over a wide area by 

scavengers and weather so the bird may previously have been counted (this was both for recent 

carcasses on repeat surveys and for the very old bones that I continued to find over the first few 

surveys). Feather remains were recorded if there were enough to be sure of a collision, as this 

reduces scavenger bias (Hager et al. 2012). Collision incidents usually were clear, with a large 

number of body and flight feathers (>10) caught in vegetation. To avoid confusion with the term 

recent, dead birds recorded on repeat surveys of cleared lines are referred to for the rest of the 

chapter as ‘new’. All dead birds found on these surveys were considered to be collision victims, apart 

from small birds found under pylons which could have been prey of raptors, or young birds fallen out 

of nests. Electrocution is very unlikely on transmission lines given their configurations, with wide air 

gaps separating energised and grounded components (Lehman et al. 2007). 

On each survey, additional notes were made on search visibility, and sightings of all live large 

terrestrial birds were recorded. After the survey, the species, age and sex of each carcass was 
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confirmed as far as possible using comparative skeletal material, and all data checked for possible 

duplicates. Kori and Ludwig’s Bustards are sexually dimorphic with little overlap in tarsus and wing 

lengths (Hockey et al. 2005), so these measurements were used to assign sex to individuals. Bustard 

ageing was limited to wing samples, where juvenile primaries could be fairly easily differentiated 

from those grown in subsequent moults. Wings without juvenile feathers were considered adult 

birds (see Chapter 6 for further details). 

Distribution line surveys  

The five line sections were surveyed six times: 24-26 July 2011 (clearing survey for two sections), 27-

29 September 2011 (clearing survey for the remaining three sections), 19-21 December 2011, 3-5 

April 2012, 3-5 July 2012 and 29-30 Oct 2012 (three sections not covered on survey 1 only). The lines 

were surveyed on foot, with one observer walking under the power line and scanning the ground to 

either side of the line. Overall, seven observers were involved, but 69% of the repeat surveys were 

conducted by a core team of three experienced observers. We did not use a rangefinder on these 

surveys, so distances of carcasses from the power line were estimated by pacing, and position along 

the span was assessed in three categories (central fifth as ‘midspan’, adjacent two-fifths as ‘in-

between’ and outer two-fifths as ‘close to pylon’; Anderson 2002). Electrocution is possible on these 

lines, so any birds known to perch or nest on pylons that were found dead close to the pylon were 

considered to have died this way. In all other respects the survey methodology for these lines was 

the same as that for the driven surveys.  

Weather and spatial data 

Daily rainfall, wind speed and temperature data were obtained from the South African Weather 

Service for the survey period. Data from the nearest weather station recording all data and the 2-3 

closest rainfall stations (all within 55 km; Appendix 3.A1) were averaged for each power line 

surveyed. Lengths of power line were calculated with ArcGIS 10 (ESRI 2010) using the most recent 

power grid information for South Africa from Eskom (2011) and for Namibia from NamPower (2010). 

For power lines in the range of Ludwig’s Bustard, the total length of existing line of different voltages 

was categorised as being in the core or outer parts of the range, based on bird atlas reporting data 

(Harrison et al. 1997, SABAP 2 2012, Fig. 1.4).  

To assess factors affecting collision rates and for bootstrapping analyses, transmission line data were 

considered by span. As there are no pylon numbers for distribution lines, all Calvinia lines and the 

Port Nolloth 66kV line were split into the number of equal sections closest in length to the average 
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span length of surveyed transmission power lines (374 m; range of distribution section lengths = 

366-377 m). I refer to these ~370 m sections as spans from this point to avoid confusion with line 

sections as previously meant (i.e. as entire transects; e.g. the five Calvinia line sections). 

Transmission lines generally cross areas away from human settlement or activity, while distribution 

lines are often sited close to roads and more intensively farmed land. To test for an association 

between Ludwig’s Bustard collisions and cultivated land, roads, and farmsteads I classified 

distribution line spans as crossing, within 1 km or within 2 km of these features (referred to as 

proximity variables). This scale was chosen as 90% of resident Ludwig’s Bustard movements between 

successive days were within 2 km (Chapter 5). Land use data were taken from the National Land 

Cover map (SANBI 2009), and ground-truthed with field observations. Road data were obtained from 

the CSIR (2008). All measurements were made using a WGS 1984 UTM Zone 34S projection. 

Statistical analyses 

All statistical analysis was performed using R (R Core Team 2012). My data are hierarchical, with 

power lines sampled multiple times, so the analysis required mixed effect modelling approaches 

(Zuur et al. 2009, Loss et al. 2012). In all mixed models, power line was the random effect (reflecting 

the non-independence of repeated measures on these lines), with other factors as fixed effects. I 

generally took an information-theoretic approach and selected models based on the lowest AIC 

values (or AICc values where appropriate), where ΔAIC<2 indicated equivalent support, and used 

model weights to assess the degree of support for each variable (Burnham & Anderson 2002). Sex, 

age, biome, season and carcass state biases in Ludwig’s Bustard collision remains were assessed with 

χ2 tests of count data, which were classified in contingency tables. 

Factor analysis 

I looked at the potential factors affecting Ludwig’s Bustard collisions. I assessed the significance of 

power line, location and weather variables on the number of new Ludwig’s Bustard carcasses 

recovered from the transmission and distribution lines separately. For transmission lines I 

considered power line, line configuration, span orientation, season (summer-autumn vs winter-

spring), year (as a factor; July 2010-April 2011 = year 1, July 2011-April 2012 = year 2), Karoo biome 

(Nama or Succulent), weather during the preceding three months (average rainfall, maximum and 

minimum temperatures, wind speed), collisions of other species and whether live Ludwig’s Bustards 

were seen during that survey as explanatory variables for each span check (n=4,955). For the 

distribution lines I considered power line, line configuration, span orientation, whether spans 

crossed cultivated land, were within 1 or 2 km of cultivated land, district roads, or farmsteads, 
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weather during the preceding three months (average rainfall, maximum temperature, wind speed), 

season (summer-autumn vs winter-spring), collisions of other species and whether live Ludwig’s 

Bustards were seen during that survey as explanatory variables for each section check (n=1,012). 

However, I only wanted one explanatory variable for each factor, so I first chose one of each 

distance type of proximity variable. I did this by comparing the AICs of a univariate Generalised 

Linear Mixed Model (GLMM using Laplace approximation; glmer in library lme4 v0.9; Bolker et al. 

2008, Bates et al. 2012) at each distance (e.g. the AICs of a GLMM with crossing cultivated land, a 

GLMM with cultivated land within 1 km and a GLMM with cultivated land within 2 km), and selected 

the lowest. The best proximity variables included in further analyses were crossing cultivated land, 

roads within 2 km and farmsteads within 2 km. 

Both data sets were examined for overdispersion, and explanatory variables assessed for collinearity 

and covariance using boxplots, χ2 goodness-of-fit tests, pairplots and Spearman rank correlation 

coefficients (Zuur et al. 2009). Most spans with bustard collisions only had one (transmission 

spans=4955, spans with bustards=183, total number of bustards=214; distribution spans=1012, 

spans with bustards=29, total number of bustards=31), so first analyses were done using a binomial 

distribution (collisions present or absent) with logit link. Overdispersion was assessed by comparing 

the residuals and degrees of freedom of a null GLMM for both data sets. The transmission line data 

were overdispersed (=3.40), but the distribution data were not (=0.26).  

In the transmission line data, maximum and minimum temperature were correlated (r=0.75) and in 

the distribution line data, wind speed and rainfall were correlated (r=0.74). In both cases, maximum 

temperature was related to season, with higher temperatures in summer. Temperature was thus 

dropped from all further analysis, and wind speed was dropped for distribution line data. Sightings 

of live birds were related to season, with birds more often seen on winter surveys of distribution 

lines (χ2=157.47, df=1, p<0.001) and less often seen on summer surveys of transmission lines 

(χ2=6.94, df=1, p=0.001), so this factor was also excluded from further analysis. Spatial 

autocorrelation was assessed using Auto- and Cross-Covariance and Correlation Function Estimation 

(acf in library stats v2.15.2; R Core Team 2012); in the distribution line data there was no evidence 

(although the data may have been too sparse to detect any such effect), but there was spatial 

autocorrelation in the transmission line data (Appendix 3.A2).  

The transmission line data set was not large enough to run full models and allow for the various 

features identified in my data; overdispersion (resulting from excessive zeros), non-independence 

from repeated measures and spatial autocorrelation within power lines. I therefore used three 
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approaches to identify the best explanatory variables (Appendix 3.A3). Zero-inflated Poisson models 

(ZIPs; zeroinfl in library pscl v1.04.4; Zeileis et al. 2008) were first used to account for the excessive 

zeros in the data. ZIP models account for the zeros using two processes; a binomial Generalised 

Linear Model (GLM) models presence or absence, and then a Poisson GLM models the count (Zuur et 

al. 2009). I then used Generalised Additive Mixed Models (GAMMs; gamm4 in library gamm4 v0.1-6; 

Wood 2012) with a logit link, because these models can account for non-linearity and non-

independence (Zuur et al. 2009). I also used this approach to identify non-linear relationships 

between collisions and explanatory variables (Appendix 3.A3). Finally I analysed the data using a 

Markov chain Monte Carlo Generalised Linear Mixed Model with a zero-inflated Poisson distribution 

(MCMCglmm in library MCMCglmm v2.16; Hadfield 2010). This is a Bayesian approach that uses 

prior information and likelihood (MCMC generates random samples from distributions of parameter 

values) to specify a posterior distribution from which inference is made (Bolker et al. 2008, Zuur et 

al. 2009). The MCMC GLMM allowed for the zero inflation, count data, mixed effects and 

autocorrelation, and I focussed on the variables identified in the previous analyses. The model was 

run for 1,000,000 iterations with a burn-in of 150,000, and a thinning interval of 100. I used a non-

informative inverse-Wishart prior with parameter-expansion, because the mean was close to zero 

(Hadfield 2010). 

I analysed the distribution data using GLMMs with a binomial distribution (presence/absence) and 

logit link (other approaches e.g. GAMMs were not feasible with so few data). I considered starting 

with a full model, but there was insufficient variation in the data to analyse it this way. I therefore 

started from the null model, and assessed the factors using a forward and backward stepwise 

procedure, selecting the model based on lowest AIC.  

Collision rate analysis 

I calculated collision rates by hierarchical non-parametric bootstrapping (library boot v1.3-4; Canty & 

Ripley 2012) of data from repeat surveys (i.e. only including sections that had been visited 3 months 

previously, so carcasses were known to be new collisions). For transmission lines, the sample 

hierarchy had four levels; year, season, line and sample ID, and for distribution lines (including both 

66 kV lines) had three levels; season, line and sample ID. Each bootstrap was run for 500 iterations. I 

generated the mean, median and 95% confidence intervals for each line type and then adjusted 

these quarterly rates per span to annual rates per kilometre.  
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Survey biases 

It was not possible within the constraints of this study to generate bias factor corrections for each 

site because power line transects were extensive, crossing some 75 different farms, and were 

monitored over several years. However, these biases are likely to affect observed mortality rates 

(e.g. Smallwood 2007, Flint et al. 2010, Ponce et al. 2010), so I have tried to include some estimates 

for them.  

Scavenging intensity over such a large area is unlikely to be constant. Typically, farmers in the Karoo 

lose a percentage of their stock to predation, which is normally attributed to Black-backed Jackal 

Canis mesomelas and Caracal Caracal caracal. Farmers’ attitudes to predators and their use of 

control measures (both targeted and untargeted) vary widely (Davies-Mostert et al. 2007, Blaum et 

al. 2010). In addition, predator populations depend on the type of stock and the presence of other 

predators, and their abundance and energetic requirements vary throughout the year (Davies-

Mostert et al. 2007, Kamler et al. 2012a, 2012b). Seasonal variation is also expected as a result of the 

activity of invertebrate decomposers, which compete with vertebrate scavengers for carrion 

(DeVault et al. 2003). I tried to gain some insight into the relative importance of scavenger bias by 

monitoring the decomposition and removal of some whole fresh and recent collision carcasses 

found on transmission survey lines. In addition, I designed a localised scavenger and search bias 

experiment using geese carcasses as surrogates on distribution power lines in the summer of 

2011/12 in the Hantam Karoo near Calvinia (Appendix 2), and a further scavenger experiment at the 

same site using camera traps in winter 2012 (Appendix 3).  

While much of the Karoo vegetation encountered on transects was uniformly low and collision 

remains typically conspicuous (Fig. 3.2), habitat bias might vary between lines (all in different 

bioregions) and seasonally, e.g. following an increase in grass cover after rainfall in the Nama Karoo. 

To assess the potential for different habitat types on the different transmission lines to affect 

effective search widths I examined distributions of the distances of new Ludwig’s Bustard collisions 

from the power line with a variety of models (Appendix 3.A4), but the data were too sparse to look 

for seasonal effects.  

Finally, crippling bias is almost impossible to quantify in this setting, as collisions are rare events over 

a large area, and flight monitoring studies are not feasible. Observations of seriously injured birds in 

the vicinity of power lines (B. Gibbons and farmers pers. comm., Bevanger 1995, Smallwood et al. 

2010) demonstrate that some birds are fatally injured but do not die immediately (e.g. Anderson 

1978, Bech et al. 2012). However, not all collisions are fatal. Occasionally, I found carcasses with 
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healed breaks in major bones, and I have observed a Blue Crane collide heavily with a line but 

recover to fly away apparently unharmed. As the relative proportion of deaths and recoveries is 

unknown, I cannot include a correction factor for this bias.  

Results 

The total length of transmission power lines surveyed was 2,104 km over two years, with 1,818 km 

of these repeat surveys on cleared lines. The total length of distribution power lines surveyed was 

475 km over one year, with 380 km of these on cleared lines. Remains of 679 birds from at least 30 

species were recovered across all surveys (Table 3.1). Ludwig’s Bustard was by far the most 

commonly recovered species on both types of power lines, making up 69% of total collisions found 

on these surveys, with all bustards together comprising 87% of total collisions. On distribution lines 

where perching birds can die by collision or electrocution, electrocutions made up 77% of all 

recovered incidents for these species. 
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Table 3.1. Number of new/total carcass recoveries of birds killed by collision on transmission survey lines (Apr 

2010 – Apr 2012), and by collision and electrocution on distribution survey lines (Jul 11 – Oct 12) in the Karoo. 

New carcasses are birds that died between surveys on cleared lines, so are known to be <3 months old. 

Species 
Transmission 

collisions 

Distribution 

collisions 

Distribution 

electrocutions 
Total 

Ludwig's Bustard Neotis ludwigii 214/415 31/53  245/468 

Kori Bustard Ardeotis kori 22/63   22/63 

Karoo Korhaan Eupodotis vigorsii 21/38 3/4  24/42 

Pied Crow Corvus albus 4/6 1/1 4/4 9/11 

Unidentified bustards Otididae 3/8 0/1  3/9 

Secretarybird Sagittarius serpentarius 1/6   1/6 

Greater Flamingo Phoenicopterus ruber 2/2 4/4  6/6 

Egyptian Goose Alopochen aegyptiaca 2/4  0/2 2/6 

Northern Black Korhaan Eupodotis afraoides 4/6   4/6 

Cape Crow Corvus capensis  1/1 3/5 4/6 

Unidentified crows Corvus spp 3/4  0/1 3/5 

Martial Eagle Polemaetus bellicosus 2/3 1/1  3/4 

Unidentified raptors Accipitridae 0/1 1/1 0/2 1/4 

Spur-winged Goose Plectropterus gambensis 0/1 2/2  2/3 

White-breasted Cormorant Phalacrocorax lucidus 3/3   3/3 

South African Shelduck Tadorna cana 2/3   2/3 

White-necked Raven Corvus albicollis 1/1  1/2 2/3 

White Stork Ciconia ciconia 0/1  0/1 0/2 

Southern Black Korhaan Eupodotis afra 1/1 1/1  2/2 

Pale Chanting Goshawk Melierax canorus   0/2 0/2 

Spotted Eagle-owl Bubo africanus 1/1  1/1 2/2 

Spotted Thick-knee Burhinus capensis 2/2   2/2 

Greater Kestrel Falco rupicoloides 1/2   1/2 

African Spoonbill Platalea alba 0/1   0/1 

Lesser Flamingo Phoenocopterus minor 0/1   0/1 

Sacred Ibis Threskiornis aethiopicus 0/1   0/1 

Cape Shoveller Anas smithii 0/1   0/1 

Red-knobbed Coot Fulica cristata 0/1   0/1 

Barn Owl Tyto alba 1/1   1/1 

Speckled Pigeon Columba guinea  1/1  1/1 

Rock Dove Columba livia 1/1   1/1 

Namaqua Sandgrouse Pterocles namaqua 1/1   1/1 

Common Quail Coturnix coturnix 1/1   1/1 

Unidentified birds 1/2 0/1 0/6 1/9 

Total 294/582 46/71 9/26 349/679 
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Position of collisions 

Collision victims on both transmission and distribution lines most often hit the middle of the span 

(Figs. 3.3 and 3.4). 

 

Figure 3.3. Position of all carcasses found along spans as a percentage distance between the two pylons on 

transmission lines. Dark grey = Ludwig’s Bustard, light grey = all other species.  

 

Figure 3.4. Position of all collision carcasses found along span as a proportion (weighted for the relatively 

shorter length ‘midspan’) on distribution lines. Dark grey = Ludwig’s Bustard, light grey = all other species.  
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On transmission lines, most birds were found under the line (Fig. 3.5), and 97% of carcasses were 

found within 20 m of the outer wires. The search width on distribution lines was smaller, with 96% 

of collision carcasses found within 10 m of the line. 

 

Figure 3.5. Distance of all carcasses found from the outer conductor wires on transmission lines. Dark grey = 

Ludwig’s Bustard, light grey = all other species. 

On transmission lines the location of Ludwig’s Bustard carcasses appeared to be clumped (Appendix 

3.A5), and this was supported by the ACF analysis (Appendix 3.A2). This suggests that certain parts of 

the power line act as collision hotspots (e.g. 34 new Ludwig’s Bustards were found on a 7 km stretch 

along a ridge on the Vanrhynsdorp line in October 2010). 

Ludwig’s Bustard 

In the Succulent Karoo (Vanrhynsdorp, Port Nolloth, Calvinia), collisions occurred mainly in the 

winter months, which is when most rainfall was recorded (Figs. 3.6 and 3.7). In the Nama Karoo, the 

rainfall was largely in summer, but collisions were spread evenly between the seasons, if not higher 

in the winter months. Generally, the lines with the lowest rainfall (Port Nolloth and Brandvlei) had 

the lowest levels of mortality.  
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Figure 3.6. Bar charts of Ludwig’s Bustards collisions by 6 mth season.km
-1

 ± SE (dark grey = winter/spring; W, 

light grey = summer/autumn; S), with pie charts showing average annual rainfall (given below the charts in 

mm) during survey periods (dark grey = winter/spring, light grey = summer/autumn) on a map of all Karoo sites 

2010-2012. Sizes of pie charts are proportional to the average annual rainfall.  

Mortality on the Beaufort West line was consistently high and the Vanrhynsdorp and Prieska lines 

very high in 2010 (Fig. 3.7). However, the collision data were very variable (Fig. 3.7) and there was no 

linear relationship between collisions and rainfall in the preceding months (Pearson product-

moment correlation coefficient between mean collision rate and mean rainfall over the previous 

three, two or one months for all line together all not significant; p>0.05). 
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Figure 3.7. New Ludwig’s Bustard collisions per quarterly survey.km
-1

 (dark bars) on repeat surveys of five 

transmission line sites (July 2010 – April 2012), with the total monthly rainfall averaged over the nearest 3-4 

weather stations for that line transect (mm; grey line). 

Wings were collected for 86 Ludwig’s Bustards killed in collisions with overhead lines (81 from these 

power line surveys, one from a telephone line collision and four from the De Aar power lines; 
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Chapter 4). These wings were examined for moult, and 31 (36%) were found to retain some juvenile 

primaries. Of these, 16 were female, 14 male and one unknown. There was no difference between 

adult and juvenile sex ratios (χ2=0.41, df=1, p=0.52), nor was there a significant difference between 

the proportion of adult and juvenile wings found in the Succulent and Nama Karoo (χ2=0.00, df=1, 

p=1.00), or across two seasons (autumn-summer vs winter-spring; χ2=1.79, df=1, p=0.18). 

There was a strong sex bias in Ludwig’s Bustard remains (n=411), with 63% males vs 37% females 

recovered (all collision remains including those listed above). There was no significant difference 

between the proportion of all male and female remains found in the Succulent and Nama Karoo 

(χ2=1.16, df=1, p=0.28), or for new remains from the line surveys across the two seasons (autumn-

summer vs winter-spring, χ2=2.44, df=1, p=0.12). However, less than one third of all new Ludwig’s 

Bustard collisions occurred in summer-autumn (n=68) compared with winter-spring (n=177) across 

the survey lines. 

Factors affecting Ludwig’s Bustard collisions 

Both the ZIP and GAMM modelling approaches identified rainfall, season and year as the best 

explanatory variables for Ludwig’s Bustard collisions on transmission lines (Appendix 3.A3). 

Structural power line attributes (configuration, orientation) did not appear to be important, and 

there was no significant association between finding bustards and other collision victims, implying 

no collision hotspots for birds generally. On the basis of this, I ran an MCMC GLMM analysis with 

rainfall2, year and season as fixed effects (Table 3.2), although there was an issue with the low 

effective sample size for the zero inflation intercept. However, all fixed effects were significant, and 

in common with the other models (Appendix 3.A3) there were significantly more collisions in winter 

and less in year 2, with the effect of rainfall assuming a smoothed version of the curve in Fig. 3.A3.1.  

Table 3.2. MCMC GLMM with rainfall
2
, year and season as fixed effects to describe collisions of Ludwig’s 

Bustards on transmission power lines in the Karoo. 

Model coefficients 
Posterior 

mean 

Lower 95% 

credible interval 

Upper 95% 

credible interval 

Effective 

sample size 
p MCMC 

Count model mean -5.459 -6.254 -4.663 832.231 < 0.001 

Zero inflation mean -16.062 -26.361 -4.876 5.786 0.003 

Rainfall 0.122 0.078 0.167 1545.033 < 0.001 

I(Rainfall
2
) -0.002 -0.003 -0.001 1877.743 < 0.001 

Year: 2 -0.979 -1.335 -0.645 1843.125 < 0.001 

Season: Winter 1.352 0.966 1.714 1397.791 < 0.001 
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The best factor model for distribution lines included the effect of season and roads, with collisions 

more likely in winter than summer and less likely on sections within 2 km of roads (Table 3.3). There 

was no effect of collisions of other species, and little support for models including other factors. 

Table 3.3. Fixed effects of the GLMM best describing factors affecting presence/absence of Ludwig’s Bustard 

collisions on span sections of distribution lines near Calvinia (df=4). 

Factor Estimate Std. Error z value p 

Intercept -3.511 0.444 -7.90 <0.001 

Road within 2 km -1.250 0.481 -2.60 0.009 

Season Winter 0.832 0.412 2.02 0.043 

 

Other bustards 

There were enough data to investigate collision mortality of Kori Bustards and Karoo Korhaans 

(Table 3.1, Fig. 3.8). Only the Nama Karoo transmission lines (Brandvlei, Prieska, Beaufort West) 

were included in calculating collision rates, as these best represent the range of these species 

(Hockey et al. 2005). Only transmission line rates were analysed, as Kori Bustards are rare in the 

Calvinia region (Allan & Osborne 2005), and distribution line data for Karoo Korhaans were too 

sparse.  

 

 

Figure 3.8. Mean (± SE) collision rates per quarterly survey.km
-1

 for Kori Bustards (left; dark grey) and Karoo 

Korhaans (right; light grey) by season for transmission lines in the Nama Karoo (July 2010 – April 2012). 
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Mortality for Kori Bustards was highest in winter and spring, whereas Karoo Korhaan mortality 

peaked in summer, although the data were very variable (Fig. 3.8). There was no sex bias in Kori 

Bustard collision remains (1:1 males:females, n=56). Moult was examined for just three Kori 

Bustards, of which two were male and one female, with one of the males retaining some juvenile 

outer primaries. 

Survey biases 

Of the monitored carcasses found on transmission survey lines (Table 3.4), all smaller birds (<1 kg, 

e.g. Pied Crows, Spotted Eagle-owl) were completely removed by the next visit. Of the large birds, 

43% of fresh carcasses were removed over the entire study period, but no recent carcasses 

disappeared. Fresh carcasses that ultimately disappeared had usually already been scavenged when 

first observed. Decomposition to bleached bones was relatively fast (11 of 15 carcasses within 6 

months), and quickest in summer. As this time is variable, estimating the age of unknown carcasses 

is probably inaccurate, supporting the use of broad ageing categories. Only one carcass did not 

appear to have been scavenged at all, and this decomposed the slowest. While the sample size is 

small, female Ludwig’s Bustard carcasses were not removed more often than the males, despite 

their smaller size (2.2-3.0 kg vs 3.1-6.0 kg; Allan 2005a). Only one fresh carcass was first found in the 

winter, and this was the largest bird in the survey, a male Kori Bustard. As the dates of collision for 

the monitored carcasses (Table 3.4) were unknown they cannot be used to calculate a scavenger 

bias, but are useful to examine long-term removal and decomposition patterns. 
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Table 3.4. Removal and decomposition of fresh and recent collision carcasses found under transmission power 

lines, with number of months to bleached bones from the first observation, and number of months to 

complete removal or total months observed where not removed (indicated by *). 

Power line Species Sex 
Original 

state 

Date first 

seen 

Scavenged 

when 

found 

Scavenged 

subsequently 

Months to 

bleached 

bones 

Months to 

complete 

removal 

Brandvlei Egyptian Goose  Recent Apr 11 No Yes 3 > 12* 

VRynsdorp Greater Flamingo  Recent Oct 11 Yes Yes 6 > 6* 

VRynsdorp Greater Flamingo  Recent Oct 11 Yes Yes 6 > 6* 

B. West Kori Bustard  Recent Nov 10 Yes ? 8 > 17* 

B. West Kori Bustard F Recent Jan 12 Yes No 3 > 3* 

Prieska Kori Bustard M Fresh Jul 11 Yes Yes 9 > 9* 

Prieska Kori Bustard M Recent Jan 12 ? No 3 > 3* 

Brandvlei Ludwig's Bustard M Recent Jan 11 Yes Yes 3 > 15* 

Brandvlei Ludwig's Bustard M Recent Apr 11 Yes No 3 > 12* 

Brandvlei Ludwig's Bustard M Recent Apr 11 Yes Yes 3 > 12* 

Brandvlei Ludwig's Bustard F Recent Apr 11 ? No 6 > 12* 

Brandvlei Ludwig's Bustard M Fresh Oct 11 Yes ?  6 

VRynsdorp Ludwig's Bustard F Recent Sep 10 Yes No 7 > 19* 

VRynsdorp Ludwig's Bustard M Fresh Aug 10 No No 11 > 20* 

Prieska Ludwig's Bustard M Fresh Apr 11 Yes   3 

Prieska Ludwig's Bustard M Fresh Apr 11 Yes Yes 6 > 12* 

Prieska Ludwig's Bustard M Fresh Apr 11 Yes Yes  9 

Brandvlei Pied Crow  Recent Oct 10 No   3 

Prieska Pied Crow  Recent Jan 12 No   3 

B. West 
South African 

Shelduck 
M Fresh Apr 11 No   3 

VRynsdorp 
South African 

Shelduck 
M Recent Oct 11 No Yes 3 to 6 > 6* 

B. West 
Spotted Eagle-

owl 
 Recent Jan 11 No   3 

 

In addition to monitored carcasses, there was a significant difference between the proportion of 

new Ludwig’s Bustard remains found on survey lines as at least bones or just feathers on all lines 

across the four seasons (χ2=30.64, df=3, p<0.001), with a higher proportion (45%) of feather remains 

in winter compared with all other seasons (11-13%).  

Search visibility was generally good, only seeming to deteriorate slightly on the Nama Karoo lines in 

summer because of patches of tall grass. In the analysis of effective search width on transmission 

lines (Appendix 3.A4) I found some influence of habitat, with a greater search width on the Brandvlei 

line. However, in the absence of a good reason why this might be so (the habitat on this line is fairly 

open, but can get quite grassy in late summer) and small sample sizes this effect could be down to 
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chance. In addition, collision evidence (e.g. loose feathers) is often widely scattered so the exact 

position of the carcass many not be very meaningful. Finally, very few bustards were recovered >10 

m from the outer conductors (Fig. 3.5), so the consequences of allowing for a larger search width for 

this line would be minimal and I therefore assumed no habitat bias. 

Formal scavenger bias experiments near Calvinia in summer 2011 and winter 2012 gave correction 

factors of 0.16 (i.e. 16% of carcasses removed) for summer and 0.6 for winter, and revealed a wide 

range of invertebrate, avian and mammalian scavengers (Ryan et al. 2012, Appendices 2 and 3). 

Search bias was 0.26 for experienced observers on walked surveys, and did not decrease with age of 

carcass, because white bones are easily detected (Appendix 2). As these patterns generally match 

the field observations of carcass removal (Table 3.4), an overall correction factor was generated 

using Bevanger’s (1995) methodology i.e. the product of one minus each calculated factor. The 

difference between search efficiencies of inexperienced and experienced observers was minimal 

(Appendix 2), and because at least half of each survey team was experienced, the experienced 

observer search bias was applied throughout. The average of the two seasonal scavenger biases was 

used. Therefore, the bias estimate for this study was 1/(1-0.38)*1/(1-0.26) = 2.18, suggesting that 

slightly less than half of the Ludwig’s Bustards killed are detected during quarterly surveys.  

Although they are smaller than Ludwig’s Bustards (1.4-1.6 kg; Allan 2005b), Karoo Korhaan rates 

were adjusted by the same bias factor because they are at the lower limit of the weight of the geese 

used in the bias experiments (Appendices 2 and 3). Kori Bustard rates were not adjusted for 

scavenger bias because no observed carcasses were removed, even in winter (Table 3.4), and they 

are considerably bigger than the geese used in the experiments. Kori rates were adjusted for 

observer bias because despite the size differences, in the field I often could not differentiate 

Ludwig’s and Kori Bustard collisions until I was close to the carcass, with both signalled from a 

distance by lots of feathers. 

Collision rates 

Ludwig’s Bustard collision rates were very variable between power lines, voltages and surveys (Table 

3.5, Fig. 3.7). Transmission line mortality rates were higher than on lower voltage distribution lines, 

but the rates on 22 kV lines around Calvinia also were substantial. The two 66 kV line rates were 

lowest and quite different from each other, with the flat line structure killing fewer birds than the 

delta configuration (Fig. 3.2). Once adjusted for biases, collision rates for Kori Bustards and Karoo 

Korhaans are comparable (Table 3.6). 
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Table 3.5. Bootstrapped collision rates (bustards.km
-1

.yr
-1

) for Ludwig’s Bustard in South Africa. Base median 

and mean rates with 95% confidence intervals, and mean (with 95% CIs) rates adjusted for scavenger and 

search biases presented separately for different line types.  

 Median Mean (95% CI) 

  Base rate Bias adjusted rate 

Transmission lines (≥220 kV) 0.41 0.48 (0.24-1.01) 1.05 (0.52-2.20) 

22 kV distribution lines (Calvinia) 0.34 0.37 (0.13-0.72) 0.81 (0.29-1.57) 

66 kV distribution line (Calvinia; H-pole) 0.12 0.12 (0.00-0.35) 0.25 (0.00-0.76) 

66 kV distribution line (Port Nolloth; delta) 0.22 0.22 (0.00-0.62) 0.49 (0.00-1.36) 

Both 66 kV lines 0.15 0.17 (0.00-0.46) 0.37 (0.00-1.00) 

 

Table 3.6. Bootstrapped collision rates (birds.km
-1

.yr
-1

) for Kori Bustards and Karoo Korhaan in the Nama 

Karoo, South Africa on transmission power lines (≥220 kV). Base median and mean rates with 95% confidence 

intervals, and the mean (95% CIs) adjusted for scavenger bias for Kori Bustards, and search and scavenger 

biases for Karoo Korhaans presented.  

 Median Mean (95% CI) 

  Base rate Bias adjusted rate 

Kori Bustard 0.08 0.08 (0.02-0.13) 0.10 (0.03-0.18) 

Karoo Korhaan 0.06 0.07 (0.02-0.04) 0.15 (0.05-0.31) 

 

Population impacts 

I extrapolated the observed collision rates for power lines in South Africa and Namibia (Tables 3.7, 

3.8 and 3.10). Like Jenkins et al. (2011), I assumed that lines in the outer part of the Ludwig’s Bustard 

range (Fig. 1.4) would cause only half the mortality of lines in the core range (where all survey lines 

are located) because birds are less likely to be present in peripheral areas of the range.  

Table 3.7. Total length of power line (km) in the core and outer parts of the range of Ludwig’s Bustard (Fig. 1.4) 

by voltage (low voltage distribution lines (≤33 kV), mid voltage lines (44-110 kV) and high voltage transmission 

lines (≥132 kV)), with per cent of each line type by country. Overall, South Africa has 79% of all power lines, 

compared with Namibia’s 21%. 

Country Voltage Core Outer Total 
Per cent of 

country total 

South Africa Low 29,088 25,645 54,733 75% 

 Mid 1,755 1,545 3,300 5% 

 High 8,767 5,724 14,491 20% 

Namibia Low 2,649 8,895 11,544 62% 

 Mid 884 1,192 2,077 11% 

 High 1,978 3,111 5,089 27% 

Total  45,121 46,112 91,233  
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Extrapolating my observed collision rates, adjusted for search biases, across the South African range 

gives a total of 46,897 (95% CI 17,958-93,885) Ludwig’s Bustards killed on power lines every year. 

While this is my best estimate, the confidence intervals are wide. In addition, the transmission line 

data are based on extensive surveys, but the distribution line data (which make up the bulk of the 

total) are only for one year and one region. A more conservative estimate excluding low voltage 

distribution lines outside the core area gives an annual toll of 36,556 (95% CI 14,325-73,763) 

Ludwig’s Bustards.  

Table 3.8. Numbers of Ludwig’s Bustards estimated to die annually in power line collisions in South Africa, 

Namibia and across the whole range (extrapolated from length of power line and bootstrapped mean annual 

collision rates with 95% CI). Rates expressed by line voltage (low voltage distribution lines (≤33 kV), mid 

voltage distribution lines (44-110 kV) and high voltage transmission lines (≥132 kV)) with and without bias 

adjustment for core and outer range in each country, and for the southern Africa range combined.  

Area Lines and range Base estimate Bias adjusted estimate 

South Africa Low voltage core range 10,763 (3,781-20,943) 23,458 (8,242-45,648) 

 Low voltage outer range 4,744 (1,667-9,232) 10,341 (3,633-20,122) 

 Mid voltage core range 297 (0-801) 647 (0-1,746) 

 Mid voltage outer range 131 (0-353) 285 (0-769) 

 High voltage core range 4,208 (2,104-8,855) 9,172 (4,586-19,300) 

 High voltage outer range 1,374 (687-2,891) 2,994 (1,497-6,300) 

 All lines core range 15,268 (5,883-30,599) 33,277 (12,828-66,694) 

 All lines all range 21,516 (8,239-43,075) 46,897 (17,958-93,885) 

Namibia All lines core range 2,079 (819-4,309) 4,532 (1,785-9,391) 

 All lines all range 4,572 (1,771-9,354) 9,965 (3,859-20,388) 

South Africa + Namibia All lines core range 17,347 (6,705-34,908) 37,809 (14,613-76,085) 

 All lines all range 26,088 (10,010-52,428) 56,862 (21,818-114,273) 

 

The bulk of the collisions are made up of adult male bustards, with juvenile females comprising the 

least (Table 3.9). Breeding females are likely to be important to population productivity in this 

lekking species (as they are for Great Bustards; Lane & Alonso 2001), and the breakdown of my best 

collision estimate gives 11,105 (95% CI 4,253-22,232) adult females killed annually in South Africa. 
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Table 3.9. Total annual Ludwig’s Bustard collision mortality on all South African power lines by age and sex, 

adjusted for survey biases. 

  
Per cent 

of total 
Mean 

95 % confidence 

intervals 

Adult Male 40% 18,909 7,241 37,855 

 Female 24% 11,105 4,253 22,232 

Juvenile Male 23% 10,636 4,073 21,293 

 Female 13% 6,247 2,392 12,506 

Total   46,897 17,958 93,885 

 

There are 7,079 km of transmission line in the Nama Karoo. Relative to their populations (Koris; 

2,000-5,000 birds, Karoo Korhaans; hundreds of thousands in South Africa (although see Chapter 2); 

Hockey et al. 2005), power line mortality is unlikely to have a significant demographic impact on 

Karoo Korhaans, but the number of Kori Bustards killed is high (Table 3.10). 

Table 3.10. Annual mortality of Kori Bustards and Karoo Korhaans on high voltage transmission lines (≥132 kV) 

in the Nama Karoo, South Africa (extrapolated from length of power line and bootstrapped mean annual 

collision rates with 95% CIs), expressed with and without bias adjustments.  

 Kori Bustard Karoo Korhaan 

Nama Karoo 534 (139-931) 476 (165-1,009) 

Nama Karoo with bias adjustment 721 (188-1,256) 1,038 (359-2,199) 

 

Other mortality 

In addition to mortality on power lines, incidental observations were made of Ludwig’s Bustards 

killed by colliding with other man-made structures, including railway power lines (which are not 

included in the national power grid), telephone wires and fences (Fig. 3.9). The first two structures 

result in similar collision mortality to power lines, but fences apparently kill bustards by trapping 

their legs between two strands during the collision. Similar fence-line mortality also has been 

observed for Kori Bustards in the Karoo (P. Ryan pers. comm.).  
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Figure 3.9. Ludwig’s Bustards killed by colliding with other man-made structures: railway power line (left), 

telephone line (centre) and fence (right). 

 

Discussion 

This study, conducted at a regional level over several years, confirms previous concerns about the 

impact of power lines on bustards in the Karoo (Anderson 2002, Jenkins et al. 2010, 2011). Although 

at least 30 bird species were killed by power lines, most were represented by only a few individuals, 

with negligible demographic impact. However, large numbers of bustards were killed, confirming 

their status as high collision-risk birds (Janss 2000, Jenkins et al. 2010). The numbers of Ludwig’s and 

Kori Bustards recovered were sufficiently high to give concern about the sustainability of current 

mortality. Encouragingly, only two White Storks were recovered on the Karoo lines, even though this 

species has a high collision and electrocution risk profile (Garrido & Fernandez-Cruz 2003). Despite 

having a wide range in South Africa, collision mortality for White Storks seems to be largely 

restricted to more mesic habitats e.g. the eastern grasslands and pastures in the Overberg region of 

the Western Cape (Shaw et al. 2010b, Chapter 4).  

General patterns of collision mortality previously reported were corroborated, e.g. most birds collide 

with the middle of the span (e.g. Anderson 2002, Shaw et al. 2010b), and were found close to the 

lines (e.g. Crivelli et al. 1988, Bevanger 1999). Transmission line collision rates were higher than 

distribution lines rates in the Karoo, but the rates of birds dying on distribution lines were not 
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insignificant (Garrido & Fernandez-Cruz 2003, Shaw et al. 2010b, Barrientos et al. 2012). Large, 

flocking and low-level flying species were most represented (Jenkins et al. 2010), but contrary to 

findings in the Overberg (Shaw et al. 2010b), the proportion of electrocutions on distribution lines 

was higher than collisions for perching birds. This is probably related to the increased use of these 

structures as hunting perches or places to nest in the naturally treeless Karoo landscape (Malan 

1994, Anderson 2000b). 

Factors affecting Ludwig’s Bustard collisions 

The data sets were difficult to analyse, and there were some issues with all approaches taken. 

However, the models agreed that on transmission lines, season, rainfall and year significantly 

affected the number of Ludwig’s Bustard collisions, and on distribution lines, season and proximity 

to roads best described the data. Most bustard carcasses were found in winter-spring across the 

Karoo, despite higher winter scavenging rates (Appendix 3). This seasonal pattern of mortality is 

likely the result of winter movements into the Succulent Karoo (Allan 1994, Chapter 2). That year 

was significant for the transmission line mortality data demonstrates the highly variable nature of 

collisions, and again probably relates to how bird movements vary between years: tagged birds 

moved less in the second year (Chapter 5) when collision mortality was lower. Rainfall in the 

previous three months accounted for some variation in mortality on transmission lines, which is 

expected for these nomadic birds, although the same pattern was not evident for live bird densities 

(Allan 1994, Chapter 2). A lower collision rate on distribution lines near roads makes sense if birds 

avoid these areas of increased disturbance. However, this effect was not seen in the data from 

satellite-tracked birds, which did not appear to show an aversion to roads within 5 km (Chapter 5). 

Equally, I was surprised to find no effect of cultivated land, given that birds have some association 

with this habitat type (Chapters 2 and 5), and are likely to fly low when commuting to and from 

fields. However, these findings are only from one region, and further studies in other areas with 

distribution lines would help to clarify these apparent patterns.  

There was no difference between collision risk in the Nama and Succulent Karoo, highlighting the 

fact that collision is a problem throughout the Karoo. No relationship was found between collisions 

and power line structural attributes; all the transmission lines surveyed had earth wires and a similar 

number of conductors, and it may be the number of wires rather than the arrangement that is key 

(Bevanger & Brøseth 2001). Although the low collision rate of the Calvinia 66 kV line makes intuitive 

sense, given the three conductors lie in the same horizontal plane, sample sizes were too small to 

detect any positive effect. Line orientation also was not significant, but I sampled relatively few east-
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west spans so was unable to test whether, for example, the effect of flying into the setting or rising 

sun on north-south lines might be more dangerous.  

There was no association between Ludwig’s Bustard carcasses and those of other bird species. This 

contrasts with the pattern observed for Blue Cranes in the Overberg (Shaw et al. 2010b), and 

perhaps reflects the different requirements of different species in the more unpredictable Karoo 

environment. There was evidence of collision hotspots for Ludwig’s Bustard on transmission lines, 

but there was nothing strikingly different about such ‘dangerous’ spans, and unfortunately I lacked 

enough fine-scale spatial data to assess possible contributory factors. Indeed, despite collecting data 

at five sites for two years I still struggled to have enough data to detect the factors underpinning 

collision risk. This problem was exacerbated by the often localised weather conditions in the Karoo, 

so the weather data and survey intervals I used were probably at too coarse a scale to detect 

meaningful patterns. For example, Brown et al. (1987) and Thomas et al. (2011) showed links 

between bird movements and mortality in relation to weather conditions, but used very site and 

time specific data. 

Bias factors 

While not a new topic, bias factor corrections in mortality surveys are increasingly well studied, with 

most authors agreeing on their importance but also that results are only valid at the site level (e.g. 

Smallwood 2007, Prosser et al. 2008, Flint et al. 2010, Ponce et al. 2010, Stevens et al. 2011). 

Correction factors should be calculated accurately where possible, e.g. Ponce et al. (2010) studied 

search bias and seasonal removal of different sized birds by monitoring carcasses under lines 1-2 km 

in length on farmland in Spain. Such fine scale methods were not feasible in my study because of the 

large extent of surveyed lines and the time consuming nature of such studies. However, the 

scavenger guild probably does not vary greatly across the Karoo.  

Three months is a relatively long survey interval, and could have affected my results because 

scavengers have a long period in which to remove carcasses. However, the focus of this study is large 

birds. To date, most scavenger removal studies have focussed on small- to medium-sized birds, and 

conclude larger birds persist longer because there are fewer scavengers physically capable of 

removing them, leaving them to be consumed on site (e.g. Bumann & Stauffer 2002, Ward et al. 

2006, Prosser et al. 2008, Krijgsveld et al. 2009, Ponce et al. 2010, Smallwood et al. 2010, Flint et al. 

2010). The largest monitored species in local scavenger experiments e.g. Kori Bustards in this study 

(5.7-12.4 kg; Allan & Osborne 2005), Spur-winged Geese in Schutgens et al. (Appendix 2) (3.5-5.1 kg; 

Colahan 2005) and Blue Cranes in Shaw et al. (2010a) (4.7-5.1 kg; Allan 2005c) have not been 
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observed being removed at all. It is therefore reasonable to suppose that collision remains of birds 

like Ludwig’s Bustards (2.2-6.0 kg; Allan 2005a) will more often remain to be recovered, allowing a 

longer survey interval. However, we know that Ludwig’s Bustards can be removed between surveys, 

so the calculated bias from two scavenger experiments (Appendices 2 and 3), which primarily used 

wild Egyptian Geese of similar plumage and weight (1.8-2.4 kg; Davies & Allan 2005) to Ludwig’s 

Bustards, was used to extrapolate collision rate estimates. These experiments showed that most 

carcasses that were removed disappeared in the first few days, implying that the three-month 

survey interval had little impact on the overall numbers of birds detected. These experiments 

detected fewer scavenger removals in summer, probably linked to higher temperatures which speed 

up decomposition by microbes and invertebrates, consuming carcasses in a matter of days (pers. 

obs., DeVault et al. 2003), and possibly making carcasses less palatable to vertebrate scavengers.  

The search bias from walked surveys (Appendix 2) was also applied across all surveys. While this bias 

is site-specific and uses walked instead of vehicle-based survey methodology, I believe it is also 

appropriate as a conservative estimate for driven transmission line surveys. If anything, carcass 

detection is less effective during vehicle-based surveys as they are covered faster and the servitude 

often deviates slightly from under the line. Studies of road traffic mortality suggest that walking is a 

more efficient survey method than driving, although the target remains are small (e.g. Slater 2002, 

Guinard et al. 2012). A comparison of walked and driven surveys on Karoo power lines showed that 

while walking was more effective for old collision remains, they were equally efficient for fresh or 

recent carcasses, especially those of Ludwig’s Bustards, because they are usually accompanied by 

large numbers of loose, white feathers (Jenkins et al. 2009). Therefore, while methodology 

necessarily varied between transmission and distribution lines, I believe the search efficiencies are 

comparable. While the Karoo landscape is generally open (Dean & Milton 1999) and the vegetation 

around Calvinia is low and similar year round, there was some evidence of varying search widths for 

the other lines where seasonal vegetation changes may have affected visibility (e.g. Stevens et al. 

2011). Another factor that could have affected search bias was the state of the servitudes, and thus 

the amount of time the driver had to spend looking at the road ahead. For example, the servitude of 

the Prieska line was graded before the April 2011 survey, making driving easier and clearing 

vegetation under the line, which probably reduced search bias from that survey onwards. However, 

such variation was not quantified as the length of line was so great and the data too sparse. Overall, 

I believe that the applied survey biases are inevitably approximate but reasonable, and if anything 

would tend to underestimate collisions.  
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Collision impact on Ludwig’s Bustard 

There is a trade-off between covering as much power line as possible to include a meaningful 

number of collisions, and repeating surveys often enough to estimate robust collision rates. The 

South African collision problem, particularly in the arid interior, poses two problems for estimating 

collision rates. Firstly, it occurs on a much broader scale than most situations described in the 

literature, and secondly, the presence of nomadic or partly migratory bird species like Ludwig’s 

Bustard varies spatially and temporally as they move to make use of patchy resources (Dean 1997). I 

concede that my collision rates are necessarily crude, but I believe that this study has achieved a 

balance between survey extent and survey intensity that allows for a reasonable assessment of 

population-level impacts.  

To my knowledge, this is the first study to assess the combined impact of transmission and 

distribution power lines on a bird population at a regional scale, taking into account seasonal 

variation of a partially migratory species. The uncorrected collision rate of 0.48 (95% CI 0.24-1.01) 

Ludwig’s Bustards km-1.yr-1 for transmission lines is similar to the 0.63 (± 0.12 SE) rate reported by 

Jenkins et al. (2010), and is slightly lower than the 1 Ludwig’s Bustard km-1.yr-1 rate reported on the 

De Aar lines in the late 1990s (Anderson 2000a). However, Anderson’s (2000a) estimate was 

probably inflated because his survey lines were selected based on high risk and high rates of 

observed mortality (Anderson 2002). The sex bias in remains was similar between my surveys (63% 

male) and that of Jenkins et al. (2010; 61% male). Such consistent findings over different years give 

confidence in the generality of the results obtained. Collision mortality on distribution lines was 

lower than on transmission lines, but potentially contributes a greater total impact, given their more 

extensive length in the region. Overall, the corrected collision mortality estimates for South Africa 

are extremely high, at around 47,000 (95% CI 18,000-94,000) birds annually. However, this estimate 

is sensitive to assumptions about distribution line mortality and falls to 37,000 (95% CI 14,000-

74,000) without extrapolating distribution line rates beyond the core region. The confidence 

intervals are also wide, and with further refinement this already considerable uncertainty will only 

increase when bias estimate uncertainty is quantified (this had not been done in these versions of 

Appendices 2 and 3, which are still evolving under review). Nevertheless, even at the lower limits the 

estimated mortality rate is still very high relative to the population. The total Ludwig’s Bustard 

population in South Africa is estimated at 114,000 (95% CI 87,000-148,000; Chapter 2), and it must 

be emphasised that my estimates are conservative, and exclude collision mortality on other man-

made structures (cf. Fig. 3.9).  



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

 

76 
 

It is difficult to understand how such catastrophic mortality can apparently be sustained (Chapter 2). 

The main weakness in the total mortality figure is that of the distribution line extrapolation, because 

the collision rate data come from one region over one year. This area is in the core range of Ludwig’s 

Bustards, and attracts substantial numbers of birds because some land is used for lucerne 

cultivation. However, this is true of most other areas with distribution lines; they have been erected 

to service more intensively farmed regions of the Karoo. Another explanation is that extrapolation of 

collision rates overestimates total mortality because the position of carcasses is not regular, i.e. 

hotspot line sections cause most mortality (Janss & Ferrer 2000). While there is clear evidence for 

this clumped distribution of collisions in my mortality data, by surveying long transects this 

variability should have been accounted for. There is no reason to think that the power line transects 

included in this study were not representative; they were chosen only in terms of accessibility and 

did not avoid any habitat or landscape types. I also tried to reduce potential bias from variation in 

the extent of bird movements (Chapter 5) by sampling transmission lines over two years. Some 

power line factors were ignored when extrapolating collision rates. Firstly, some parts of the grid 

could be marked, but there is no available information on which lines are, and it is likely to be 

minimal. I have not tried to exclude line through unsuitable bustard habitat, because such habitat is 

hard to define, and again because its extent is likely to be minimal in the homogenous Karoo 

landscape. I have also not included a possible reduction in collision rates where lines run together in 

corridors (APLIC 1994). While siting lines together to reduce the number of obstacles and therefore 

mortality makes sense, I can find no studies in which this theory has ever been tested. Overall, the 

dynamic nature of the power grid means that such potential collision reductions are likely offset by 

the steady increase in the total length of power lines. A final extrapolation issue relates to the 

arbitrary assumption that mortality is halved in the outer parts of the Ludwig’s Bustard range. 

Mortality surveys of lines in this zone are needed to assess this, but it seems to be a conservative 

assumption in the absence of such knowledge. 

Immigration is another possible explanation for apparent population tolerance of high collision 

rates. For example, Hunt & Hunt (2006) showed that immigration sustains the Golden Eagle Aquila 

chrysaetos population in the Altamont Pass Wind Resource Area, which suffers high numbers of fatal 

collisions with wind turbines, and Schaub et al. (2010) demonstrated a similar effect maintaining a 

collision- and electrocution-prone Eagle Owl Bubo bubo population in Switzerland. Ludwig’s Bustard 

immigrants could come from Namibia, which is the other major part of their range (Allan 2005a). 

However, initial results suggest that collision mortality of Ludwig’s Bustards on Namibian power lines 

is also high (J. Pallett pers. comm.). To date there is no evidence of interchange between the birds 

from the two countries (Chapter 5), although genetic analysis may be a useful technique to ascertain 
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whether there are indeed subpopulations of this species. It is also possible that collisions select 

weaker birds less able to avoid hitting the wires. In Sweden, swans in poor condition were killed 

more often in collisions (Mathiasson 1999). However, this theory was recently rejected in a study of 

small birds killed on roads which showed that these birds were in significantly better condition than 

conspecifics taken by raptors, i.e. the road killed birds were just a random subset of the population 

(Bujoczek et al. 2011). Because Ludwig’s Bustards are migratory, they are thought to be at higher risk 

of collision in unfamiliar landscapes (Anderson 2002), but results from the satellite tracking study 

appear to show that the tagged bustards do not wander randomly (Chapter 5). Birds often return to 

particular locations, or base themselves in relatively small areas for months at a time which may 

enable them to learn where the power lines are. In addition, the grid is still sparse enough in parts of 

the Karoo to leave substantial areas relatively low risk, perhaps providing refugia for birds that 

habituate these areas. 

More male than female bustards were recovered under the power lines, with no evidence that this 

was due to the selective removal by scavengers. Male biased mortality is plausible given the larger 

size, and presumably reduced aerial manoeuvrability of males, and is likely to reduce the 

demographic impact of mortality (Jenkins et al. 2010), because Ludwig’s Bustard are polygynous 

(Allan 2005a). A similar effect has been observed in mortality of Great Bustards (Martín et al. 2007). I 

expected a high proportion of the collision victims to be juvenile birds, as the literature broadly 

agrees that these less experienced birds are at higher risk (e.g. Mathiasson 1999, Brown & Drewien 

1995, Sundar & Choudhury 2005). Juveniles were apparently over-represented in my collision data 

(32% of collisions vs 17% in the population; Allan 2005a), but the ageing criteria for live birds is 

probably more restricted as juveniles are difficult to distinguish from adults as they get older. 

Unfortunately, there are scant data on the demographic parameters and age structure of Ludwig’s 

Bustard populations, or on the importance of other sources of mortality. The proportion of the 

Ludwig’s Bustard population that breeds is unknown, but may also be important. For example, 

Sundar and Choudhury (2005) found that most Sarus Cranes killed in power line collisions were non-

breeding birds. It is possible that the population is able to respond in some way to high levels of 

power line mortality, depending on whether this mortality is additive or compensatory (e.g. Schaub 

& Lebreton 2004, Sandercock et al. 2011). It is likely to be additive, given that Ludwig’s Bustard is 

apparently long lived with low fecundity and high survival (Jenkins et al. 2011), but perhaps this 

species is a more prolific breeder than previously reported (Allan 2005a). In Chapter 7, I discuss this 

further and investigate potential population responses to this mortality with basic population 

models. 
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Collision impact on other bustards 

This study also provides the first data on the impact of power line collisions on other Karoo bustards. 

The Kori Bustard population in South Africa is thought to be relatively low (2,000-5,000 birds; 

Anderson 2000c), so the estimated mortality on transmission lines alone in the Nama Karoo each 

year corresponds to at best about one seventh of the South African population. Large numbers of 

dead Koris are also being found on Namibian power lines (J. Pallett pers. comm.). In contrast with 

Ludwig’s Bustards, it is interesting that the sex ratio in Kori Bustard remains was equal, which is 

similar to the population sex ratio (1:1.1 males:females; Allan & Osborne 2005). Perhaps once a bird 

reaches a certain size there is little increased risk associated with greater size and lack of 

manoeuvrability in the air. The impacts of such high levels of collision deaths are hard to interpret, 

as Kori Bustards in the Karoo are thought to be locally nomadic (Allan & Osborne 2005) and thus 

likely suffer greater collision rates than more sedentary populations in other areas (e.g. the Kalahari; 

Senyatso 2011). If this is the case, the Karoo could be acting as a population sink for Kori Bustards. 

There was no evidence of a population decrease in the Karoo over the last two decades (Chapter 2), 

but Kori Bustard numbers are thought to be decreasing throughout southern Africa (Anderson 

2000c, Senyatso et al. 2012). All the concerns relating to the conservative life history traits of 

Ludwig’s are even greater for Kori Bustards (e.g. age of first breeding 3 yr, adult: juvenile ratio of 

1:0.03; Allan & Osborne 2005), so with such uncertainty and the range of other threats (Anderson 

2000c), it is a species that warrants further attention. 

The third most common collision victims were Karoo Korhaans. The bias factor applied to the 

collision rates for this species may have been an underestimate given their smaller size and cryptic 

plumage, but even so, the overall number of birds killed in the Nama Karoo is small compared to the 

estimated population (Allan 2005b). Despite some indications of a population decline in this region 

(Chapter 2), power lines do not seem to account for this. The reasons for the relatively low collision 

risk of this species probably include their smaller size (and hence greater agility in flight) as well as 

their more sedentary lifestyles (Allan 2005b), as local birds are familiar with their territory and are 

less likely to collide with power lines (Anderson 1978, APLIC 1994, Bevanger 1994, Anderson 2002).  

Conclusions and management recommendations 

Power line collisions kill substantial numbers of Ludwig’s and Kori Bustards across the Karoo, with 

most Ludwig’s Bustards dying in winter. Other species are killed far less often, but this is the part of 

South Africa with the lowest density of power lines (Fig. 1.3), so the impact on these species 

elsewhere in their ranges may be appreciably greater. Power grids across South Africa and the rest 
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of sub-Saharan Africa are expected to continue their rapid expansion (ABS 2011, Eskom 2012). While 

population-level effects are not yet apparent for large bustards, there may be a power line load 

threshold where such effects become apparent (Bevanger 1994, 1995). Without a better 

understanding of levels of sustainable collision offtake, this threshold extent of line is unknown.  

I was not able to identify location or configuration characteristics of particularly dangerous 

transmission lines for Ludwig’s Bustard, and perhaps for mobile birds in a variable environment 

there are no such useful distinctions. Proximity to roads apparently reduced collision risk on 

distribution lines, so siting new power lines close to roads may be beneficial. This is supported by 

observations on distribution lines near Humansdorp (Eastern Cape) and Mossel Bay (Western Cape) 

in 2012, where just one Denham’s Bustard was recovered on 60 km of surveyed line, much of it 

running along roads, despite there being plenty of live birds in the vicinity (J. Shaw unpublished 

data). Given its vast aggregate extent, the distribution network is potentially a far greater problem 

than the transmission system and further surveys of distribution lines across the Karoo are an urgent 

research priority. For all line types, further investigation of factors contributing to collision hotspots 

is important. Now widely practiced in Europe, the burying of new distribution lines would eliminate 

both collisions and electrocutions (Prinsen et al. 2011b) and Eskom should seriously examine this 

possibility for South Africa. Failing this, line marking may reduce collisions (Chapter 4), so in the 

absence of a better understanding of why and where collision hotspots occur I recommend that all 

new lines, both distribution and transmission, in the Karoo be marked from start to end during 

construction.  
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Appendix 3.A1. Weather stations closest to survey power lines from which rainfall, temperature and 

wind speed data were obtained from the South African Weather Service 

 

Weather station Power line Distance to line* Latitude Longitude Data 

Brandvlei Brandvlei 50 km -30.47 20.48 All 

Bastiaanskolk Brandvlei 24 km -30.04 20.61 Rainfall 

Brandvlei Kans Brandvlei 48 km -30.60 20.22 Rainfall 

Beaufort Wes Beaufort West 22 km -32.36 22.58 All 

Beaufort Wes Klipkrans Beaufort West 35 km -32.75 22.92 Rainfall 

Prins Albert Grootwaterval Beaufort West 28 km -33.01 22.23 Rainfall 

Port Nolloth Port Nolloth 18 km -29.23 16.87 All 

Kleinsee Port Nolloth 4 km -29.67 17.09 Rainfall 

Lekkersing Port Nolloth 34 km -29.00 17.10 Rainfall 

Vredendal Vanrhynsdorp 15 km -31.67 18.50 All 

Cloudskraal Vanrhynsdorp 16 km -31.34 19.03 Rainfall 

Vanrhynsdorp Vanrhynsdorp 14 km -31.61 18.74 Rainfall 

Prieska Prieska 55 km -29.67 22.73 All 

Nooitgedag Prieska 15 km -30.17 22.92 Rainfall 

Sandpan Prieska 21 km -30.60 23.05 Rainfall 

Uitsig Prieska 21 km -29.97 22.62 Rainfall 

Calvinia Calvinia 4 km -31.48 19.76 All 

Calvinia Bo-Downes Calvinia 3 km -31.55 19.81 Rainfall 

Diepdrift Calvinia 1 km -31.55 20.88 Rainfall 

* distance to the closest point of the surveyed line 
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Appendix 3.A2. Spatial autocorrelation analysis of new Ludwig’s Bustards by span for transmission 

and distribution lines. ACF plots indicate the degree of correlation between a span and adjacent 

spans at different number of span lags, with autocorrelation present if the ACF value goes beyond 

the dashed lines. 
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Appendix 3.A3. Selection of explanatory variables for modelling Ludwig’s Bustard collisions on 

transmission lines 

I ran a GAMM with all fixed effects and assessed the plots of smoothing functions for wind speed 

and rainfall to ascertain whether the relationship between these factors and bustard collisions was 

linear. For wind speed it was, but rainfall2 appeared to be a better description of the rainfall 

relationship (Fig. 3.A3.1) and was used in further analysis (also for distribution lines). 

 

Figure 3.A3.1. Estimated smoother for rainfall in a GAMM including all fixed effects (dashed lines are 95% 

confidence intervals). 

I ran univariate ZIP models (Table 3.A3.1), which showed power line to be the best explanatory 

variable, with the next best factors Karoo biome (Nama or Succulent), rainfall2, season and wind 

speed. There was little support for power line orientation or configuration, and the presence of 

collisions of other carcasses model was worse than the null model.  
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Table 3.A3.1. Comparison of factors affecting Ludwig’s Bustard collisions on transmission lines assessed by ZIP 

models, with AIC values and degrees of freedom from univariate models, and the predictor weights (sum of 

model weights of all models including the factor) of the factors included in the top models in Table 3.A5.2.  

Factor Degrees of freedom AIC Predictor weight 

Power line 12 1719.4  

Karoo 4 1734.0 0.998 

Rainfall
2
 8 1736.6 0.467 

Season 6 1736.6 0.998 

Wind speed 4 1737.2 0.875 

Year 4 1744.6 0.992 

Rainfall 4 1749.2 0.331 

Orientation 6 1755.7 0.111 

Configuration 8 1763.6 0.998 

Null 2 1764.4  

Other collisions 4 1766.4  

 

I then assessed all candidate models, by specifying a full model including all factors in Table 3.A3.1 

(except for other collisions, and power line which I know to be non-independent, and therefore the 

random variable in the mixed models) using the dredge function in library MuMIn v1.7.12 (Barton 

2012; Table 3.A3.2) which assesses all combinations of factors. 

Table 3.A3.2. Comparison of the best (models with a model weight ≥0.001) ZIP models to explain factors 

affecting Ludwig’s Bustard collisions on transmission lines. 

Model 
Degrees of 

freedom 

Log 

likelihood 
AICc ΔAICc 

Model 

weight 

Season, configuration, Karoo, rainfall
2,

 wind, year 18 -787.907 1612.0 0 0.357 

Season, configuration, Karoo, rainfall, wind, year 18 -788.445 1613.0 1.1 0.208 

Season, configuration, Karoo, wind, year 16 -790.523 1613.2 1.2 0.195 

Season, configuration, Karoo, orientation, year 18 -789.23 1614.6 2.7 0.095 

Season, configuration, Karoo, rainfall, rainfall
2,

 wind, 

year 
20 -787.237 1614.6 2.7 0.093 

Season, configuration, Karoo, year 14 -794.981 1618.0 6.1 0.017 

Season, configuration, Karoo, orientation, rainfall, 

wind, year 
22 -787.102 1618.4 6.5 0.014 

Season, configuration, Karoo, rainfall, rainfall
2,

 wind 18 -791.405 1618.9 7.0 0.011 

Season, configuration, Karoo, rainfall
2,

 wind 16 -794.819 1621.7 9.8 0.003 

Season, configuration, Karoo, orientation, rainfall, 

rainfall
2,

 wind, year 
24 -786.849 1621.9 10.0 0.002 

Season, configuration, Karoo, rainfall, wind 16 -794.961 1622.0 10.1 0.002 

Season, configuration, Karoo, rainfall, rainfall
2
, wind 18 -793.735 1623.6 11.7 0.001 
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This analysis showed that with the exception of orientation, most factors had some influence on 

bustard collisions. The best model (Table 3.A3.3) suggests that collisions are significantly more likely 

to be present during the winter, and less likely in year 2, in the Succulent Karoo and on guyed 

configurations (zero-inflated model coefficients). If they are present, then more collisions are 

expected on guyed and self-supporting configurations and in the Succulent Karoo and less bustards 

die as wind speed increases (count model coefficients). It is likely that configuration relates to the 

power line, as there is only one line for three of the four configurations. Overall then, this analysis 

suggests that Karoo, rainfall squared, season, wind speed and year are the best explanatory 

variables. 

Table 3.A3.3. Summary of best ZIP model (from Table 3.A3.2) to explain factors affecting Ludwig’s Bustard 

collisions on transmission lines (NA=not enough data). 

Count model coefficients (Poisson with log link): Estimate Std. Error z value p 

(Intercept) -4.229 0.545 -7.760 0.000 

Configuration: Guyed 2.764 0.237 11.653 <0.001 

Configuration: Self supporting 1.674 0.444 3.773 0.000 

Configuration: Small Delta -0.998 0.640 -1.560 0.119 

Season: Winter 0.054 0.236 0.227 0.820 

Year:2 -0.146 0.179 -0.813 0.416 

Karoo: Succulent 2.472 0.339 7.296 0.000 

Rainfall 0.002 NA NA NA 

I(Rainfall
2
) 0.000 NA NA NA 

Windspeed -0.503 0.035 -14.352 <0.001 

Zero-inflation model coefficients (binomial with logit link)     

(Intercept) -0.508 1.722 -0.295 0.768 

Configuration: Guyed 9.351 1.679 5.569 0.000 

Configuration: Self supporting 1.585 NA NA NA 

Configuration: Small Delta -13.324 445.665 -0.030 0.976 

Season: Winter -4.392 0.827 -5.311 0.000 

Year: 2 1.171 0.357 3.283 0.001 

Karoo: Succulent 8.116 0.870 9.323 <0.001 

Rainfall -0.178 NA NA NA 

I(Rainfall
2
) 0.004 NA NA NA 

Windspeed -3.290 1.537 -2.140 0.032 

 

I then repeated this process with GAMMs, running univariate analyses (Table 3.A3.4) and then 

running the dredge function on the best full model (Table 3.A3.5). 
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Table 3.A3.4. Comparison of factors affecting Ludwig’s Bustard collisions on transmission lines assessed by 

GAMMs, with AIC values and degrees of freedom from univariate models, and the predictor weights (sum of 

model weights of all models including the factor) of the factors included in the top models in Table 3.A5.2.  

Factor Degrees of freedom AIC Predictor weight 

Season 3 1522.81 0.117 

Rainfall 4 1533.09 0.982 

Year 3 1543.96 0.903 

Null 2 1554.87  

Wind speed 4 1556.05  

Karoo 3 1556.67  

Orientation 4 1558.49  

Configuration 5 1559.45  

 

Only three factors (season, rainfall and year) were better than the null model and were included in 

the second part of the analysis. The best models indicated that bustard collisions are more likely in 

winter and less likely in year 2.  

Table 3.A3.5. Comparison of all GAMMs to explain factors affecting Ludwig’s Bustard collisions on transmission 

lines. 

Model 
Degrees of 

freedom 

Log 

likelihood 
AICc ΔAICc 

Model 

weight 

Rainfall, year 5 -745.651 1501.3 0 0.884 

Season, rainfall 5 -747.854 1505.7 4.4 0.098 

Season, Year 4 -750.511 1509.0 7.7 0.019 

Season 3 -758.404 1522.8 21.5 0 

Rainfall 4 -762.545 1533.1 31.8 0 

Year 3 -768.978 1544.0 42.7 0 

Null 2 -775.433 1554.9 53.6 0 

 

As Karoo and wind speed were not identified in the GAMM analysis, overall I considered rainfall, 

season and year to be the best explanatory variables for bustard collisions. 
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Appendix 3.A4. Effective search width of different transmission lines (≥220 kV) analysis 

I ran GLMs using a Poisson distribution of the distance of all new Ludwig’s Bustard carcasses from 

the line for each transmission power line (n=211). I compared the effective search width null model 

(AIC=2500.1) with a model including power line as an explanatory variable (AIC=2420.3). I then 

looked at the underlying patterns in this second model using Multiple Comparisons of Means with 

Tukey Contrasts for General Linear Hypotheses (glht in library multcomp v1.2-14; Hothorn et al. 

2008). This test showed all significant (p<0.05) pair-wise differences between lines were driven by 

the Port Nolloth line, so I ran a further GLM including two classes of power line as a variable; Port 

Nolloth and others (AIC=2419.0). Including line improved the AIC value, but despite Port Nolloth 

driving the pattern there was little improvement with the third model.  

I then assumed that all carcasses under the line (distance=0) were seen, and excluded them from the 

analysis. This was because the width of the Port Nolloth line, and therefore number of bustard 

carcasses, was much less at zero than on other configurations, and was likely the reason for its 

significance in the GLMs. I used zero-truncated regression models with a Poisson distribution 

(zerotrunc in library countreg v0.0-1; Cueni et al. 2009, Zuur et al. 2009), as the data were not 

overdispersed. I ran models for the effective search width with no explanatory variable, then all lines 

and then Port Nolloth or others (Table 3.A4.1). Without including carcasses under the line, Port 

Nolloth was no longer significantly different from the other lines. Examination of pair-wise 

differences between lines in the all line model suggested that the Brandvlei line was now 

significantly different from the other lines, and a further model was run to compare this line to the 

others. 

Table 3.A4.1. Summary of power line factors affecting the effective search width for detection of new Ludwig’s 

Bustard carcasses by zero truncated models with AIC values. 

Model Degrees of freedom AIC 

Null 1 948.8 

Port Nolloth or other lines 2 950.7 

All power lines 5 945.4 

Brandvlei or other lines 2 941.3 

 

With the last model, it appears that there is some evidence of a greater effective search width on 

the Brandvlei line than on the others. The mean distance of a bustard was 14.0 m on this line, with 

all other lines between 9.2-10.4 m. However, the sample size for this line is small (n=7). 
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Chapter 4: A large-scale test of two line marking devices to reduce collision 

mortality of large terrestrial birds on transmission power lines in the Karoo 

 

Abstract 

Line markers are used widely to mitigate bird collisions with power lines, but few studies have 

adequately tested their efficacy. Power line collisions are an escalating problem for several 

threatened bird species endemic to southern Africa so it is critical to know whether or not marking 

works to adequately manage this problem. A large-scale experiment was therefore set up on 72 km 

of transmission power lines near De Aar in the eastern Karoo, South Africa, to assess whether line 

markers reduce bird collision mortality, particularly for Ludwig’s Bustards and Blue Cranes. I tested 

the two marking devices commonly used in South Africa: mobile bird flappers and static bird flight 

diverters. I report on pre-marking monitoring conducted from 2008-2011, and post-marking from 

2011-2012, although the experiment is on-going. Initial indications are that line marking reduced the 

rate of collisions for Blue Cranes and for large birds generally. However, it is too early in the 

experiment to draw firm conclusions on marking efficacy or to compare the two devices. This study 

has also generated the first robust Blue Crane collision rates for the Karoo; pre-marking rates which 

are unadjusted for survey biases suggest these transmission lines kill 0.41 cranes.km-1.yr-1 (95% CI 

0.21-0.77), which is considerably higher than that previously recorded for this species in the 

Overberg region of South Africa.  

 

Introduction 

Unnatural mortality resulting from collisions with power lines is a serious conservation problem for 

many bird species worldwide (APLIC 1994, Bevanger 1998). In South Africa, the birds most often 

recorded as collision victims also feature on the regional Red List of threatened species (Fig. 1.2; 

Barnes 2000, Eskom-EWT 2012). The search for effective mitigation has been on-going for decades, 

but progress has been slow, perhaps because there is no easy, all-purpose solution to this escalating 

problem (Jenkins et al. 2010, Martin 2011). 

Adding marking devices (e.g. wire spirals, coloured spheres, shiny and flapping plates or discs) to 

lines to increase visibility to approaching birds is currently the most feasible and widespread 
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measure employed to reduce collisions with power lines (Jenkins et al. 2010, Prinsen et al. 2011b, 

Barrientos et al. 2011). Various marking devices are in use worldwide, yet few have been adequately 

tested (Jenkins et al. 2010, Barrientos et al. 2011). Of those that have, most (but not all) experiments 

seem to show at least some reduction in collision rates on marked lines (Jenkins et al. 2010). A 

recent meta-analysis of 21 marking studies concluded that mortality on marked lines was 78% lower 

than on unmarked lines, but that mortality risk was also low on unmarked lines, and the generally 

small sample sizes, wide range of markers tested, and various conditions, survey protocols, and 

species involved limited comparisons (Barrientos et al. 2011). While no markers have yet been 

shown to be superior, assessment of bird vision suggests that those which are very big, in 

contrasting colours, and with moving components should be the most effective (Martin 2011).  

A traditional approach to testing marking devices has been to compare a marked with an unmarked 

line, although the success of this method relies on both lines being in the same landscape and under 

the same environmental conditions (e.g. Savereno et al. 1996). Previous studies have often focussed 

on short sections of dangerous line intercepting specific migration and roosting flight paths of large 

volumes of birds. As well as dead bird searches, these high collision sites allow bird flight studies to 

test the efficacy of markers, by assessing the reactions of flying birds to marked and unmarked 

power lines (e.g. Morkill & Anderson 1991, Alonso et al. 1994a, Savereno et al. 1996, Murphy et al. 

2009). However, short lengths of line can be problematic and many studies have failed to achieve 

conclusive results because they were too ambitious, attempting to test different marking devices, 

marker spacing and/or colour combinations across different power line configurations with too little 

sample line (Brown & Drewien 1995, Janss & Ferrer 1998, Anderson 2002, Crowder 2002). Short 

sections of line may also be of limited relevance for understanding the general effectiveness of 

markers at a landscape scale. Other complications arise in small experiments, such as the potential 

issue of markers on one span affecting the adjacent span through a ‘shadowing effect’, although 

whether this effect is beneficial or detrimental to collision rates on adjacent spans remains unclear 

(Alonso et al. 1994a, Yee 2008). However, in their review Barrientos et al. (2011) found no evidence 

of this, concluding that birds were more likely to change flight height when they detected a power 

line, rather than altering flight direction.  

The development of effective collision mitigation trials has progressed in recent years, with studies 

in the USA successfully using systematic block designs, comparing marked and unmarked spans on 

the same lines, with buffer spans separating treatments (Yee 2008, VWS 2009). This design helps to 

account for environmental variation arising from, for example, the varying proximity of different 

lines to roosting and foraging grounds. To enhance the clarity of any marking effect, collision rate 
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data from before marking is also important, and has been key to a number of good studies (Alonso 

et al. 1994a, Yee 2008, Barrientos et al. 2012). The most recent, and most comprehensive marking 

study tested two devices on 35 transmission and distribution power lines in Spain over nine years 

with a before-after control-impact (BACI) design i.e. with power line surveys before and after 

marking, with control lines monitored in the same period (Barrientos et al. 2012).  

The only experiment previously conducted in South Africa tested 300 mm Bird Flight Diverters (BFDs) 

and bird flappers over approximately 30 km of 132 and 400 kV power line in the Karoo (Anderson 

2002). This study provided initial indications that flappers seemed to be more effective than BFDs, 

but that neither device seemed to reduce collisions of Ludwig’s Bustard. Overall though, the 

experimental lines were too short, and the experiment was too complex to provide conclusive 

results. In common with Anderson’s (2002) study, other research has failed to provide good 

evidence for marking reducing bustard mortality, especially for bigger species, despite these birds 

dying in large numbers on power lines (e.g. Denham’s Bustards; Shaw et al. 2010b, Great Bustards; 

Janss & Ferrer 1998, 2000, Kori Bustards; Chapter 3, Little Bustards Tetrax tetrax; Janss & Ferrer 

1998, Silva et al. 2010). Janss & Ferrer (1998) found no evidence of a decrease in Great Bustard 

mortality following line marking in Spain, although markers did seem to be effective for Little 

Bustards. Raab et al. (2011b) suggested that Great Bustards benefitted from line marking in Austria 

and Hungary, but the effect was minimal compared to the reduction in mortality resulting from 

burying power lines. Most recently, Barrientos et al. (2012) demonstrated a slight reduction in 

collision rates for Great and Little Bustards following marking in Spain, but rates remained high even 

after marking.  

The extent of the South African power grid is already considerable, and rapid expansion in this 

country and across sub-Saharan African is expected in the coming years (ABS 2011, Eskom 2012). 

Line marking is the usual mitigation in South Africa, but there is no clear evidence that it is effective 

in this environment. Given the sheer extent of power lines, and the number of threatened species 

affected by collisions (Fig. 1.2) it is critical to test marking to ensure that the current and future 

management of the collision problem is having the presumed positive effect. I therefore designed a 

large-scale experiment to test the two marking devices currently in use in South Africa for their 

effect on reducing bird mortality. Because cost effectiveness is important, I also aimed to test the 

longevity of these devices in the harsh environment (extreme temperatures, intense solar radiation, 

and strong winds) of the Karoo. The experiment uses a replicated systematic block design with pre-

marking monitoring, but could not include flight observations as the collision problem in South Africa 

is an extensive one, with relatively few collisions over a wide area. I focussed particularly on the 
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effect of line marking for Ludwig’s Bustards and Blue Cranes; the two most frequently reported 

collision victims in South Africa (Eskom-EWT 2012). As for Ludwig’s Bustards, collision mortality of 

Blue Cranes is of conservation concern (Allan 2005c, Shaw et al. 2010a). Endemic to South Africa, 

Blue Cranes are listed as globally Vulnerable because of rapid decreases in numbers in their 

historical grassland range (Allan 2005c, McCann et al. 2007). Populations in the Overberg and the 

eastern Nama Karoo now comprise the bulk of the global population, but 12% of Overberg cranes 

are estimated to die in power line collisions annually (McCann et al. 2007, Shaw et al. 2010a). 

This experiment was a long time in development. Initial pre-marking surveys started in 2008, but 

various institutional delays meant that the markers were only put up in May 2011, so there is not as 

much data as I had hoped to analyse in this chapter. However, I am still able to draw some initial 

conclusions from the experiment to date, and it will continue to run over the next few years. 

 

Methods 

Study site 

The experiment was set up near the town of De Aar, in the eastern Nama Karoo (Fig. 4.1). The open 

stony plains of this area are dotted with small dolerite hills, and covered with natural short, shrubby 

and grassy vegetation (Mucina & Rutherford 2006). The main land use is extensive livestock farming, 

predominately of sheep, with some farmers also stocking native game species for hunting (Hoffman 

et al. 1999). The climate is continental, with summer rainfall (Mucina & Rutherford 2006). The study 

site is based in the Platberg-Karoo Conservancy, which is a large Important Bird Area designated 

because of significant populations of endemic and threatened birds including Blue Cranes, Ludwig’s 

and Kori Bustards (BirdLife South Africa 2012).  
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Figure 4.1. Map of the De Aar site near the Hydra substation. High voltage power lines in red and four survey 

line sections in black (Hydra-Poseidon 1 and 2; HP 1 =25 km, HP 2 = 21 km, and Droërivier-Hydra 1 and 2; DH 1 

= 32 km, DH 2 = 31 km), with roads in light grey. Droërivier-Hydra 1 and 3 run on a common servitude, as do 

the two new 765 kV lines built during the pre-marking monitoring period. 

This area was selected because it supports a relatively high density of collision prone species, and 

has a fairly uniform environment. It is traversed by a number of 400 kV transmission lines with 

similar configurations that converge at the Hydra substation, and there is good prior collision rate 

data for the region (Anderson 2002).  

Pre-marking surveys 

In 2008, a long-term monitoring site (hereafter referred to as the De Aar site) was established to 

investigate bird-power line interactions, and to generate pre-marking collision data (Jenkins et al. 

2009). The site includes 46 km of the Hydra-Poseidon 1 and 2 (HP 1 and HP 2) and 63 km of the 

Droërivier-Hydra 1 and 2 (DH 1 and DH 2) 400 kV transmission lines, totalling 109 km (Jenkins et al. 
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2009, Fig. 4.1). These lines all have the same configuration with self-supporting pylons (Fig. 3.2 a-c). 

The HP lines run 1.4-2.3 km apart, and the DH lines 1-3 km apart. DH 1 runs in a common servitude 

with Droërivier-Hydra 3 (DH 3), which has a guyed-V configuration (Fig. 3.2 d), and is also marked 

with large BFDs for approximately one third of the transect. The survey lines include those 

monitored by Anderson (2002) from 1997 to 2001. 

Over the first year, line surveys were conducted on HP 1&2 on 5-7 May 2008, 16-17 September 2008 

and 16-17 March 2009 and on DH 1&2 on 4-7 August 2008, 20-21 October 2008 and 18-19 March 

2009. The initial surveys were clearing surveys, with subsequent visits used to quantify collisions 

over a known time interval. Generally, the line survey methods were the same as those described for 

transmission line surveys in Chapter 3 (i.e. vehicle-based, with two observers scanning for carcasses), 

but occasionally there were additional observers as Eskom personnel were increasingly required to 

accompany researchers for line access. Subsequent pre-marking surveys of these power lines took 

place quarterly (20-23 July 2009, 12-15 October 2009, 18-21 January 2010, 12-15 April 2010, 13-15 

July 2010, 12-13 October 2010 and 18-19 January 2011).  

Marking experiment design 

In this study, I test whether marking reduces bird collisions with power lines, and if so, which of two 

marking devices is more effective, both overall and for Ludwig’s Bustards and Blue Cranes. I compare 

two devices supplied by Eberhardt Martin: Bird Flappers (yellow and black) with large Helical BFDs 

(white and black; Fig. 4.2). These devices were chosen as they are the main mitigation measures 

currently used in South Africa, and they allow comparison of a moving and a static device.  

 

Figure 4.2. Devices used in the marking experiment: a yellow Bird Flapper in (left photo: Endangered Wildlife 

Trust), and a white Helical Bird Flight Diverter (right). 
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The experiment uses a balanced systematic block design, with three treatments (flapper, BFD and 

unmarked control) separated by buffer spans to avoid potential shadowing effects (Yee 2008). The 

arrangement of each block is four spans of flappers, two unmarked buffer spans, four unmarked 

control spans, two unmarked buffer spans, four spans of BFDs, two unmarked buffer spans, four 

unmarked control spans and two unmarked buffer spans (Fig. 4.3). These sets of 24 spans make up 

one experimental block (average span 335 m x 24 = 8 km block). I considered the two span length 

buffers to be sufficient to keep treatments within a block separate. 

 

Figure 4.3. Systematic block design used in the marking experiment. Vertical lines represent spans along the 

power line, and blocks represent treatments (dark grey = flappers, white = unmarked control, light grey = 

BFDs). Spans between blocks are unmarked buffers between treatments. 

Power analyses based on pre-marking monitoring up to October 2009 were conducted to determine 

the length of power line (and therefore number of blocks) necessary to generate enough data to 

detect at least a 50% decrease in collision rate within two years of post-marking monitoring, and to 

compare the two devices (Appendix 4.A1). This analysis suggested that eight replicate blocks was the 

minimum set required. However, this could not be fitted into the pre-marking monitored line, so 2 

km was added to HP 1 and 6 km to HP 2 and included in pre-marking surveys from October 2010. 

The power analysis looked at two sampling regimes, with more frequent sampling generating more 

data. On the basis of this, I decided to double the sampling intensity from quarterly to every 6 

weeks. This was the best balance between data volume and the least interference with the basic 

quarterly baseline sampling in the pre-marking surveys.  

Marking devices were deployed from a helicopter in two sessions between 11-15 April and 4-7 May 

2011. Experimental lines were first cleared of any existing markers, as 15 spans on HP 1 still had 

some old broken bird flappers and small BFDs remaining from Anderson’s (2002) study. The markers 

were placed on both earth wires at 10 m intervals, with the markers on one earth wire offset by 5 m 

so the overall appearance to an oncoming bird is a marker every 5 m. Markers were deployed in 

alternating colours, with an average of 20 on each span’s earth wire (this varied slightly depending 

on the length of each span). Markers were only installed on the central three-fifths of the span as 

most collisions occur away from the pylons (Anderson 2002, Shaw et al. 2010b, Chapter 3), and this 

is Eskom’s standard marking practice (Fig. 4.4). However, this distance was not exact as it was 
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difficult for the pilot to judge, so marking generally started and ended one helicopter length from 

each pylon. The experiment was set up on 72 km of the surveyed sections of HP 1 (3 blocks = 27 km), 

HP 2 (3 blocks = 27 km), and most of the surveyed section of DH 2 (2 blocks = 18 km). I excluded the 

south-western DH 2 section that is within 1.5 km of the new marked Hydra-Gamma 765 kV lines 

which were constructed during the pre-marking period. All of DH 1 was unsuitable for the 

experiment because of the close proximity of DH 3. No experimental line sections were closer than 

1.4 km to another transmission line, which I considered far enough apart to limit interactions 

between adjacent lines.  

 

Figure 4.4. Span marked with black and white Helical Bird Flight Diverters. 

Post-marking surveys 

Very wet weather and impassable servitudes meant that the last pre-marking survey planned for 

April 2011 had to be cancelled. The 24-26 May 2011 survey was therefore a clearing survey, and 

subsequent six-weekly surveys of marked lines took place on 5-7 July 2011, 23-25 August 2011, 10-

12 October 2011, 29 November-1 December 2011, 9-11 January 2012, 27-29 February 2012, 16-18 
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April 2012, 29-31 May 2012, 9-11 July 2012, 4-6 September 2012 and 15-16 October 2012. These 

post-marking surveys followed the same methodology as pre-marking surveys and included the 

whole De Aar site, whether part of the experiment or not. The only difference on the post-marking 

surveys relates to clearing of carcasses. By shortening the survey interval, I may have biased the 

number of birds found because there is now less time for scavengers and the elements to remove 

carcasses or make them harder for observers to see (Bevanger 1999). Therefore, on alternate 

surveys the carcasses were not cleared, but were marked with spray-paint. On the next survey, all 

carcasses were cleared and the number of painted carcasses counted. This allowed the attrition rate 

between six weeks and three months to be calculated to accommodate this potential source of bias, 

and to allow comparison with pre-marking data. I did not include any other sources of survey bias 

(Bevanger 1999), as I was interested in the effect of marking rather than the absolute numbers of 

dead birds. While survey biases undoubtedly affect the number of carcasses found (Appendices 2 

and 3), I expected them to have remained constant throughout the study. 

Statistical analyses 

All statistical analysis was performed using R (R Core Team 2012). As in Chapter 3, the data are 

hierarchical with lines and blocks sampled multiple times (Zuur et al. 2009). Pre-marking collision 

rates for Ludwig’s Bustards and Blue Cranes were generated from quarterly data (July 2009-Jan 

2011) on all lines by hierarchical bootstrapping (500 iterations) following the same procedure as in 

Chapter 3. The sample hierarchy had four levels; year, season, line and sample ID.  

I then assessed the effect of marking for Ludwig’s Bustards, Blue Cranes and all large birds (bustards, 

cranes, storks, geese and ducks, herons, flamingos and ibises). I did this by comparing the number of 

carcasses found on marked spans pre- and post-marking, allowing for any landscape differences 

between marked or control treatment spans pre-marking. Currently, there are too few data to 

compare the performance of the marking devices. I only used data from lines which were part of 

experimental blocks (pre- and post-marking) and only included new carcasses from non-clearing 

surveys. I looked at the data at three-monthly intervals, so for the post marking period, I added any 

rediscovered spray-painted carcasses marked on the intermediate surveys to the totals recovered on 

the three monthly surveys (July 2011, October 2011, January 2012, April 2012, July 2012, October 

2012). To avoid any potential seasonal bias (Chapter 3), I compared only pre-marking data from July 

2009-October 2010, and post-marking from July 2011-October 2012.  

I explored the data using mixed models, after first examining the data for overdispersion by 

comparing the residuals and degrees of freedom of a null binomial Generalised Linear Mixed Model 
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(GLMM using Laplace approximation; glmer in library lme4 v0.9; Bolker et al. 2008, Bates et al. 2012) 

with logit link for presence/absence. The data were not overdispersed for Ludwig’s Bustard (=1.001), 

Blue Cranes (=0.746) or all large birds (=0.954), so the use of a Poisson distribution was appropriate. 

I assumed that any spatial autocorrelation would be accounted for by the block design and also 

excluded buffer spans. I then used Poisson GLMMs with a log link to assess the effect of marking 

devices, with block as the random effect (Zuur et al. 2009). I had two fixed effects; pre/post marking, 

and marked/control spans. I compared models with these two effects additively and then as an 

interaction using ANOVAs. If the model with the interaction effect was significantly better, it 

demonstrated that there was an effect of marking (above the variation in collisions explained by 

existing landscape, or year to year effects). I assessed the effect of marking separately for Ludwig’s 

Bustards (n=56 collisions; 49 pre-marking), Blue Cranes (n=57; 38 pre-marking) and all large birds 

(n=136; 102 pre-marking). I then repeated the GLMM analyses on a dataset excluding the old 

marked section of HP 1 (15 marked spans interspersed with control spans; 34 excluded altogether) 

both pre- and post-marking to assess whether these old markers may have influenced the results. 

Sample sizes were considerably smaller in this reduced data set; Ludwig’s Bustards (n=45; 41 pre-

marking), Blue Cranes (n=42; 27 pre-marking) and all large birds (n=104; 77 pre-marking). For all 

models showing an effect of marking (p<0.1), I calculated the percentage reduction in collisions 

caused by marking by subtracting the difference between pre- and post-marked collision rates from 

the difference between pre-marked and pre-control spans (landscape effect). 

 

Results 

General collision patterns 

Overall, at least 28 species were recovered as collision victims at the De Aar site with the high 

numbers of Blue Cranes, White Storks and Secretarybirds reflecting the importance of the eastern 

grassy Karoo region for these large terrestrial birds (Table 4.1). In common with other power lines 

surveyed for avian collisions in the Karoo (Chapter 3), Ludwig’s Bustard was the most heavily 

impacted species at De Aar (Table 4.1), and there was a male skewed sex bias in all collisions of this 

species (58% males vs 42% females; n=268 sexed carcass remains).  
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Table 4.1. Number of new bird carcasses (recovered on cleared lines) and total by species killed by collision on 

all De Aar site power lines (May 2008-October 2012). 

Species New collisions Total collisions 

Ludwig's Bustard Neotis ludwigii 234 367 

Blue Crane Anthropoides paradiseus 176 306 

Northern Black Korhaan Eupadotis afraoides 19 23 

White Stork Ciconia ciconia 16 16 

Karoo Korhaan Eupodotis vigorsii 8 9 

Secretarybird Sagittarius serpentarius 6 9 

Kori Bustard Ardeotis kori 4 8 

Pied Crow Corvus albus 5 7 

Spur-winged Goose Plectropterus gambensis 6 6 

Greater Flamingo Phoenicopterus ruber 5 5 

Jackal Buzzard Buteo rufofuscus 4 4 

Egyptian Goose Alopochen aegyptiaca 3 3 

Helmeted Guineafowl Numida meleagris 2 3 

Black-headed Heron Ardea melanocephala 1 3 

Blue Korhaan Eupodotis caerulescens 2 2 

Tawny Eagle Aquila rapax 2 2 

Rock Dove Columba livia 2 2 

Hadeda Ibis Bostrychia hagedash 1 2 

African Sacred Ibis Threskiornis aethiopicus 1 2 

Unidentified ducks Anatidae 1 2 

South African Shelduck Tadorna cana 1 1 

African Harrier-hawk Polyboroides typus 1 1 

Steppe Buzzard Buteo vulpinus 1 1 

Red-knobbed Coot Fulica cristata 1 1 

White-necked Raven Corvus albicollis 1 1 

Spotted Thick-knee Burhinus capensis 1 1 

Speckled Pigeon Columba guinea 1 1 

Double-banded Courser Rhinoptilus africanus 1 1 

Grey-backed Sparrowlark Eremopterix leucotis 1 1 

Unidentified bustards Otididae 1 1 

Unidentified kestrels Falco spp 1 1 

Unidentified birds 6 30 

Total 515 822 

 

The number of collision carcasses recovered across the De Aar site fluctuated between years and 

seasons (Fig. 4.5). Over the survey period the numbers of dead Ludwig’s Bustards were more 

variable than Blue Cranes, with a large number colliding from July 2009 – July 2010. There was no 

clear seasonal pattern for Ludwig’s Bustards, but mortality of Blue Cranes was greatest in winter. 

The numbers of live Ludwig’s Bustards seen on the surveys were generally small (Fig. 4.5), with birds 
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seen in 2010 and 2012, but rarely in 2011. Large numbers of Blue Cranes were seen on surveys, with 

the greatest counts also in winter, when they form more visible flocks (Young et al. 2003).  

 

Figure 4.5. Top graph shows the number of new Ludwig’s Bustard (light grey) and Blue Crane (dark grey) 

carcasses recovered across the De Aar site on regular surveys (Sept 2008 and Oct 2008 data pooled, clearing 

surveys excluded, and post marking any rediscovered spray-painted carcasses marked on intermediate surveys 

added to three monthly totals). The arrow indicates when line markers were installed at part of the site. 

Bottom two graphs are the number of live birds of each species seen on the quarterly mortality surveys (no 

sighting data were available for Jan 2009 or Apr 2011). 

Unadjusted collision rates on quarterly surveys across the De Aar site before marking were higher 

than at other transmission power lines in the Karoo (Tables 3.5 and 4.2). However, a large number of 

birds were recovered in the pre-marking year so these data may not be typical of collisions rates at 

the De Aar site sustained over time. There was no appreciable difference between collision rates on 

single lines (HP 1, HP 2, DH 2) and double lines (DH 1) for Ludwig’s Bustard, but there was for Blue 

Cranes, where no cranes were recovered during the pre-marking period on DH 1 (Table 4.2). 
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However, on the less regular surveys pre-July 2009 and in the post-marking period, Blue Cranes have 

been recovered on DH 1. 

Table 4.2. Pre-marking bootstrapped collision rates (bustards.km
-1

.yr
-1

) for the De Aar site (July 2009-Jan 

2011); mean and median rates presented with 95% confidence intervals.  

Species Lines Median Mean (95% CIs) 

Ludwig’s Bustard All lines 0.78 0.76 (0.23-1.32) 

 HP 1, HP 2 & DH 2 0.79 0.77 (0.25-1.34) 

 DH 1 0.72 0.69 (0.13-1.33) 

Blue Crane All lines 0.36 0.41 (0.21-0.77) 

 HP 1, HP 2 & DH 2 0.58 0.60 (0.33-0.99) 

 DH 1 0 0 

 

Marking experiment 

On the pre-marking surveys, there was an approximately equal proportion of collision carcasses 

found on spans assigned to the various treatments for Ludwig’s Bustard and other species, but fewer 

Blue Cranes were found on spans to be marked (Fig. 4.6). After marking, there was a decrease in 

collisions of all birds under marked lines, although the effect of the two markers has been variable. 

Fewer collisions have been found under BFDs for Ludwig’s Bustards and Blue Cranes, but more for 

other species. There has been an apparently positive effect of flappers for Ludwig’s Bustards and 

other birds, but not Blue Cranes. Conversely, post-marking there has been an increase in collisions of 

both species and all birds under buffer spans. However, sample sizes are very small, particularly for 

Ludwig’s Bustards in the post marking period. Up until October 2012, all the markers were still in 

situ, and no flappers had failed. 
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Figure 4.6. Percentage of total Ludwig’s Bustard (LB), Blue Crane (BC) and other large bird species found on 

spans assigned to each treatment pre- (March 2009-Jan 2011) and post-marking (May 2011-Oct 2012), with 

n=total number of new carcasses (total number colliding with marked treatment spans). Control and buffer 

treatments have twice as many spans as flappers and BFDs. 

Across the De Aar site, the rediscovery rate of all spray-painted large carcasses was 47% (5 of 8 from 

Nov 2011, 7 of 14 from Feb 2012, 8 of 19 from May 2012 and 7 of 17 from Sept 2012). This agrees 

closely with the bias adjustment factor of 2.18 (i.e. a 46% recovery) calculated in geese bias 

experiments near Calvinia (Appendices 2 and 3, Chapter 3). At De Aar, 67% of Blue Crane carcasses 

were recovered compared with 33% of Ludwig’s Bustards. As in scavenger trials at Calvinia 

(Appendices 2 and 3), a higher proportion of carcasses were recovered in summer months (56%, 

compared to 42% in winter), although this effect was not as dramatic as in the goose experiments, 

perhaps because most carcasses at De Aar were larger. 

GLMMs with an interaction between pre/post marking and marked/control spans were better for all 

birds ( 2=2.81, df=1, p=0.09) and Blue Cranes ( 2=3.53, df=1, p=0.06), although not Ludwig’s Bustard 

( 2=0.23, df=1, p=0.63). Results were similar in the reduced data set; all birds ( 2=4.83, df=1, 

p=0.028), Blue Cranes ( 2=9.91, df=1, p=0.002), and Ludwig’s Bustard ( 2=0.64, df=1, p=0.42). I 

therefore looked at interaction GLMMs for all birds and Blue Cranes to assess the reduction in 

collision resulting from marking (Table 4.3).  
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Table 4.3. Parameter estimates (log number of collisions per span per survey) from GLMM analyses assessing 

effect of markers for all birds and Blue Cranes, using the full and reduced data sets. 

 

The models (Table 4.3) confirm the landscape effect present pre-marking for Blue Cranes, and that 

fewer birds were found overall after line marking occurred. The interaction terms (p in bold) show 

that the beneficial effect of marking is approaching significance for all birds and Blue Cranes in the 

full data set, and is significant for all birds in the reduced data set, with considerable percentage 

reductions in collisions. The similar results for all birds from both data sets may indicate that the old 

markers do not influence the results, but there is too little data to be sure of this, especially as the 

results differed for Blue Cranes.  

Birds colliding with transmission lines across the Karoo were found to most often hit the centre of 

the span (Fig. 3.3), and the sections nearest to the pylons were not marked in this experiment. 

However, post-marking there are indications that Ludwig’s Bustards collide more frequently with 

sections close to pylons (Fig. 4.7).  

All birds Estimate SE z value p 

Pre-control (Intercept) -1.953 0.250 -7.814 <0.001 

Pre-marked -0.201 0.202 -0.997 0.319 

Post-control -0.845 0.243 -3.469 0.001 

Post-marked (Interaction) -0.699 0.428 -1.634 0.102 

Reduction in collisions from marking = 60.4%     

Blue Crane     

Pre-control (Intercept) -3.240 0.559 -5.800 <0.001 

Pre-marked -0.761 0.360 -2.112 0.035 

Post-control -0.430 0.313 -1.375 0.169 

Post-marked (Interaction) -1.408 0.832 -1.692 0.091 

Reduction in collisions from marking = 30.8%     

All birds (reduced data)     

Pre-control (Intercept) -2.167 0.278 -7.799 <0.001 

Pre-marked 0.049 0.229 0.214 0.831 

Post-control -0.714 0.275 -2.595 0.009 

Post-marked (Interaction) -1.044 0.496 -2.104 0.035 

Reduction in collisions from marking = 87.8%     

Blue Cranes (reduced data) Estimate Std. Error z value p 

Pre-control (Intercept) -3.588 0.649 -5.531 <0.001 

Pre-marked -0.560 0.412 -1.362 0.173 

Post-control -0.249 0.353 -0.705 0.481 

Post-marked (Interaction) -16.67 1457.263 -0.011 0.991 
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Figure 4.7. Position of Blue Crane and Ludwig’s Bustard carcasses collected in the marking experiment pre-

marking on all spans (dark grey) and post-marking on marked spans (light grey) as a percentage distance along 

the span (with marked sections).  

On all spans in the pre-marking period, the mean distance of carcasses from pylons was 108 m (± 5 

m SE), and post-marking on marked spans was 84 m (± 33 m SE) to nearest pylon for Ludwig’s 

Bustard. However, there was no such pattern for Blue Cranes (Fig. 4.7; pre-marking distance 122 ± 6 

m; post-marking 124 ± 20 m). 

 

Discussion 

The collision data from the De Aar site provide further evidence for high levels of large terrestrial 

bird mortality caused by power lines in South Africa. As in Anderson’s (2002) study, Ludwig’s 

Bustards and Blue Cranes dominated the tally of collision victims. More grassland species are 

represented in this study than at the other Karoo sites, which is a result of the more easterly location 

of De Aar. Considerable numbers of White Storks and Secretarybirds were found, confirming their 

susceptibility to collision (Chapter 1). While White Storks collisions also have been studied in the 
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Overberg (Shaw et al. 2010b, 2011), outside of this thesis there is very little information on 

Secretarybird collisions. In addition to the De Aar site, there was evidence of historic Secretarybird 

collisions throughout the Karoo (Chapter 3) which is of concern given their small population in South 

Africa (Dean & Simmons 2005). As this species has recently been uplisted to globally Vulnerable on 

the basis of population declines (BirdLife International 2012), further power line surveys for this 

species should be a future research priority.  

Unadjusted collision rates on unmarked lines at De Aar for Ludwig’s Bustards in 2009-2011 (0.76 

bustards.km-1.yr-1 (95% CI 0.23-1.32)) were slightly lower than those reported by Anderson (2002; 

1.6 bustards.km-1.yr-1 on a 132 kV line, and 0.91 bustards.km-1.yr-1 on the DH 2 400 kV line during 

1997-1999), but averaged higher than those observed across the rest of the Karoo in 2010-2012 

(Chapter 3; 0.48 bustards.km-1.yr-1 (95% CI 0.24-1.04)). Ludwig’s Bustards are very mobile, and the 

variance between numbers of live and dead birds between years (Allan 1994, Chapters 2 and 3) 

complicates the assessment of marking devices over short periods. The collision rates for the more 

sedentary Blue Cranes at De Aar are the first available for this species on transmission lines. While 

the exact rate varies among years, crane collisions at De Aar have been relatively constant since 

surveys began in 2008. The unadjusted rate of 0.41 cranes.km-1.yr-1 (95% CI 0.21-0.77) is 

considerably higher than that estimated for power lines in the Overberg (unadjusted rates of 0.10 

cranes.km-1.yr-1 (95% CI 0.04-0.20)), which is the other stronghold of this species (McCann et al. 

2007, Shaw et al. 2010a). The network of transmission and distribution lines in the eastern Karoo is 

extensive (Fig. 1.3), and it follows that a significant proportion of the Karoo Blue Crane population 

probably die annually in power line collisions. However, the overall Karoo population has likely 

remained stable in recent years (McCann et al. 2007, Hofmeyr 2012). Like the Overberg population, 

the apparent paradox of a high mortality rate being sustained by a population of these long-lived 

birds (Shaw et al. 2010a) may also be evident for the Karoo Blue Cranes. Further work to assess 

population impacts and responses of Blue Cranes to power line mortality in the Karoo is important, 

especially in light of other sources of mortality and potential changes in the Karoo rainfall regime 

associated with climate change (Allan 2005c, Altwegg & Anderson 2009). In addition, understanding 

bias factors at this location, and distribution line surveys would further clarify the collision impacts. 

I expected the DH 1 line to have lower collision rates than the other surveyed lines because it runs in 

a common servitude with DH 3 (which is also marked for part of the transect; APLIC 1994). The 

reduction was minimal for Ludwig’s Bustards, but was more evident for Blue Cranes (no collisions). 

However, that there were Blue Crane collisions in other time periods lowers confidence in this result, 

probably because of the relatively short time over which collision rates were calculated. Other 
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factors obscuring any potential benefits are the location of Blue Crane roost sites nearer the other 

power lines, and the different configuration of DH 3 (which may negate any positive effect as the 

power cables are at different heights). 

Marking experiment 

Bird collisions are inherently stochastic events so surveys over appropriate spatial and temporal 

scales are necessary to test mitigation (Jenkins et al. 2010, Barrientos et al. 2011). Unfortunately, it is 

still too early in this experiment to conclusively assess the efficacy of the marking devices, especially 

given the pre-existing landscape pattern for Blue Cranes and the fact that numbers of collisions 

decreased across the De Aar site post-marking. Equally, it is too soon to assess the longevity of 

devices. However, the results to date suggest that marking does appear to benefit Blue Cranes and 

all birds combined, and so far all markers are performing well. In addition, the increase in collisions 

on buffer spans may suggest that birds can detect the markers and successfully avoid marked spans, 

but divert around these only to collide with adjacent unmarked spans. There is no evidence to 

support Anderson’s (2002) conclusion that BFDs are ineffective at mitigating collisions, but this is to 

be expected as his study used small BFDs designed for distribution lines, rather than the large BFDs 

used in this experiment. The De Aar experiment will continue to run over the next few years, which I 

hope will generate conclusive results for both Blue Cranes and Ludwig’s Bustards. 

Management recommendations 

The retrospective marking of 64 spans cost R1.16 million (R217,000 for devices and R942,000 for 

manpower, vehicles and helicopter time). Despite the positive indications of marking for Blue 

Cranes, this kind of financial and labour commitment is unlikely to be economically feasible on a 

landscape level, and given our current inability to predict collisions hotspots (Shaw et al. 2010a) I 

recommend at this stage that all new power lines passing through Blue Crane habitat are 

comprehensively marked from substation to substation, as a routine element of the construction 

process. Again, the data are currently too sparse to be sure, but it seems that partial marking 

displaces rather than reduces collisions, as shown by the apparent increase in dead birds under 

buffer spans and on the unmarked sections of marked spans. Therefore, only marking the central 

part of the line may limit the efficacy of devices, and Eskom’s standard marking protocol should 

change to mark lines from pylon to pylon. Both mobile (Brown & Drewien 1995, Yee 2008, Murphy 

et al. 2009) and static devices (Brown & Drewien 1995, De La Zerda & Rosselli 2003, Frost 2008) have 

been shown to be effective in other studies and both seem to be performing well in this experiment. 

From a purely practical point of view I recommend BFDs for marking transmission lines at this point, 
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as they are less likely to ultimately fail because they lack moving parts, and existing devices had 

lasted well since Anderson’s (2002) study.  

Depending on environmental conditions, at least another year’s worth of data is necessary to 

understand the effects of marking for Ludwig’s Bustard and to start to compare the two devices. The 

scavenger experiments near Calvinia suggest that most carcasses removed by scavengers tend to 

disappear during the first week after death (Appendices 2 and 3). Ideally, bias experiments should 

also be conducted at the De Aar site, but indications from the recovery of spray-painted carcasses 

from intermediate surveys agree well with the Calvinia experiments. Therefore, I do not believe that 

the more frequent surveys are generating enough extra data to justify their expense, so line surveys 

can revert to the three-monthly surveys as in the pre-marking period. Together with a site in the 

Overberg, the De Aar site is also very important for the long-term study of Blue Crane collisions 

(Jenkins et al. 2009, Shaw et al. 2011). Additional information is now being collected on the age of 

Blue Cranes killed (juveniles can generally be distinguished in the field by their lack of elongated 

tertial feathers and bulbous head shape; Allan 2005c), which should improve our understanding of 

the population impacts of such high levels of collision mortality. 

Initially, the line marking experiment was designed with a view to later adding off-line mitigation 

measures, such as ground-based markers. There is evidence that birds such as bustards may not see 

marked lines because they are not looking ahead, so additional ground-based visual or audio 

warnings may increase the efficiency of line markers by drawing the bird’s attention forward (Martin 

& Shaw 2010, Martin 2011). However, exactly what form this additional mitigation might take has 

not been decided, and cannot be considered until there is adequate data to test the line marking 

devices currently installed. 
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Appendix 4.A1. Power analysis for the marking experiment design 

I conducted power analyses to determine the length of power line (and therefore the number of 

experimental blocks) necessary to detect a 50% decrease in bird collision rates over a two year time 

span, given the pre-marking collision rate data from the De Aar transmission lines. Statistical power 

(1- , where  is the probability of making a type II error) is the probability of detecting a significant 

effect of line marking if there is such an effect, and depends on the magnitude of the benefit of line 

marking (it is expected that there will be fewer dead birds under marked spans) as well as the 

average, and variability in, pre-marking collision rates and the probability of making a type I error ( , 

set to 0.05 throughout). The number of collisions varies naturally e.g. because of bird numbers and 

weather conditions, so enough line needs to be included to be able to assess whether markers work 

despite this. The analyses were based on data collected at the De Aar site in March 2009, July 2009 

and October 2009, and on transmission lines in the same area between 1997 and 2001 (Anderson 

2002). The analysis assessed the number of Ludwig’s Bustard collisions and all bird collisions. The 

two data sets also were used to investigate the effect of using different survey intervals (2009 De 

Aar surveys were quarterly, Anderson’s surveys were every two months). More birds were found on 

Anderson’s more frequent surveys, presumably because there was less time for carcasses to 

decompose or be removed by scavengers (Bevanger 1999). 

I estimated the probability of finding 0, 1, 2, 3 or 4 or more carcasses along a transmission line span 

(roughly 350 m) from the 2009 De Aar data. These data fit a negative binomial distribution for 

Ludwig’s Bustard and for all species combined (Ludwig’s Bustard χ2=1.89, df=3, p=0.76; all species 

χ2=1.11, df=3, p=0.89; Krebs 1999). There were no raw data in Anderson (2002), so I also fitted the 

negative binomial distribution to the total numbers in this report (assuming the same variances and 

value for k as the 2009 De Aar data), and estimated the same probabilities. These probabilities, with 

varying effect levels, were then applied over simulated spans to generate 1,000 replicate estimates 

for a set number of spans. I calculated the power to detect a given effect level for a given number of 

spans from the distributions generated by the 1,000 replicates, assuming a significant result to be 

p<0.05 (1-tailed test, given the expectation that marking reduces bird collisions). The target power 

for the experiment was at least 0.9 (i.e. at least a 90% chance of being able to detect a 50% decrease 

in collision rate on marked spans). The results were expressed as the total numbers of spans that 

needed to be monitored in each category (experimental or control), and could be achieved through 

multiple surveys. Thus a value of 200 spans could be achieved by checking 100 marked spans twice 

or 50 marked spans four times. I calculated the numbers of spans checked on both survey intervals 
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to test the overall efficacy of marking, and to compare the two markers with three options for the 

number of blocks (Table 4.A1).  

Table 4.A1. Number of spans checked for each treatment in one year, over different survey intervals (4 or 6 

surveys per year) and with different potential numbers of blocks. Overall marking = 8 spans, comparing 

markers=4 spans for each treatment per block (Fig. 4.3).  

Experiment Surveys per year 1 block 6 blocks 7 blocks 8 blocks 

1. Overall marking 4 32 192 224 256 

 6 48 288 336 384 

2. Comparing markers 4 16 96 112 128 

 6 24 144 168 192 

 

1. Does marking work? 

The power to detect a reduction in mortality of 50% on marked spans reaches the 0.9 level by 225 

spans for all birds with two-monthly surveys and by 300 spans with quarterly surveys (Fig. 4.A1.1). 

For Ludwig’s Bustard, this is approximately 360 spans with two-monthly surveys and 425 with 

quarterly surveys. Therefore, enough spans will be included in the experiment in either six, seven or 

eight blocks for results on either survey schedule within two years (Table 4.A1.1).   
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Figure 4.A1.1. Power to detect a difference between the numbers of collisions on marked and unmarked spans 

over the total number of spans surveyed, if markers reduce collisions overall by 50%. For all birds and for 

Ludwig’s Bustards (LB) with surveys conducted six or four times per year (1,000 iterations, α=0.05). 

 

2. If marking works, which marker is more effective? 

The following figures show the changes in power associated with different effect sizes; Figure 4.A1.2 

shows a 60% and Figure 4.A1.3 a 20% difference in collision reduction between the two marking 

devices. As the effectiveness of the markers is unknown, it is uncertain as to whether the 

experiment will ultimately demonstrate which is better. However, it is large effects that are most 

important and if the difference is large, then a year will be sufficient to demonstrate this for all 

species and for Ludwig’s Bustard on either sampling schedule, although eight blocks would be 

necessary with quarterly surveys (Table 4.A1.1, Fig. 4.A1.2). If it is small, approximately two years 

will be enough to show this for all species with two-monthly surveys, but for Ludwig’s Bustard only 

with two-monthly surveys and eight blocks (Fig. 5.A1.3).  
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Figure 4.A1.2. Power to detect a difference between the numbers of collisions with spans marked with 

flappers and BFDs over the total number of spans surveyed, if one marker reduces collisions by 80% and the 

other by 20%. For all birds and for Ludwig’s Bustards (LB) with surveys conducted six or four times per year 

(1,000 iterations, α=0.05). 
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Figure 4.A1.3. Power to detect a difference between the numbers of collisions with spans marked with 

flappers and BFDs over the total number of spans surveyed, if one marker reduces collisions by 60% and the 

other by 40%. For all birds and for Ludwig’s Bustards (LB) with surveys conducted six or four times per year 

(1,000 iterations, α=0.05). 

Time frames 

The power analyses indicate that the experimental testing of line marking devices should be able to 

detect an overall effect of 50% for all birds and Ludwig’s Bustard within two years. This time scale 

may also be sufficient for comparing the two markers. Of course, this depends heavily on the 

efficacy of the markers: if they only marginally reduce collisions then it will take longer to detect this 

effect. In addition, it is important to note that the power analyses are based on average models, so 

the actual data may vary e.g. if it is a very dry year the collision rates may be lower if there are fewer 

birds in the vicinity. Therefore, the data should be analysed from a year onwards after marking and 

the time frames of the rest of the experiment decided adaptively. 
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Chapter 5: Movement biology and collision risk of Ludwig’s Bustard assessed 

by satellite telemetry 

 

Abstract 

Ludwig’s Bustards are thought to be nomadic and partially migratory, but little is known about their 

day-to-day movements, use of the landscape, or site fidelity to breeding and feeding areas. A better 

understanding of these factors is important to reduce the risk of collision with power lines, so a 

satellite-tracking program was initiated to investigate their movement biology. Although extremely 

labour intensive, leg nooses were effective traps, catching 11 bustards at four sites across the Karoo. 

Capture myopathy was a problem, affecting five birds. Overall, eight bustards (seven male, one 

female) were successfully tagged with GPS satellite transmitters in 2010-2012, generating 23,471 

GPS fixes over 3,281 tracking days. Two of these birds died during the study period; one collided 

with overhead railway power lines and one was thought to be killed by hunters. With one exception, 

Ludwig’s Bustards showed strong fidelity to summer (likely breeding) grounds in the Nama Karoo, 

and consistently moved east in spring to these sites. Birds generally moved west for the winter, 

although not always as far as the Succulent Karoo. They were ‘resident’ on 79% of tracking days 

(range 60-92%) in 6.7 (± 0.5 SE, range 3.9-10) stays annually. Average home range (100% MCP) at 

these sites was 28.7 km2 (± 4.8 SE), and day-to-day movements were relatively short (59% <1 km). 

There was no obvious effect of rainfall on movement patterns. Long-range movements (up to 226 

km per day) were often made at similar times by tagged birds in different areas, although there was 

considerable variation in distance travelled among birds and among years. Most travelling flights 

were in the early morning and late afternoon, often in low light, but rarely at night. Despite their 

wary nature, some birds showed a preference for transformed land, and while bustards avoided 

areas right next to roads, they did not avoid their general vicinity. The power grid is currently dense 

enough that tagged birds were within 1 km of a power line on 13% of tracking days, and within 5 km 

of power lines on 46% of tracking days, with 47% of resident areas within 5 km of a power line. 

These are minimum estimates of risk, because they exclude other structures (e.g. telephone wires, 

fences, etc.). Results confirm the general susceptibility to collision, but that Ludwig’s Bustards are 

relatively sedentary for much of the time. Also, travelling to known summer sites should mitigate 

collision risk to some extent through familiarity with the landscape. Overall, this study supports the 

description of Ludwig’s Bustards as nomads and migrants, but suggests that they are more aware of 

their destinations than these classifications imply.  
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Introduction 

Animals’ movements are fundamental to their ecology, evolution and conservation (Webster et al. 

2002, Bowler & Benton 2005). Knowledge of where, when and why animals move is key to 

understanding how populations are structured, identifying the points of annual cycles when and 

where species might be most vulnerable, and predicting how they are affected by environmental 

change (Webster et al. 2002, Bowler & Benton 2005, Hobson 2008). Traditionally, tracking birds was 

undertaken by ringing or marking individuals, but over the past few decades great advances have 

been made using satellite transmitters, data loggers and stable isotopes (Hobson 2008, Robinson et 

al. 2010). Although relatively expensive, satellite tracking is the best available method to generate 

high-quality, broad-scale data for very mobile birds, such as bustards, which are difficult to capture 

(and hence recapture). Satellite tracking has been used to describe the movement ecology of a 

number of bustard species in recent years (Judas et al. 2006, Ziembicki 2009, Villers et al. 2010, 

Packman 2011, Senyatso 2011), and has long been identified as a valuable tool to better understand 

the ecology of Ludwig’s Bustard (Boobyer 1988). 

Birds in dry ecosystems employ a range of movement strategies to cope with their patchy 

environment, including migration (regular, seasonal movements) and nomadism (irregular, 

aseasonal movements in response to resource availability; Dean 2004, Newton 2008). Seven of 26 

bustards are classified as nomadic, most of which are found in Africa (Dean 2004). Observational 

studies suggest that Ludwig’s Bustard is one such species, being nomadic in response to local rainfall 

events, but it is also partially migratory at a larger scale, moving between the winter and summer 

rainfall regions of the Succulent and Nama Karoo respectively (Allan 1994). This mixed-dispersal 

strategy is also employed by other Karoo birds, e.g. observations show that Namaqua Sandgrouse 

are highly nomadic, but are also partially migratory, spending summer in the Nama Karoo and winter 

in the Kalahari (Lloyd et al. 2001, Dean 2004). Disentangling movement patterns from observational 

studies is difficult for wide-ranging birds in arid environments, and satellite tracking is a useful 

technique to verify such movement patterns (Lloyd et al. 2001, Newton 2008).  

Apart from these coarse-scale movements, very little is known about Ludwig’s Bustard daily activity 

patterns, extent of daily or seasonal movements, use of the landscape or nocturnal flight behaviour. 

All these aspects of movement are crucial to understanding both the bird’s basic ecology, and the 

collision threat posed to the bustards by the power grid and other overhead structures. Collision risk 

is likely to be greater when birds fly in low light, and when they spend time close to power lines or in 

unfamiliar areas (Anderson 1978, Bevanger 1994, Jenkins et al. 2010). In this chapter I use GPS-
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satellite tracking to generate fine-scale movement data for Ludwig’s Bustards and use these data to 

test the broad movement patterns identified previously by Allan (1994). I also assess whether there 

are any patterns or predictable movements that might help to direct mitigation of existing power 

lines or inform the future placement of new infrastructure.   

 

Methods 

Trapping 

I caught bustards by trapping them in fields at four sites across the Karoo. The first site was located 

on the farm Damlaagte in the Knersvlakte (31°29’45” S, 18°41’10” E), Succulent Karoo. The farm lies 

along the Varsch River, and includes a 1.3 x 0.3 km strip of pasture grazed by sheep. In July/August 

2010, I observed Ludwig’s Bustards foraging and resting in this pasture in the early morning and late 

afternoon, typically spending the rest of the day in the adjacent veld. They congregated in the fields 

in late afternoon (arriving later on hotter days) and then flew towards higher ground in the evenings, 

often in groups. I identified the fields as a good site for trapping, as the birds returned predictably, 

but left during the day when traps could be set. I tried a number of different techniques here, 

including spotlighting and static nets, but only leg nooses were successful, as they have been for 

other bustards (Seddon et al. 1999, Ponjoan et al. 2010).  

In August 2010, approximately 30 birds visited the fields at Damlaagte daily, with their numbers 

gradually decreasing until the last birds left the area in late October 2010. During this time, my field 

assistants and I made approximately 1,000 leg noose traps (with 50 nooses on each 20 m of anchor 

line). The traps consisted of a strong monofilament anchor line, to which nylon nooses were tied. 

Each noose was attached to a metal peg which was hammered into the ground to keep the noose 

upright. The ends of the anchor line were pegged down with fencing posts or large, angled tent pegs 

to prevent trapped birds flying off with the traps. The traps were set up in open fields, and foraging 

birds were caught when they walked over the trap line (Fig. 5.1). Bustards were generally not wary 

of these traps, but the chances of capture were low as the fields were large and birds crossed the 

lines without being caught approximately 60% of the time. We tried to attract birds by baiting the 

traps using bird-seed, fruit, sugar, and insects, by adding pieces of shiny foil to the traps and making 

a decoy bustard, but with no reaction from the birds. We then erected guide-lines between the trap 

lines to increase the chances of a capture. The guide-lines were two or three lines of cord up to 

approximately 50 cm from the ground, and seemed to be quite effective at funnelling birds towards 
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the traps (Fig. 5.1). On arrival at subsequent trapping sites, birds in the field were observed for one 

evening, and noose traps set the following day according to their use of the field. Once traps were 

set, I watched with a telescope from a vantage point (approximately 1 km away) whenever bustards 

were present in the fields.  

 

Figure. 5.1. Clockwise from top left: a line of noose traps between the two fence posts with black string guide 

lines in the foreground, a Ludwig’s Bustard tagged with a solar satellite transmitter, a tagged bird flying, and 

harnessing a bustard in the modified chair used to minimise capture myopathy (photos: Ben Dilley, Delia 

Davies & Peter Ryan). 

In 2011 it was difficult to find further sites with appropriate pasture fields for trapping (with enough 

birds, of a manageable size, and with minimal disturbance from people or livestock). Rainfall in the 

first half of 2011 was good across the Karoo (Appendix 1), seemingly reducing use of transformed 

lands, and bustards were not seen at Damlaagte in winter 2011. Therefore, I used the birds tagged in 
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2010 to identify further trapping sites by waiting for them to become resident in small (<2 km 

diameter) areas of transformed land. This approach failed twice (because we arrived too late and the 

bustards, which landowners confirmed had been present in good numbers, had moved on) and 

worked twice; we caught birds in June 2011 at the farm Eensaam in Bushmanland (31°05’33” S, 

20°10’59” E), Nama Karoo, and in December 2011 at Bathseba in the Upper Nama Karoo (29°16’25” 

S, 25°25’00” E). The last trap site was identified by Bradley Gibbons, Field Officer at the Endangered 

Wildlife Trust, on the farm Nooitverwag in the Upper Karoo (31°24’00” S, 24°10’43” E), where we 

caught birds in March 2012.  

Deployment of satellite transmitters 

When a bird was caught I immediately drove to the field and freed it in, always within 5 mins. The 

bird was weighed and measured (wing, tarsus, tail, culmen, bill depth at the gonys and minimum bill 

depth behind the gonys). If heavy enough a satellite transmitter was attached; the transmitter plus 

harness was to weigh <4% of the total body weight (Kenward 2001), which is 2.2-3.0 kg for females 

and 3.1-6.0 kg for males (Allan 2005a). I used two models of satellite transmitter (also called 

Platform Terminal Transmitters; PTTs) from Microwave Telemetry Inc. (Maryland, USA); 70 g solar 

Argos/GPS PTTs and 105 g battery powered Argos/GPS PTTs. These were attached to bustards with a 

Teflon ribbon harness in a backpack design, similar to those used for other large bustards (Alonso 

2008, Ziembicki 2009, K. Senyatso pers. comm.). The harness was composed of two lengths of ribbon 

crossed at the breast, with two knots and the cross sewn with dental floss and sealed with 

superglue. All PTTs had a neoprene pad to cushion the device and keep it above the feathers. I did 

not need to trim any feathers because they did not cover solar panels. The process was completed 

as quickly and quietly as possible and the bird’s head covered throughout to help keep it calm. Two 

birds were resighted after deployment; bird 1 remained in the trapping fields for several weeks after 

being tagged, and bird 11 was observed in December 2012. In both cases, the PTT positions looked 

good, and the birds appeared unaffected and flew normally (Fig. 5.1).  

At the second two sites, we used a modified chair (Fig. 5.1) to hold the bird during the harnessing 

process after we experienced problems at Eensaam with probable capture myopathy (CM). This is a 

potentially lethal condition that can occur in animals during pursuit, capture and restraint (Spraker 

et al. 1987, Rogers et al. 2004), and has been reported in Kori, Houbara (Bailey et al. 1996), Little 

(Marco et al. 2006) and Australian Bustards (Ziembicki 2009). Affected individuals undergo complex 

physiological changes causing muscle tissue damage which can lead to death, either directly or 

because of the increased risk of predation while incapacitated (Marco et al. 2006). Restricting a 
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bird’s legs can result in cramp and paralysis, and rehabilitation of myopathic birds often involves 

putting the bird in a sling to reduce pressure on the legs (Rogers et al. 2004, Hanley et al. 2005, 

Marco et al. 2006). My assistant Ben Dilley therefore designed the chair to comfortably support and 

restrain the bird, but to leave the legs free to maintain blood flow (Fig. 5.1). It also speeded up the 

harnessing process. The priority was weighing and tagging, so at the second two sites birds were 

released without ringing or taking further measurements if they showed any sign of distress. 

The PTTs transmit data through the Argos system (operated by CLS/Argos, Toulouse) which uses 

satellites to collect environmental data from fixed or moving platforms anywhere in the world 

(www.argos-sytem.org). The PTTs were programmed to take 4-15 GPS fixes daily (accuracy ± 18 m, 

Appendix 5.A1), and to send these data to the Argos satellite system every 3 days (solar devices) or 5 

days (battery devices), at which point the data were downloaded from https://argos-

system.cls.fr/cwi/. As the GPS data are transmitted, a standard Doppler positioned Argos fix is also 

generated for the bird. I did not use Argos positions as these data are sparse and less accurate 

(typically >1 km) than GPS data. When the PTT failed to acquire a GPS fix, this was recorded as ‘no 

fix’. Positions were downloaded from the Argos website weekly, and checked for problems with data 

(e.g. spurious positions) and with the birds (e.g. lack of movement). The PTTs were programmed to 

indicate mortality if there had been no movement for four consecutive days. During the study 

period, this signal was received for two birds and the location of the last fix was visited within a 

week to recover the bird and the PTT.  

The PTTs had different scheduled GPS fix times (Appendix 5.A1), because they were ordered in two 

batches, and I was initially unsure how well they would perform. Most devices in the first batch were 

programmed to take four fixes per day and as these worked well, the second batch were 

programmed to take the maximum number of fixes (n=15) which could still be transmitted on the 3 

day Argos schedule. For the initial devices, three daytime and one midnight fix were scheduled, and 

we tried the solar and battery operated models. After observing bustards at Damlaagte, later devices 

were programmed to take more fixes around sunset and sunrise, as this was likely to be a period of 

increased risk of collision with power lines. Only solar devices were ordered in the second batch, as 

they were lighter, sat better on the birds with their flatter profile and were expected to have a 

longer lifespan. 

Data analysis 

Although five PTTs continued transmitting through to the end of 2012, for the purposes of this study 

all positional data up to 13 December 2012 were consolidated, excluding test positions and positions 
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of dead birds. Position times were corrected to local time (PTT times are given in GMT). I used 

ArcGIS 10 (ESRI 2010) to classify all positions by land use according to the 30 m grid National Land 

Cover map (SANBI 2009) and by core or outer range of Ludwig’s Bustard based on atlas data (Fig. 

1.4). Distances to the nearest power line (both transmission and distribution; Eskom 2011), and 

major (tarred or main gravel roads) and minor road (CSIR 2008) were calculated. All measurements 

were made using a WGS 1984 UTM Zone 34S projection. The Karoo was split into eight 2° x 2° grid 

areas, and the period of civil twilight (i.e. dawn and dusk when the sun is ≤6° below the horizon) at 

the centre of each was generated for the 15th day of each month using SunCalc 

(http://www.suncalc.net/) and the NOAA Solar Calculator (National Oceanic and Atmospheric 

Administration, US Department of Commerce; http://www.esrl.noaa.gov/gmd/grad/solcalc/). These 

times were used to classify all points as dark, twilight or daylight. Points were classified by season 

(summer=December-February, autumn=March-May, winter=June-August, spring=September-

November), and by moon phase using the 2010-2012 lunar calendars (South African Astronomical 

Observatory; http://www.saao.ac.za/public-info/sun-moon-stars/). Each lunar cycle was divided into 

four phases (new moon, first quarter, full moon or last quarter).  

Using Google Earth to visualise the data, all points were classified to a movement type; resident = 

bird remained in an area <20 km across for ≥10 days, nomadic = bird moved with a wandering path 

with stops <10 days, and long-range movement = bird travelled purposefully in a particular direction 

with stops <10 days. These categories were chosen after inspecting movement patterns, which 

showed that bustards normally undertook short-range (<3 km) movements each day, centred on a 

specific area, and occasionally made longer-range movements (>10 km). ‘Resident’ birds normally 

remained within an area <10 km across, but the greater 20 km cut-off was chosen as occasionally 

birds shifted back and forth between neighbouring patches without making any other long-range 

movement. Distances between successive locations were calculated from latitude and longitude 

location fixes in Excel. Maximum north-south and east-west displacements were calculated from the 

most extreme positions (i.e. most northerly minus most southerly etc.) for each bird. As the 

sampling frequency of the PTTs varied, daily displacement values were used when comparing 

movements between birds. These were calculated from midday (12h00) fixes (common to all birds) 

or the next nearest fix if the noon fix was not available. To measure movement events, the first and 

last fixes when a bird was clearly travelling were used, with 12h00 fixes on intermediate days. 

Bustards showed strong fidelity to summer sites, so I also calculated net squared displacement (NSD) 

for each bird from these sites, which is a measure of the straight line distance between the summer 

site and all other areas visited (Bunnefeld et al. 2011). When a bird is resident the NSD remains 

constant, stepwise patterns are indicative of nomadism and large, regular changes in NSD indicate 
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migratory movement (Bunnefeld et al. 2011). To assess the effect of season and year (year 1=spring 

2010-winter 2011, year 2=spring 2011-winter 2012, year 3=spring –summer 2012) on the extent of 

long-range movements, I ran Generalised Linear Mixed Models (GLMMs, lme in library nlme v3.1-

104; Pinheiro et al. 2012) in R (R Core Team 2012) on km.tracking day-1 travelled in each season in 

each year by each bird, with bird as a random effect. I used Multiple Comparisons of Means with 

Tukey Contrasts for General Linear Hypotheses (glht in library multcomp v1.2-14; Hothorn et al. 

2008) to compare the importance of seasons and years. Monthly rainfall data from July 2010 – 

November 2012 were obtained from the South African Weather Service for the nearest weather 

station to each resident site (average distance of site from weather station=21 km; Appendix 5.A2). 

The total rainfall in the month before a bird became resident and the month of arrival were 

compared with the rainfall in the month that it left each site (for sites far enough apart to use 

different weather stations). 

As a basic home range approach, I used all data to construct 100% Minimum Convex Polygons 

(MCPs) using Geospatial Modelling Environment software (Beyer 2012). I did this for the whole 

range used by each bustard over the entire tracking period (hereafter the home range), and then for 

each residency stay. MCPs have been widely used to map territory use in birds (including bustards, 

e.g. Ziembicki 2009, Packman 2011, Senyatso 2011) but are crude and have been criticised for their 

inaccuracy (Laver & Kelly 2008). However, I considered this approach adequate to assess the 

magnitude of bustard ranges, and to use as a single measure per bird for habitat preference. 

Common concerns in home range analyses relate to adequate sampling and autocorrelation 

between fixes (Swihart & Slade 1985, Harris et al. 1990, Laver & Kelly 2008), but I do not believe 

either issue is a major problem with my data. My fixes are a minimum of one hour apart, which is 

enough time for a Ludwig’s Bustard to travel a considerable distance (Fieberg 2007), and I have large 

samples (see Table 5.3). However, to be conservative I only constructed MCPs for residency stays 

where the number of fixes >100 (after Girard et al. 2002; 45 of 59 stays, remaining average number 

of fixes=384 per stay).  

I then used the MCPs to assess habitat preference following the methods of Aebischer et al. (1993) 

with the Compositional Analysis of Habitat Use function (compana in library adehabitatHS v0.3.5; 

Calenge 2006) in R. This approach compares log-ratio proportions of utilised to available habitats at 

the level of individual birds, testing significance with Wilks’ lambda, and provides a relative ranking 

of habitat preference. The analysis is performed at two levels; selection of a home range within the 

study area (the area known and available to the individual), and then locations within the home 

range. While defining a study area is somewhat arbitrary (Aebischer et al. 1993), I considered mine 
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to be the South African range of Ludwig’s Bustards as much of the Karoo is unpredictable in terms of 

resource availability, and bustards could therefore preferentially use different areas in different 

years (e.g. the irruption of bustards to the very southern edge of their range in the Succulent Karoo 

in winter 2010). As recommended by Aebischer et al. (1993), I replaced zero use values with 0.001% 

(an order of magnitude lower than the lowest value) to allow log-ratio transformation and used 

randomisation tests (1,000 iterations) to assess significance without assuming multivariate normality 

of residuals. In the study area (range of Ludwig’s Bustard; Fig. 1.4), only four land use types (National 

Land Cover map; SANBI 2009) were included (natural veld, waterbodies, cultivation and degraded) 

as all others (urban, plantations, mines and missing data) comprised <0.5% of the total cover and 

were never used by bustards (not all habitat types must be included in the analysis; Aebischer et al. 

1993). These four types were first considered in three categories; natural veld (92.7% of total cover), 

waterbodies (1.7%; generally seasonal, often representing salt pans locally known as vloere; Mucina 

& Rutherford 2006), and transformed land combining cultivation and degraded lands (total=5.2%; 

combined as degraded land only made up 0.5%, and in the Karoo likely represented past 

agriculture). I then looked at just two categories; natural land (natural veld and waterbodies) and 

transformed land (cultivation and degraded). As the habitat analysis is performed at the level of the 

individual bird, I first analysed home range MCPs, and then residency MCPs by pooling all resident 

stays by each bird (where sites were used repeatedly, habitat data was only counted once in a 

combined MCP for the site). Finally, I compared the ratio of natural and transformed land fixes vs 

available in the MCP, for both the home range and resident MCPs for each bird. 

In Chapter 2, there was some evidence that bustards were disturbed by road traffic (birds closer to 

the road flushed more often) and that they avoided the immediate vicinity of the road (fewer 

observations than expected close to the road), so I assessed whether these findings were supported 

by the satellite tracking data. I only considered daylight fixes (as this is when the counts took place) 

and looked at the number of fixes at two scales; in 25 m intervals up to 500 m from the road, and 

500 m intervals up to 5 km from the road. I used Poisson GLMMs (glmer in library lme4 v0.9; Bates et 

al. 2012) with bird as a random effect to test whether bustards avoided roads. 

 

Results 

The total trapping effort was 39 days, with 11 bustards caught (numbered birds 1-11 in the order of 

capture) and eight successfully tagged (Table 5.1). No birds were injured by the leg nooses, and birds 

were generally quiet during harnessing. Only two females were caught, despite them being present 
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at all sites. The female caught at Eensaam was not tagged because at the time we were concerned 

she was too small, although in hindsight she probably was large enough to carry a PTT. The other 

female was approximately the same size and was successfully tagged at Nooitverwag. It was difficult 

to age birds, but based on measurements (Appendix 5.A3) and wear on the bill, we thought that two 

birds were likely sub-adult, and all others adult. No birds had any juvenile primary feathers. 

Interestingly, several trapped bustards were caught as they hurried alone across fields on foot to join 

groups of other birds, obviously completely unaware of the traps. If travelling birds are equally 

focussed and failing to pay attention to their surroundings, it seems likely that they will need 

additional mitigation to draw their attention to markers on power lines (Martin & Shaw 2010). 

Table 5.1. Ludwig’s Bustard trapping summary (2010-2012) with processing times and outcomes. 

Site and 

bioregion 

Number of 

trapping 

days 

Birds 

caught 

Approximate 

daytime 

temperature 

Processing 

time (mins) 

Outcome and incidence of capture 

myopathy (CM) 

Damlaagte 

(Knersvlakte) 
20 3 20°C 34, 37, 43 

3 birds successfully tagged; no 

evidence of CM 

Eensaam 

(Bushmanland) 
6 3 <10°C 7, 43, 49 

Female released without PTT, 2 

males tagged. Both males 

exhibited CM: 1 died, 1 recovered 

Bathseba 

(Upper Karoo) 
7 3 25°C 13, 16, 23 

3 birds tagged, 2 with CM: 1 died, 

1 recovered 

Nooitverwag 

(Upper Karoo) 
6 2 30°C 19, 20 

2 birds tagged, female with CM 

recovered 

 

Capture myopathy 

All birds caught at Damlaagte were relaxed and despite the fairly long processing times and our 

relative inexperience did not show any signs of CM (Table 5.1). At Eensaam, the weather was cold 

which made our processing time longer, and the bustards were leaner. On release, the two tagged 

birds appeared disorientated. They flapped their wings but could not fly, were vocal and unsteady 

on their legs as they slowly walked away (rather than flying away as the birds at Damlaagte had). 

Five days later we received the first data that indicated that bird 4 had likely died the first night (no 

further movement), and we recovered the PTT at his scavenged carcass <500 m from the release 

site. The other bustard (bird 6) moved little in the first few days, with the PTT readings mainly ‘no 

fix’. Canopy cover and steep terrain are the most common reasons for fix failures (Frair et al. 2010), 

but neither issue is likely in the flat, open Karoo. Most of my PTTs failed to take fixes during the 

night, which I interpret as the bird covering the GPS transmitter by sleeping with its head over its 

back. This was confirmed by observations of bird 11 at her nest in December 2012 where there were 
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no terrain-related explanations for the typical lack of nocturnal fixes from this device. Therefore, I 

think the lack of fixes for bird 6 at this time was evidence of him resting to recover from the 

myopathy. After seven days he began to move more and the PTT generated a typical number of fixes 

relative to later readings, which suggested that he had recovered enough to behave normally. At the 

third site, the modified chair greatly improved processing times but we still experienced problems 

with two birds showing the same symptoms as before. One died within three days (bird 9) and was 

recovered 2 km from the release site, but the PTT reading from the other (bird 8) appeared normal 

from the outset. At the last site only one bird appeared stressed, failing to fly when released (bird 

11). However, her symptoms did not seem as bad as the other affected birds and the PTT readings 

did not show any abnormal behaviour. Overall, the PTT data from the recovering bustards showed 

that after the initial periods described, all appeared to be behaving normally and were clearly 

capable of sustained flight.  

Transmitter and harness performance 

The PTTs generally performed well, and no problems (e.g. spurious fixes) were noticed during the 

weekly data checks (Tables 5.2 and 5.3). Only one device failed during the study, with the battery of 

bird 2’s PTT running down after approximate 20 months as predicted by the manufacturer. This was 

the only device that seemed to perform sub-optimally, with numerous ‘no fix’ readings even during 

daylight hours (Table 5.3). 

Table 5.2. Satellite transmitter (PTT) devices successfully deployed on Ludwig’s Bustards in the Karoo (2010-

2012), with total days data from deployment to either the last transmission for three birds, or to 13/12/12 for 

the other devices still operating by this date. All birds except for 11 were male. 

Bird PTT ID 
PTT 

type 

Daily 

number 

of GPS 

fixes 

Deployment 

date 

Deployment 

site 

Bird 

weight 

(kg) 

PTT % 

of bird 

weight 

Last 

transmission 

date 

Total 

days of 

data 

1 54654 Solar 4 14/09/2010 Damlaagte 5.5 1.6% still active 821 

2 54671 Battery 4 10/10/2010 Damlaagte 6.0 2.0% 10/06/2012 610 

3 54655 Solar 14 16/10/2010 Damlaagte 4.5 2.0% 07/07/2011 265 

6 45895 Solar 15 27/06/2011 Eensaam 4.8 1.9% 06/06/2012 346 

7 46097 Solar 15 28/12/2011 Bathseba 5.3 1.7% still active 351 

8 45882 Solar 15 28/12/2011 Bathseba 4.4 2.0% still active 351 

10 54665 Battery 4 17/03/2012 Nooitverwag 5.6 2.1% still active 268 

11 46082 Solar 15 19/03/2012 Nooitverwag 3.1 2.9% still active 269 

Total         3,281 
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Apart from the birds with capture myopathy, two birds died while carrying PTTs (Table 5.3). Bird 3 

was assumed to have been hunted by people when he was undertaking a long-range movement 

through the area, as his PTT was recovered with harness straps neatly cut in two places on a farm 20 

km from Loeriesfontein in July 2011. There were many loose feathers near the PTT, but no carcass 

was found and there were no overhead lines in the vicinity. Bird 6 was killed by colliding with 

overhead railway lines approximately 35 km from Beaufort West in June 2012 (see Fig. 3.9), suffering 

a broken wing. When he died he had been resident in the area for 13 days, and had crossed the 

railway line at least once previously. He probably collided in the dark (his last movement was 

between 6 and 7 pm; dusk at that location on that date ended at 6.06 pm). Thanks to the cold 

weather at the time, the carcass was still fairly fresh enabling an assessment of the harness. The PTT 

had worn a rectangular patch through the back feathers, but there were no signs of chafing on the 

bird. The harness was still intact and was not too loose or tight, giving confidence that our 

harnessing technique was appropriate and not causing problems for the birds. With 3,281 tracking 

days and eight birds, the annual mortality rate from both collision and hunting is therefore 11%. 

Table 5.3. Summary of PTT performance, status and summary of bustard movements. Average daily distance 

moved taken from all 12 noon fixes (n=3,010) or nearest fix if 12 = ‘no fix’ (n=242; 18 days had no fixes at any 

time and were omitted). 

Bird Age and sex Status 
Number 

of fixes 

Number 

of ‘no 

fixes’ 

% 

daylight 

‘no fixes’ 

Average 

daily 

displacement 

(km ± SE) 

Maximum 

daily 

displacement 

(km) 

1 Adult M Active 2,512 765 17% 4.8 ± 0.6 226.0 

2 Adult M Battery failed 1,573 861 42% 2.4 ± 0.3 91.6 

3 Sub adult M Bird died 3,284 381 25% 3.0 ± 0.4 86.9 

6 Adult M Bird died 4,194 951 10% 3.0 ± 0.5 134.3 

7 Adult M Active 4,940 302 6% 4.0 ± 0.5 71.8 

8 Sub adult M Active 3,603 1,609 5% 4.2 ± 0.6 79.8 

10 Adult M Active 923 148 3% 1.9 ± 0.2 29.5 

11 Adult F Active 2,442 1,540 5% 2.0 ± 0.4 59.4 

Total/Average   23,471 6,557 13% 3.4 ± 0.2  

 

General movement patterns 

Birds were caught in the Succulent Karoo in 2010, and the Nama Karoo thereafter (Fig. 5.2). In 2010, 

all birds moved to the Nama Karoo in the spring (October). In 2011, three of four bustards moved to 

the Succulent Karoo in winter (two birds stayed July - October, one died in July; Table 5.2), but in 

2012, only one of seven birds moved into the winter rainfall area (although we lost two PTTs in June, 
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one from battery failure and the other because the bird died; Table 5.2). This bird (bird 7) moved 

west in spring (October), when birds typically leave the Succulent Karoo. Only two of the five birds 

tagged in the Nama Karoo have visited the Succulent Karoo to date, but all birds have consistently 

moved west in late summer/autumn (sometimes as late as winter), and (with the exception of bird 

7) moved back east to their summer grounds in spring (Appendix 5.A4). North-south movements 

were much more limited; for the whole tracking period the maximum north-south displacement was 

on average 59% (± 9.5% SE, range 41-120%) of the maximum east-west displacement. No birds went 

to Namibia in the study period. There were no marked differences in movement patterns between 

the males and one female, or the adults and two likely sub adults, but samples sizes are too small to 

make strong conclusions about the role of age or sex on movement patterns. 

 

Figure 5.2. Tracks of satellite tagged Ludwig’s Bustards (each bird in a different colour) 2010–2012, overlaid on 

the two major Karoo biomes: Succulent Karoo (darker grey) and Nama Karoo (pale grey). Trapping sites 

labelled (red outline stars), and site of death for two birds marked with black outline stars (birds 3 and 6). 

Of the six birds followed over two or more summers, five returned to the same summer site in the 

Nama Karoo (Figs. 5.2 and 5.3). Bird 11 was confirmed to breed at her summer site when she was 
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observed at a nest with two eggs at Nooitverwag in December 2012. Timing of movement to 

summer sites was similar across all birds (Fig. 5.3), especially if they were going to the same place 

(e.g. in 2012 at Bathseba, bird 8 arrived on 28 September and bird 1 arrived on 5 October). After 

leaving summer sites, bustards often moved more nomadically, dispersing across the Karoo. They 

were usually resident at various sites for several months at a time throughout the rest of the year. 

Generally these locations were not revisited in subsequent years, but there were two instances of 

birds moving to a new site before returning to the previously-visited site, and bird 1 repeatedly 

visited a secondary site (in natural veld) in different years and from different places (Fig. 5.3). Birds 

occasionally made exploratory trips, before returning to their previous locations (e.g. bird 6 in April 

2012 and bird 7 in Sept 2012; Fig. 5.3).  

 

Figure 5.3. Net daily displacement squared of all tagged Ludwig’s Bustards from their summer sites; either the 

capture site for birds caught in summer, or the location of the bird on 1 January following winter captures. 

Average daily distance moved taken from 12h00 fixes (n=3,010) or nearest fix if 12 = ‘no fix’ (n=242; 18 days 

had no fixes at any time and were omitted). Grey background = summer months, dashed line = distance of the 

secondary site repeatedly used by bird 1. 
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Daily movements were generally short (Tables 5.3 and 5.4), with most <1 km. Occasionally, Ludwig’s 

Bustards made long-range movements, most commonly in spring (Table 5.4). The greatest daily 

movement of 226 km was made by bird 1 in the spring of 2010 as he moved east from the Succulent 

to the Nama Karoo. Just 1.1% of tracking days were spent in the Ludwig’s Bustard outer range, as 

defined by bird atlas data (Fig. 1.4), when bird 8 moved northeast of the core range in summer 2012 

(Fig. 5.2). The highest recorded speed was 41.3 km.h-1, also by bird 8 in May 2012 (between 05h-

06h00 in the dark during a full moon). This bird was also recorded moving at 38.6 km.h-1 (between 

05h-06h00 in the dark during a first quarter moon) and 30.9 km.h-1 (between 06h-07h00 arriving in 

the light) on different days in September 2012, and bird 6 moved at 29.1 km.h-1 (between 17h-18h00 

in the light) in November 2011.  

Table 5.4. Percentage distribution of Ludwig’s Bustard daily movements by season. 

 0-1 km 1-10 km 10-100 km >100 km 

Summer 57.7 34.2 8.1 0.0 

Autumn 59.2 35.2 5.7 0.0 

Winter 61.3 35.8 2.9 0.0 

Spring 56.3 33.1 10.0 0.6 

Total 58.5 34.5 6.8 0.2 

 

Movement types 

Ludwig’s Bustards were classed as resident on 79% of tracking days (range per bird 60-92%), 

nomadic on 13% (range 3-33%) and making long-range movements on 8% of days (range 3-14%; Fig. 

5.4). On average, bustards were resident at 6.7 sites each year (range 3.9-10.0), staying at each for 

46.9 days (maximum 136 d; Table 5.5). No birds were sedentary, but they varied in the number of 

resident sites used, the number and extent of long-range movements and the amount of time they 

were nomadic (Figs. 5.2 – 5.4, Table 5.5). 
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Figure 5.4. Percentage of tracking days spent making long-range movements, nomadic or resident (when >1 

movement type in a day, day categorised by the type with the highest number of fixes) for each Ludwig’s 

Bustard with bird number and total number of tracking days (2010-2012). 

 

Table 5.5. Summary of daily displacement and the number of movement events, durations and distances for 

all satellite tagged Ludwig’s Bustards (2010-2012) by movement type. Mean and standard errors of duration 

and distance calculated from complete events only, number of events per year adjusted for the number of 

tracking days for each bird by year (hence not always whole numbers), and daily displacement calculated from 

12h00 fixes (or next nearest fix).  

  Movement event type 

  
Long-range Nomadic Resident 

Daily displacement (km) 
Mean (± SE) 24.9 (1.7) 4.9 (0.4) 1.0 (0.02)* 

Range 0.1-226.0 0.0-53.0 0.0-12.2 

Number of events (n complete) 
 

48 (46) 32 (29) 59 (48) 

Number of events per year 
Mean (± SE) 5.6 (0.7) 4.3 (0.8) 6.7 (0.5)** 

Range 0.0-9.5 0.0-9.5 3.9-10.0 

Duration of each event (days) 
Mean (± SE) 5.3 (0.7) 13.5 (2.6) 46.9 (4.6)*** 

Range 1-23 2-57 10-136 

Distance travelled in per journey (km) 
Mean (± SE) 140.2 (19.7) 64.5 (15.9) n/a 

Range 10-641 3.1-292.6 n/a 

* 90% of daily movements within 2 km (see Chapter 2) 

**6.1 (± 0.5) unique sites per year 

***At summer sites only=53.5 days (± 9.9), n=6 
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Daily movement patterns 

Regardless of movement type, Ludwig’s Bustards travelled farthest in the early morning and late 

afternoon, with a slightly wider movement window in the morning for nomadic and long-range 

movements (Fig. 5.5). Activity dropped off sharply after 19h and before 05h, a period which usually 

falls in the hours of darkness.  

 

Figure 5.5. Mean hourly speed of tagged Ludwig’s Bustards by movement type (only including fixes 1h apart so 

data only available between 04h–20h00; n=5 bustards, resident=7,503 fixes, nomadic=2,068 fixes, long-

range=631 fixes).  

Most movements ≥1 km.h-1 (where fixes were one hour apart) were apparently made leaving and 

arriving in daylight; 52% of long-range movements (n=194) and 66% of nomadic movements 

(n=225). However, 42% of long-range trips and 25% of nomadic trips were made by birds leaving in 

the dark or twilight, and 23% and 19% arriving in the dark or twilight, respectively. The majority of 

‘no fix’ readings were recorded during low light (82% dark, 13% twilight, 5% daylight; n=6,557 across 
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all birds) indicating that birds are not normally active at night, although there are some clear 

examples of birds making nocturnal flights (when larger fix intervals were considered); bird 6 

travelled 19.7 and 36.4 km between 22h-02h00 on 5 and 7 April 2012 during a full moon, and bird 7 

travelled 16.0, 31.5 and 8.4 km between 22h-02h00 on 5, 6 and 7 September 2012 when the moon 

was in the last quarter. 

Long-range movements 

There was a significant seasonal effect on distance travelled on long-distance movements, with most 

movement in spring and least in winter (Table 5.6). Examination of pair-wise differences showed 

that this effect was largely driven by spring when birds travelled farthest. Year was not as important 

as season and did not have a significant effect, although birds travelled less in successive years. 

Overall, rainfall in the Karoo in the first year (July 2010-June 2011) and third year (although only half 

a year; July – December 2012) was above average, and in the second year (July 2011- June 2012) was 

below average (Appendix 1), so this does not correspond with the expectation of greater movement 

in drier years.  

Table 5.6. Year and season fixed effects of a GLMM on the extent of Ludwig’s Bustard long-range movements 

(total distance covered by each bird (calculated from first and last journey fixes and 12 noon fixes on 

intermediate days) divided by the number of days the PTT was active in each time period). 

 Value Std. Error Degrees of freedom t-value p 

(Intercept) -0.537 0.958 32 -0.561 0.579 

Year 2 -0.755 0.839 32 -0.900 0.375 

Year 3 -2.404 1.109 32 -2.168 0.038 

Season: Spring 3.046 1.116 32 2.729 0.010 

Season: Summer 0.275 1.049 32 0.263 0.794 

Season: Winter -0.643 1.016 32 -0.633 0.531 

 

On typical long-range journeys, travel was usually in early morning/late afternoon (Figs. 5.5 and 5.6) 

and was often interspersed with days of no travel. Moon phase did not appear to influence when 

birds departed; 12 trips were started during the first quarter, 7 during full moon, 15 during the last 

quarter and 14 during the new moon. 
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Figure 5.6. Mean hourly speed of bird 8 on a 427 km journey made over 8 days in September 2012 (n=86 fixes), with a map showing the track of that journey (with the date 

above the 12h00 fix on each day, and a background of the power grid; transmission in red, distribution in blue). 
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Residency 

There was no apparent pattern in relation to rainfall in the months preceding and leaving resident 

sites; Fig. 5.7 shows a typical rainfall profile in relation to periods of residency. Compared with the 

month of departure, rainfall was higher in the month before arrival for 56% of stays, and higher in 

the month of arrival for 53% of stays (n=37). Excluding stays at repeat sites and those <20 days in 

length, these percentages are 68% and 44%, respectively (n=23). Overall, these differences were not 

significantly different from random (χ2 goodness-of-fit tests; χ2=0.056, df=1, p=0.813, χ2=0, df=1, p=1, 

χ2=0.846, df=1, p=0.358 and χ2=0, df=1, p=1 respectively). 

 

Figure 5.7. The lack of clear pattern in the timing of bustard movements in relation to local rainfall; total 

monthly rainfall for five resident sites used by bird 7 in 2011-2012; periods of residency indicated by coloured 

bars corresponding to rainfall lines (weather stations; purple=Leyden, red=Uitsig, green=Kalabasput, 

blue=Vanwyksvlei, orange=Vanrhynsdorp) with dotted black line indicating date of PTT deployment.  

There was also no evidence for increased activity by resident birds on moonlit nights. There was no 

difference between the number of dark ‘no fix’ readings by moon phase (n=4,375; 2=0.59, df=3, 

p=0.900), and the mean speeds between all twilight or dark fixes ≤6 hours apart (n=2,611) were very 

similar; first quarter=0.064 (± 0.006 SE), full moon=0.064 (± 0.005 SE), last quarter=0.048 (± 0.004 SE) 

and new moon=0.064 (± 0.007 SE) km.h-1.  

Minimum convex polygons and habitat use 

For the whole sampling period, the average MCP area was 35,647 km2 (range = 2,727-124,356, n=8 

birds). Average MCP size at residency sites was 28.7 km2 (± 4.8 SE, n=45; 20.0 ± 5.4 km2, n=10 at 

repeatedly used summer sites and 31.1 ± 6.0 km2, n=35 at other sites). For each of the four birds 
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that repeatedly used particular summer sites, their MCPs overlapped in successive visits (e.g. Fig. 

5.8). 

 

Figure 5.8. MCPs for bird 1 at Bathseba, his summer site in 2010 (green, n=107 fixes), 2011 (blue, n=111) and 

2012 (orange, n=191) with background from Google Earth showing the cultivated landscape preferred by this 

bird. 

Selection of home range within the whole range was not random with respect to habitat (Wilks’ 

lambda=0.260, p=0.014) comprising significantly more natural veld and waterbodies than 

transformed land. However, there was no significant effect of habitat on location of fixes within each 

home range MCP (Wilks’ lambda=0.975, p=0.918). Selection of pooled residency MCPs was not 

significant with respect to habitat (residency MCPs vs available; Wilks’ lambda=0.490, p=0.136, fixes 

within residency MCPs; Wilks’ lambda =0.917, p=0.774). The same conclusions were reached with 

the natural veld and waterbodies categories combined. However, inspection of the data suggests 

that that while five birds show no apparent preference for transformed or natural habitat, three 

preferred transformed habitats. The ratio of fixes to available in both types of MCPs showed four 

birds (2, 6, 10 and 11) used habitats in accordance with their availability (their use was always within 

2% of availability of transformed land), bird 7 was on transformed land 6% less than available when 
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resident but 14% more overall, and three birds (1, 3, 8) used transformed land >14% more than was 

available.  

Proximity to power lines and roads 

Tagged Ludwig’s Bustards were within 1 km of a power line on 13% of tracking days, or within 5 km 

of a power line on 46% of tracking days (Fig. 5.9). They were far more likely to be close to a 

distribution than a transmission power line (within 5 km on 38% vs 13% of tracking days respectively; 

Fig. 5.9). The average bustard position at 47% of unique residency sites (n=49) was within 5 km of a 

power line (41% within 5 km of a distribution line, 12% within 5 km of a transmission line). Bustard 

proximity showed a relatively good fit to the average distance of lines from any part of the range 

(Fig. 5.9). I had expected a slightly higher proximity because power lines are often constructed near 

cultivated or flat open ground that would appeal to bustards, but it was actually slightly lower, 

perhaps because the densest part of the power network is in the east where bustards spent only 

limited time (Appendix 5.A4, Fig. 7.4). However the difference is small, so this approach may be 

informative to describe risk in areas like Namibia where no tracking data is available. 

 

Figure 5.9. Percentage of Ludwig’s Bustard tracking days spent at increasing distances from the nearest power 

line (separately for any, distribution (<132 kV) and transmission (≥132 kV) power lines). Grey shading indicates 

the percentage of the range (from atlas data, Fig. 1.4) that is within each distance from any power line. Daily 

bustard distance taken from 12h00 fixes (n=3,010) or nearest fix (n=242); 18 days had no fixes at any time and 

were omitted). 
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There were significantly more daytime fixes with increasing distance up to 500 m, from both major 

and minor roads (Table 5.7). At a larger spatial scale (up to 5 km), the pattern was reversed, with 

significantly fewer fixes farther from roads, although these effects were much smaller (Table 5.7). 

This could be because roads often follow the same productive features that bustards might track e.g. 

rivers and transformed land. The effects were similar regardless of road type. 

Table 5.7. GLMM fixed effects for models of the effect of distance on the number of daytime satellite tracking 

fixes (all fixes for all birds) for major and minor roads to 500 m and 5 km. 

Model Factor Estimate Std. Error z value p 

Nearest major road to 500 m (25 m intervals) Intercept 1.077 0.266 4.05 <0.001 

n=752 fixes in 160 groups, 8 birds Distance 0.879 0.254 3.46 <0.001 

      

Nearest minor road to 500 m (25 m intervals) Intercept 1.266 0.345 3.67 <0.001 

n=1,105 fixes in 160 groups, 8 birds Distance 0.926 0.210 4.41 <0.001 

      

Nearest major road to 5 km (500 m intervals) Intercept 4.450 0.161 27.98 <0.001 

n=875 fixes in 80 groups, 8 birds Distance -0.245 0.010 -23.70 <0.001 

      

Nearest minor road to 5 km (500 m intervals) Intercept 4.871 0.214 22.75 <0.001 

n=10,625 fixes in 80 groups, 8 birds Distance -0.068 0.006 -9.98 <0.001 

 

Discussion 

This study provides the first tracking data for a southern African nomadic bird, giving clarity on 

movement patterns, and revealing previously unsuspected features of Ludwig’s Bustard biology 

including summer site fidelity and occasional night flights. However, trapping of Ludwig’s Bustards 

was extremely labour intensive, so these insights are somewhat constrained by the small sample size 

of successfully deployed satellite transmitters. Only eight individuals were tracked, so I was not able 

to explore potential differences in movement patterns by age and sex in any detail. We twice used 

capture sites identified by already tagged birds, and therefore may have captured a non-random 

sub-sample of the population. By trapping on transmformed land, we may also have biased the 

sample of birds caught to those who have adapted to use such habitats. Nevertheless, individuals 

with links to the same sites have all moved independently to different areas, transmitters were 

deployed across the South African range of Ludwig’s Bustard (Fig. 5.2) and the majority of tagged 

birds did not show a habitat preference for transformed lands. I am therefore confident that the 

large quantity of precise positional data generated for these birds provides useful and representative 

insights into the movement biology of this little known species. Indeed, there was so much data that 
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I have produced only an overview of movements, with particular relevance to collision risk within 

the time constraints of this thesis. Five PTTs are currently still active, and future work could look in 

much finer detail at resident and summer site home range use with kernel density methods, roosting 

behaviour, and the effects of rainfall on this arid-zone bird. 

In common with other bustards (Bailey et al. 1996, Marco et al. 2006, Ziembicki 2009), I found that 

Ludwig’s Bustards are at risk of capture myopathy (CM). While I cannot be certain of the diagnosis 

(the birds may also have been suffering from other conditions), the observed symptoms were 

consistent with CM (Marco et al. 2006). We did not see the affected birds after release and so did 

not know whether they had recovered until the first data transmission 3-5 days later. At this point, 

the two birds that died were too decomposed and scavenged for post mortem tissue analysis which 

could have confirmed CM (e.g. Hanley et al. 2005, Marco et al. 2006). We did not attempt to 

recapture the affected birds for rehabilitation as there were no appropriate facilities near the trap 

sites, and I was concerned that the additional stress of being recaptured would be fatal. Recovery 

rates were similar to those described for myopathic Little Bustards, with individuals presenting 

milder symptoms surviving more often (Ponjoan et al. 2008). The recovery period was also 

consistent with other studies; Little Bustards that survived CM recovered over 1-11 days (Ponjoan et 

al. 2008), and a study of rehabilitated shorebirds showed that recovery often happens quite 

suddenly (Rogers et al. 2004). For Little Bustards, longer handling and restraint times, as well as the 

use of cannon nets (rather than leg nooses) and the capture of juvenile birds all increased the 

likelihood of developing CM (Ponjoan et al. 2008). While we did not catch juveniles and used the less 

problematic leg nooses, our harnessing technique was time-consuming, which is likely to have 

caused problems. After using it with no problems at the first site, I was not expecting CM at the 

second site. It seems likely that the cold and poorer condition of captured bustards at Eensaam 

could have been contributing factors, although response to capture varies greatly among individuals 

(Nicholson et al. 2000, Hanley et al. 2005, J. Ward pers. comm.). After our experience at Eensaam, 

we reduced our handling time, stopped trapping in extreme conditions and used the modified chair 

for harnessing. Despite these precautions, some later birds also showed symptoms of CM, although 

recovery was apparently quicker. Once recovered though, all affected birds survived >8 months after 

release, so there is no reason to think that these birds were permanently affected by the experience, 

or that their subsequent movement behaviour was not representative of the species. 
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General movement patterns 

Ludwig’s Bustard has been described as a partial migrant and a nomad, with some of the population 

moving west to the winter-rainfall Succulent Karoo for winter, and bustards also moving nomadically 

to exploit food resources resulting from localised rainfall (Allan 1994, Dean 2004). This study 

provides some support for these theories, although the birds do not fit neatly into these movement 

classifications. Tagged birds regularly moved west for the winter (sometimes gradually) and east in 

the spring (often quickly and at similar times between birds). Allan (1994) concluded that only part 

of the population makes migratory movements, as the numbers in the east did not change 

throughout the year. However, on road counts I found evidence for a large proportion of the 

population moving (Chapter 2), and this is supported by the fact that all tagged birds moved 

seasonally, although they travelled different distances, both individually and between years. Perhaps 

the bulk of the Ludwig’s Bustard population is migratory to differing extents, which is not captured 

by counts using a broad Succulent/Nama Karoo divide and the difficulty of picking up trends at low 

bird densities (Chapter 2). A surprising finding of this study was the apparently strong fidelity 

Ludwig’s Bustards have to summer ranges. Traditional lekking sites are known in some areas (Allan 

2005a, R. Dean pers. comm.) and I confirmed one tagged bird to be breeding on her summer range. 

While Ludwig’s Bustards can breed year round (Allan 2005a), such strong site fidelity therefore 

suggests that summer is the key breeding season for these birds, and may be a main reason for their 

migratory behaviour. Strong breeding site fidelity is supported by oberservations near Prince Albert 

where old shell fragments suggest that nest sites are used regularly (R. Dean pers. comm). When not 

migrating or at summer grounds, tagged birds moved infrequently between a series of small sites 

across the Karoo, where they were largely sedentary, seldom returning to the same site. This 

constituted the nomadic aspect of their behaviour, and I assume that the choice of these sites was 

related to resource availability. One bird did not quite follow this pattern, being resident at a 

particular non-summer site (in natural veld) on numerous occasions (Appendix 5.A4), highlighting 

the non-random aspect of some Ludwig’s Bustard movements. I did not find any obvious effects of 

rainfall on arrival or departure times, choice of resident locations, or on the extent of movement 

among years, but such effects may be more subtle than my analysis could detect, given the limited 

number of birds, and relatively coarse spacing of rainfall stations in the study area. Although 

nomadism is known to result from primary production following rainfall events in unpredictable 

environments (Dean 2004), it is nonetheless difficult to clearly link bird responses to rainfall or food 

availability (e.g. Dean & Milton 2001, Lloyd et al. 2001).  
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While the longest tagged bird has been active for over two years, my sample size is still relatively 

small. Following birds over longer time periods will shed greater light on movement strategies, e.g. 

whether birds become more nomadic in a particularly dry year. In common with many arid zone 

birds, larger bustards are known to exhibit variable movement strategies under different conditions. 

For example, Kori Bustards have been shown to be locally nomadic in Namibia, but sedentary in 

Zimbabwe and Botswana, where annual rainfall is more predictable (Allan & Osborne 2005, Senyatso 

2011). Satellite tracked Australian Bustards in climatically variable arid areas were found to move 

more than those in higher rainfall areas, and have weaker fidelity to breeding sites (Ziembicki 2009).  

Collision risk 

The results of this chapter provide evidence both for and against bustard vulnerability to collision 

with power lines. Most obviously, one of eight birds tracked during the study was killed by an 

overhead line collision, highlighting their susceptibility. While less than the proportion estimated to 

die this way (Chapter 3), one of eight is still a substantial loss. Most movement occurs in the early 

morning and late afternoon, whether local or long-range. While my classification of light, dark and 

twilight was fairly crude (based on a 2°x2° grid) and the exact time of movement made between two 

fixes is unknown, many of these movements must occur in low light conditions. This is consistent 

with observations of movements to and from roosts while trapping, when I often saw bustards flying 

in small groups at twilight. Crepuscular flights increase the chance of collision, and by flying in 

groups, the likelihood and impacts of such collisions are increased. Bevanger (1994) speculated that 

collision mortalities should be higher in winter when days are shorter. Indeed, observed Karoo 

collision mortality rates were highest following winter months, despite the increased scavenging 

pressure at this time (Chapter 3, Appendix 2). There was also evidence of at least some fully 

nocturnal flights, not necessarily with the aid of moonlight, when collision risk must be extremely 

high. The two examples of birds travelling considerable distances in the dark on different nights 

within the same journeys imply that nocturnal flights can also be part of Ludwig’s Bustard movement 

strategies. 

The movement pattern demonstrated by the tagged birds of long periods of residency and repeat 

visits to known summer sites imply that Ludwig’s Bustards should often be familiar with the 

landscape (and positions of obstacles like power lines). Such familiarity should reduce collision risk 

(Anderson 1978, Anderson 2002), and bustards can develop risk-avoidance behaviour; for example, 

the flight behaviour of West-Pannonian Great Bustards is strongly affected by power lines, with birds 

flying away from them on take-off (Raab et al. 2011a). Despite such potential advantages of 
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residency, this study suggests that this is when bustards are at highest risk of collision; mortality is 

highest in winter (Chapter 3) when birds move least, and the tracked bird killed by collision was 

resident when he died and had previously encountered the line. Migrating birds are more likely to fly 

at higher altitudes than commuting resident birds (e.g. Katzner et al. 2012), which could offset the 

increased risk of collision in unfamiliar areas. An observation of approximately 100 Ludwig’s Bustards 

flying at a much higher altitude (approx. 150-300 m) than usual indicates that they do this. These 

birds were flying in singles and small groups in the same direction at dusk near Calvinia in November 

2012 (F. Gill pers. comm.), which could well be indicative of long distance movement. However, 

flight altitude can also be influenced by a range of weather and topographical variables (Thomas et 

al. 2011, Katzner et al. 2012).  

The power line network in the South African range of Ludwig’s Bustard is already dense enough that 

even when birds are resident, they are within range of a power line 13% of the time. The high 

estimated mortality rates on distribution lines (Chapter 3) is plausible in light of the proximity of 

these lines to tagged birds much of the time. It therefore seems that the most important 

determinant of collision risk is the proximity of a resident site to a power line. For example, the 

Damlaagte site is within 5 km of a 400 kV power line, which during the capture period in 2010 had 

the highest levels of collision mortality rates in this study (Chapter 3). Confirming conclusions from 

road counts (Chapter 2), bustards avoided the immediate vicinity (500 m) of roads but not their 

general vicinity (5 km). There was even a slight attraction at this broader scale which could relate to 

cultivation close to roads, although there was only weak evidence of a preference for this habitat 

type for some birds. These conclusions are consistent with observations of Great Bustards, which are 

usually disturbed by traffic and people, but not by farming activities (Sastre et al. 2009). However, 

the analysis may not have been fine-scale enough to detect strong habitat preferences; the land 

cover data did not differentiate different types of cultivation (bustards were mainly seen in 

pastures), and the MCP approach is crude. In terms of mitigation, there was unfortunately nothing 

distinctive about residency sites, although most have been in the Nama Karoo. That birds rarely fly at 

night (and are generally no more active on moonlit nights than at other phases of the moon) gives 

some hope that marking devices may be effective (Chapter 4), although the preference for travel in 

low light conditions may limit this. Any new electrical infrastructure should be buried where possible 

or marked as a matter of routine, otherwise I can only recommend that new power lines are sited 

along roads (as suggested in Chapter 3), and away from cultivated lands.  
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Appendix 5.A1. Scheduled GPS fix times for the satellite transmitter devices (PTTs) in order of 

deployment 

 

Batch PTT ID Scheduled fix times (local time) 

1 54654 00:00, 09:00, 12:00, 15:00 

1 54671 00:00, 09:00, 12:00, 15:00 

1 54655 00:00, 06:00, 07:00, 08:00, 09:00, 10:00, 11:00, 12:00, 13:00, 14:00, 15:00, 16:00, 17:00, 18:00 

2 45895 02:00, 04:00, 05:00, 06:00, 07:00, 08:00, 10:00, 12:00, 14:00, 16:00, 17:00, 18:00, 19:00, 20:00, 22:00 

2 46097 02:00, 04:00, 05:00, 06:00, 07:00, 08:00, 10:00, 12:00, 14:00, 16:00, 17:00, 18:00, 19:00, 20:00, 22:00 

2 45882 02:00, 04:00, 05:00, 06:00, 07:00, 08:00, 10:00, 12:00, 14:00, 16:00, 17:00, 18:00, 19:00, 20:00, 22:00 

1 54665 00:00, 09:00, 12:00, 15:00 

2 46082 02:00, 04:00, 05:00, 06:00, 07:00, 08:00, 10:00, 12:00, 14:00, 16:00, 17:00, 18:00, 19:00, 20:00, 22:00 
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Appendix 5.A2. Weather stations used for rainfall analysis of resident sites by bioregion (data from 

the South African Weather Service) 

 

Weather station Bioregion Latitude Longitude 
Distance from 

site(s) (km) 

Blomkool Bushmanland -30.52 20.72 13-18 

Carnarvon Gannabos Bushmanland -30.48 21.32 2 

Droëgrond Bushmanland -29.12 20.27 12 

Enkeldoorn Bushmanland -30.61 20.47 17-28 

Kalabasput Bushmanland -30.28 21.70 14-24 

Kombuis Bushmanland -31.10 20.63 14 

Marydale – Pol Bushmanland -29.41 22.11 23 

Morewag Bushmanland -29.72 22.60 16 

Vanwyksvlei Bushmanland -30.35 21.82 21 

Voordeelspan Bushmanland -29.08 21.52 22-42 

Witputs Bushmanland -29.79 19.66 51-52 

Geluk Dry Highveld Grassland -28.13 25.88 22 

Grasberg Dry Highveld Grassland -29.93 24.82 31 

Vanrhynsdorp Knersvlakte -31.61 18.74 10-16 

Aardoorns Lower Karoo -32.83 22.93 27 

Beaufort-Wes Lower Karoo -32.36 22.58 10-35 

Blouboskuil Lower Karoo -32.43 22.72 43 

Bitterfontein Kamaboes Namaqualand Hardeveld -30.73 18.57 15 

Nieuwoudtville SADP Northwest Fynbos -31.37 19.12 4 

Calvinia Driekuil Trans-Escarpment Succulent Karoo -31.22 19.95 28 

Handelkraal Trans-Escarpment Succulent Karoo -30.86 19.77 14-36 

Lekkervlei Upper Karoo -31.05 23.60 3-11 

Leyden Upper Karoo -29.30 25.20 19 

Nuwejaarsfontein Upper Karoo -30.87 24.02 12 

Richmond C/K – TNK Upper Karoo -31.42 23.95 16-24 

Sandpan Upper Karoo -30.60 23.05 15 

Spioenpan Upper Karoo -29.70 23.45 21 

Strydenburg – Pol Upper Karoo -29.95 23.68 19-22 

Swartfontein Van Wyksvlei Upper Karoo -30.68 21.56 21 

Uitsig Upper Karoo -29.97 22.62 22-33 

 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

 

142 
 

Appendix 5.A3. Morphometric measurements of Ludwig’s Bustards trapped in the Karoo (2010-2012) 

 

Bird 

number 
Date Site PTT ID Age and sex 

Weight 

(kg) 
Tarsus (mm) Head (mm) Culmen (mm) Wing (cm) Tail (cm) 

Bill depth 

at gonys 

(mm) 

Minimum 

bill depth 

(mm) 

1 14-Sep-10 Damlaagte 54654 Adult male 5.5 145.6 148.1 71.8 54.6 27.6 24.4 7.3 

2 10-Oct-10 Damlaagte 54671 Adult male 6.0 145.0 147.0 68.4 49.7 25.5 18.1 11.3 

3 16-Oct-10 Damlaagte 54655 ?Sub-adult male 4.5 134.0 144.4 
 

54.8 27.0 
  

4 25-Jun-11 Eensaam 54663 Adult male 5.4 144.9 135.5 56.7 57.5 29.8 12.2 11.4 

5 26-Jun-11 Eensaam Not tagged* Female 3.1 142.9 128.6 45.5 53.2 27.3 16.4 11.8 

6 27-Jun-11 Eensaam 45895 Adult male 4.8 141.5 138.5 60.3 53.5 27.6 15.7 11.4 

7 28-Dec-11 Bathseba 46097 Adult male 5.3 
 

143.0 68.5 54.0 27.5 18.1 12.2 

8 28-Dec-11 Bathseba 45882 ?Sub-adult male 4.4 
 

144.2 66.4 
 

23.2 15.2 11.5 

9 30-Dec-11 Bathseba 46094 Adult male 3.6 
 

146.7 70.6 52.5 24.5 20.0 11.4 

10 17-Mar-12 Nooitverwag 54665 Adult male 5.6 
  

60.9 
  

16.3 
 

11 19-Mar-12 Nooitverwag 46082 Adult female 3.1 134.0 
 

53.1 46.0 
 

15.2 
 

* deemed too small to carry a PTT 
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Appendix 5.A4. Tracks of each tagged Ludwig’s Bustard by season and year (2010-2012), with the 

Succulent and Nama Karoo biomes, and distribution (<132 kV) and transmission (≥132 kV) power 

lines.  

 

 

Legend for all maps 

"* Capture site N 

* Site of last transmission A 0 Summer site (visited> once) 

0 Second site of bird 1 

• Summer 

• Autumn 

• Winter 

• Spring 

Transmission power line 

Distribution power line 

Nama Karoo 

Succulent Karoo 
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Jan - Dec 2011 
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Oct - Dec 2010 Bird 2 

Jan - Dec 2011 

Jan - Jun 2012 
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Jun - Dec 2011 Bird 6 

Eensaam 

Jan-Jun 2012 
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Chapter 6: A preliminary analysis of Ludwig’s Bustard movements using 

carbon and nitrogen stable isotopes  

 

Abstract 

Understanding the movement patterns of Ludwig’s Bustard is critical in managing the problem of 

collision mortality on overhead power lines for this species. The analysis of carbon and nitrogen 

stable isotope ratios is a relatively cheap and simple technique to infer movement between 

isotopically distinct landscapes. Therefore, feathers from bustards across the Karoo were analysed to 

investigate movement and to explore sex and age differences. I used a discriminant function analysis 

from growing feathers to classify grown feathers to a Succulent or Nama Karoo biome origin. Seven 

of 12 birds for which all primaries were analysed had at least one feather classified as from the 

Succulent Karoo, supporting the partial migration theory. While the sample size was relatively small, 

satellite tracking data supported the conclusions of the isotope movement analysis at broad scales, 

although local rainfall variation in the Karoo probably obscures geographic signals at finer scales. 

There was no apparent difference in movement strategies between the sexes, but juvenile feathers 

were almost exclusively assigned to the Nama Karoo, implying that most chicks are reared in this 

biome. Adults and juvenile feathers also had significantly different isotope ratios, which could relate 

in part to diet. 

 

Introduction 

In order to conserve migratory or nomadic species, it is important to know how they use their 

environment in space and time (Rubenstein & Hobson 2004, Hobson 2008). Ludwig’s Bustard is 

endemic to the dry and sparsely populated landscapes of western South Africa and Namibia, where 

it frequently collides with overhead power lines (Jenkins et al. 2011, Chapter 3). The power grid in 

this region is extensive and growing (Eskom 2012), and mitigation measures are unproven and 

expensive, so will not be expanded without evidence of their efficacy (Chapter 4) and a more 

detailed knowledge of where best to place them, i.e. which areas are the most heavily utilised by 

birds.  
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Counts of Ludwig’s Bustard suggest that they are nomadic and partially migratory, with at least some 

of the population moving west to the winter rainfall parts of their range at this time of year (Allan 

1994). This observation has been confirmed using satellite tracking, with tagged birds generally 

moving west in winter, although the extent of east-west movements varies between individuals and 

years (Chapter 5). While satellite tracking is unparalleled in generating detailed and precise 

movement data, this technique is expensive and can only be used on a small number of individuals 

(Hobson 2008), especially given the difficulty of capturing bustards (Chapter 5). In addition, it may 

not be representative of the whole population; e.g. only one female was tagged in my study. By 

contrast, the analysis of stable isotopes is a relatively cheap and simple way to infer movement. This 

is because animals migrating between isotopically distinct landscapes (‘isoscapes’) incorporate 

isotopic signatures of diet in their body tissues (Wassenaar 2008, Hobson 2008, Hobson et al. 2012). 

Feathers are commonly used in bird isotope studies as they are metabolically inert, so reflect the 

diet of the bird at the time the feather was grown (Rubenstein & Hobson 2004).  

Stable isotopes of carbon (13C/12C) and nitrogen (15N/14N) are commonly used to study trophic and 

movement ecology, and have been used successfully to infer diet and geographic origin of historic 

and modern African animals (e.g. African Elephants Loxodonta africana, Koch et al. 1995; Hyraxes 

Procavia capensis, Scott & Vogel 2000; Amur Falcons Falco amurensis, Symes & Woodborne 2010). 

This is possible because these isotopes vary in plant tissues depending on which photosynthetic 

pathway a plant uses, and how it fixes nitrogen (Kelly 2000, Rubenstein & Hobson 2004). Different 

pathways of carbon fixation result in different plant 13C/12C ratios; C3 plants have depleted 13C 

relative to C4 plants. CAM (Crassulacean acid metabolism) plants can exhibit a range of 13C values 

depending on whether this pathway is used consistently. Obligate CAM plants have carbon isotope 

signatures similar to those of C4 plants, whereas some C3 plants only resort to the CAM pathway 

during droughts (Ehleringer et al. 1986, O’Leary 1988, Kelly 2000, Marshall et al. 2007). Carbon 

isotope signatures in plants are directly reflected in the tissue of consumers, but the pattern in 

nitrogen isotopes is more complicated because the heavy isotope 15N is preferentially incorporated 

in consumer tissues, resulting in 15N enrichment with increasing trophic level. In addition, nitrogen in 

consumers is generally more enriched in xeric compared to mesic habitats, relating to metabolic 

processes under nutritional and water stress (Kelly 2000, Rubenstein & Hobson 2004). Because both 

carbon and nitrogen vary with environmental conditions, analysing them together can increase the 

power to discriminate between different locations (Kelly 2000, Rocque et al. 2006). 
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In South Africa, Ludwig’s Bustard is largely restricted to the Karoo. This region covers approximately 

one third of the country (Fig. 6.1), and the land use is predominantly extensive free-range stock 

farming (Hoffman et al. 1999). The western Succulent Karoo biome is a semi-desert shrubland 

characterised by fairly predictable winter rainfall (mean annual precipitation 100-200 mm) and a 

mild, even climate. Further inland, the arid Nama Karoo biome has a continental climate with less 

reliable summer rainfall (mean annual precipitation 70-500 mm NW-SE), and is subject to periodic 

droughts (Mucina & Rutherford 2006). These environmental conditions have resulted in strong 

divergence of plant photosynthetic types between the two biomes. Vogel et al. (1978) demonstrated 

that C3 grasses dominate in the Succulent Karoo whereas C4 are more abundant in the Nama Karoo, 

possibly linked to differences in temperatures in the growing season (i.e. low temperatures in the 

Succulent Karoo during the winter rainfall period favour C3 plants, whereas higher summer 

temperatures in the east favour C4 plants). The overall vegetation in the Karoo shows a relative 

dominance of C3 and CAM types (mainly succulents) in the Succulent Karoo, and C4 in the Nama 

Karoo which increases towards the north-east with the amount of summer rain (Bond et al. 1994, 

Midgeley & van der Heyden 1999).  

In this chapter I use carbon and nitrogen stable isotopes to determine Ludwig’s Bustard movements 

by analysing feathers from birds killed by power lines across the Karoo. I use the isotope data to 

assess the origins of juvenile birds (and hence the location of breeding areas), to compare results 

from two satellite tracked birds, and to assess whether migratory movements between the two 

biomes can be inferred for 10 other bustards. Based on the vegetation differences between the two 

biomes, I expect feathers grown while birds are in the Succulent Karoo to be more depleted in 13C 

relative to feathers grown the Nama Karoo. However, the pattern for nitrogen is difficult to predict, 

given that both the Nama and Succulent Karoo can be water stressed. In addition, Ludwig’s Bustards 

are opportunist foragers across their range, with the bulk of their diet comprising arthropods and 

vegetable matter (Earlé et al. 1988, Allan 2005a), so if birds consume these components in equal 

proportions in each biome there is unlikely to be a trophic nitrogen difference. However, there may 

be a dietary difference between adult and juvenile birds, so I also compare adult and juvenile 

feathers to investigate this possibility.  
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Methods 

Feather samples 

Ludwig’s Bustard feathers were collected from across the Karoo, with most samples from five main 

bioregions (Knersvlakte, Trans-escarpment Succulent Karoo (TESK), Bushmanland, Upper and Lower 

Karoo; Fig. 6.1). The feathers were mainly taken from carcasses found under power lines, where an 

entire wing was collected from each bird where possible. The lines surveyed in Chapters 3 and 4 

were the main source of material, and I also included one bustard found dead on a fence line near 

Brandvlei, and feathers from three satellite-tracked bustards (Chapter 5).  

 

Figure 6.1. Collection sites for Ludwig’s Bustard feathers (black triangle for each bird) in the Nama and 

Succulent Karoo biomes, with bioregions in which growing feathers were collected. 
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Wings (n=83 individuals) were measured and scored for moult. Bustards have protracted moult, 

which is serially descendant in the primaries (Cramp & Simmons 1980). Post-juvenile moult generally 

starts soon after fledging, with all primaries replaced by the second year in most species (e.g. 

Houbara bustard Chlamydotis undulata macqueenii 10-11 months, Denham’s Bustard 18 months, 

Arabian Bustard Ardeotis arabs 15-18 months, Great Bustard up to the third year in males; Cramp & 

Simmons 1980, Jarrett & Warren 1999). Given their size (Allan 2005a), 18 months seems reasonable 

for Ludwig’s Bustards. There are often several generations of feathers and age gradients visible even 

within a group of primaries (Cramp 1980 & Simmons, Allan 2005a, this study). Moult was scored 

following standard methodology, where 0 is an old feather, 5 is a new feather, and 1-4 are growing 

feathers (Ginn & Melville 1983). Feathers intermediate in age between 5 and 0 were scored as 8. 

Where an age gradient was visible within a group of feathers e.g. five sequential feathers going from 

intermediate to new, these were scored 8-55. The rate of feather replacement in Ludwig’s Bustards 

is unknown (Allan 2005a), but I estimate that new feathers (5) were probably <6 months old, 

intermediate feathers (8) 6-12 months old, and old feathers (0) over a year old. Ludwig’s Bustards 

are strongly sexually dimorphic with no overlap in wing length (Allan 2005a), so this measurement 

was used to assign sex to individuals. 

Samples were taken from all growing feathers (38 feathers from 34 individuals). Four individuals had 

two growing primary feathers, so only the newest was included in the analysis relating the isotope 

values in growing feathers to collection location. All 10 primary feathers were then sampled on 

wings that had at least one growing primary (n=11) or for which protracted periods of satellite 

tracking data were obtained (n=2, both male; Chapter 5). One satellite tracked individual (bird 3) 

also had a growing primary, so in total 12 whole wings were sampled. In addition, 24 carcasses 

retained at least some juvenile primaries, which are narrower and more pointed than primaries 

grown in subsequent moults (Jarrett & Warren 1999). This distinction was especially evident in older 

juveniles that had replaced some of their inner primaries; in these birds the remaining juvenile outer 

primaries were 10-15% shorter than adjacent new feathers and were very worn (Fig. 6.2). Samples 

were taken from the juvenile P9 of all 24 individuals (this feather was selected for consistency 

because it was present on all juvenile wings). One of these wings also had a growing primary (P1) so 

it was included as a whole wing sample, and had juvenile feathers from P7-P10 so there were 27 

juvenile feather samples in total. To see if there was an isotopic difference between juvenile and 

adult (>18 months old) feathers, the newest and oldest adult feathers on 22 of the 24 wings with 

juvenile primaries were also sampled (the other two had no adult primaries). Altogether, there were 

204 samples from 50 individuals (33 males and 17 females).  
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Figure 6.2. Wing with juvenile feathers from P8-P10 (top three feathers). 

 

Laboratory methods 

Feather samples were cut from the top of old feathers and the bottom of growing feathers. They 

were washed with distilled water, dried overnight in paper envelopes in a drying oven at 30°C, and 

cut into small pieces with stainless steel scissors (Knoff et al. 2001, Wassenaar 2008). Analysis of 

stable carbon and nitrogen isotopes were then carried out by the Archaeology Department, 

University of Cape Town. Between 0.4-0.5 mg of each sample was weighed into a tin cup using a 

Sartorius micro balance, and then enclosed by squashing the cup. The samples were combusted in a 

Flash 2000 organic elemental analyser and the gases passed to a Delta V Plus isotope ratio mass 

spectrometer (IRMS) via a Conflo IV gas control unit (all equipment made by Thermo Scientific, 

Bremen, Germany). Precision and accuracy of measurements was ≤0.2 ‰ for 13C and 15N. Isotope 

ratios are expressed as δ values in parts per thousand (‰) according to the equation:  

δX = Rsample/Rstandard -1 
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where X is 13C or 15N and R is the corresponding ratio 13C/12C or 15N/14N related to standards values. 

Rstandard values for carbon are expressed relative to Vienna Pee-Dee Belemnite (VPDB), and nitrogen 

relative to atmospheric nitrogen. Internal laboratory standards used were seal bone (UCT), DL Valine 

(Sigma) and Merck Gel (Merck). All in-house standards have been calibrated against IAEA 

(International Atomic Energy Agency) standards. 

Statistical analysis  

Statistical analyses were run in R (R Core Team 2012). The data were tested for normality (Shapiro-

Wilk test, Generalised Shapiro-Wilk test for Multivariate Normality (mvShapiro.Test in library 

mvShapiroTest v.0.0.1; Gonzalez Estrada & Villasenor Alva 2009) and homogeneity of variance (F 

test, Bartlett test)). Parametric tests were used where these assumptions were met and non-

parametric tests where they were not. I first compared carbon and nitrogen ratios by sex in the 

growing feathers, and all feathers using two sample T-tests and Wilcoxon rank sum tests.  

The regional effect for growing feathers was first examined by bioregion (ANOVAs and MANOVA) 

and then by biome (Fig. 6.1) with T-tests and a MANOVA to assess the variation in both carbon and 

nitrogen by region simultaneously (Zar 2010). A linear discriminant function analysis (DFA; lda in 

library MASS v.7.3-18; Venables & Ripley 2002) was performed to use the relationship between the 

two isotopes (dependant variables) and biome (grouping variable) to classify the non-growing 

feathers to a biome origin. The predictive accuracy of the discriminant function was tested in two 

ways: the model was used to classify the origin of the growing feathers used in the analysis, then a 

more robust jackknife classification procedure was run, taking out one observation at a time, and 

classifying it based on the model determined by the remaining observations (Quinn & Keough 2002).  

The effect of age was investigated with a paired T-test comparing the average isotope ratios of the 

oldest and newest adult feathers with the juvenile feather (or the average ratio for the wing with 

four juvenile feathers) for the 22 wings that had both adult and juvenile feathers. 

 

Results 

There was no significant difference between males (n=28) and females (n=6) for either isotope in 

growing feathers (T-tests: carbon t=-0.180, df=7.769, p=0.862, nitrogen t=1.222, df=6.521, p=0.264), 

or between males (n=132) and females (n=71) across all feathers (Wilcoxon tests: carbon W=5043.5, 

p=0.371, nitrogen W=5041, p=0.375), so thereafter sexes were pooled.  
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For the growing feather samples, δ13C varied between bioregion locations (Fig. 6.3, Table 6.1) 

(ANOVA, F=4.021, df=4, p=0.010), with a Tukey’s honest significant difference test showing 

significant differences between TESK and Bushmanland (p=0.023) and between TESK and Upper 

Karoo (p=0.019). However, regional differences in δ15N were not significant at the 5% level (ANOVA, 

F=2.218, df=4, p=0.092), although there was a tendency for higher δ15N values in the Knersvlakte 

(Fig. 6.3, Table 6.1). A MANOVA that tested both isotopes simultaneously showed a strong 

difference between bioregions (F=3.054, df=4, p=0.006).  

 

 

Figure 6.3. Mean feather δ
13

C and δ
15

N (± 2SE) isotope values of growing feathers from birds killed in the 

Succulent Karoo (open diamonds) and Nama Karoo (closed diamonds) by bioregion: Knersvlakte (n=8), Trans-

escarpment Succulent Karoo (n=3), Bushmanland (n=5), Lower Karoo (n=7) and Upper Karoo (n=11). 

The bioregion analysis indicated some isotopic differences between bioregions in the Succulent and 

Nama Karoo, so based on this result and the low sample size I classified the growing feathers more 

broadly by biome (Table 6.1). 
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Table 6.1. Mean Ludwig’s Bustard δ
13

C and δ
15

N (± SE) isotope values of growing feathers from the different 

regions, with sample sizes in parentheses. 

Region δ
13

C δ
15

N 

Knersvlakte (8) –19.43 ± 0.76 +14.77 ± 0.75 

TESK (3) –22.32 ± 0.29 +11.94 ± 1.09 

Bushmanland (5) –17.38 ± 1.03 +12.42 ± 0.69 

Lower Karoo (7) –19.98 ± 0.35 +12.29 ± 0.80 

Upper Karoo (11) –17.82 ± 0.78 +12.61 ± 0.61 

Succulent Karoo (11) –20.22 ± 0.68 +14.00 ± 0.71 

Nama Karoo (23) –18.38 ± 0.49 +12.47 ± 0.39 

 

A T-test showed a significant difference between carbon in the two biomes (t=2.203, df=20.467, 

p=0.039), but not nitrogen (t=-1.88, df=16.279, p=0.078). A MANOVA taking both isotopes into 

account found a significant difference between the two biomes (F=4.646, df=2, p=0.017), with both 

isotopes slightly significant (carbon F=4.728, df=1, p=0.037; nitrogen F=4.174, df=1, p=0.049). As 

both isotopes describe the relationship between the two areas, a linear discriminant function 

analysis was performed. The discriminant function classified 85% of the observations to the correct 

regions using all the data, and 79% using the jackknife procedure. As the classification performed 

fairly well, the model was then applied to the non-growing feathers to infer where they were grown.  

Satellite tracked birds 

Bird 3 (Chapter 5) was tagged in the vicinity of Vanrhynsdorp on 16 October 2010, staying in the 

Succulent Karoo near Nieuwoudtville over the next few months. On 18 December he moved east 

into the Nama Karoo between Calvinia and Brandvlei and over the next 6 months he ranged up to 75 

km east of the biome boundary, before heading west to the Succulent Karoo around Loeriesfontein a 

few weeks before his death in July 2011. When he died, bird 3’s primary moult score was 83 52 4 04, 

and P1, P6 (the actively growing feather) and P9 were classified as originating in the Succulent Karoo 

by the DFA (Fig. 6.4). The rate of moult in Ludwig’s Bustard is not known, but it is plausible that P1-6 

were replaced over the 9 month period over which the bird was tracked.  
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Figure 6.4. Feather δ
13

C and δ
15

N of P1-P10 from bird 3 (closed circles predicted Nama Karoo origin, open 

circles predicted Succulent Karoo origin), with mean (± 2SE) isotope values of known growing feathers from 

the Succulent and Nama Karoo (open diamonds). Colours indicate feather age, red=4, grey=5, green=8, 

black=0. 

Bird 6 (Chapter 5) was tagged in the Nama Karoo between Calvinia and Brandvlei on 27 June 2011. In 

July, he moved west and stayed around the boundary of the two biomes until October when he 

started to head east. His satellite tag transmitted for approximately one year, over which time he 

ranged between Williston and Beaufort West in the Nama Karoo, making no further visits to the 

Succulent Karoo. His moult score was 8-55 05 with only P6, presumably the oldest primary, classified 

as having been grown in the Succulent Karoo (Fig. 6.5).  
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Figure 6.5. Feather δ
13

C and δ
15

N of P1-P10 from bird 6 (closed circles predicted Nama Karoo origin, open 

circles predicted Succulent Karoo origin), with mean (± 2SE) isotope values of known growing feathers from 

the Succulent and Nama Karoo (open diamonds). Colours indicate feather age, green=8-5, black=0. 

The DFA feather origin classification suggests that of the other complete sets of primaries analysed 

(male n=6, female n=4), half had at least one feather of Succulent Karoo origin (male n=3, female 

n=2), so overall, 7 of 12 (58%) sampled birds visited the Succulent Karoo. However, the mean 

number of feathers ascribed to the Succulent Karoo was only 1.67 (± 0.65 SE, range 0-6), suggesting 

that relatively little moulting occurs in the west of the range. Generally, sequential plots of the other 

10 wings show similar looping paths to those of the satellite tracked birds, with only two of the plots 

appearing to be more random.  

Juvenile vs adult feathers 

I compared the probable origin of adult and juvenile feathers for all feather samples (n=204), using 

collection location for growing feathers and predicted location (assigned by DFA) for non-growing 

feathers. Most (81%) adult feathers were identified as having a Nama Karoo origin, and 96% of 

juvenile feathers were ascribed to this region. Juvenile and adult feathers from the same wings (Fig. 

6.6) were significantly different for both isotopes (δ13C adult (mean ± SE) = –18.87 ± 0.42, juvenile = 

–17.85 ± 0.50, δ15N adult = +12.37 ± 0.52, juvenile = +11.00 ± 0.50; paired T-tests: carbon t=-2.337, 

df=21, p=0.030, nitrogen t=2.709, df=21, p=0.013).  
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Figure 6.6. Average δ
13

C and δ
15

N of adult (light grey triangles) and juvenile (dark grey diamonds) Ludwig’s 

Bustard feathers from the same wings (n=22) with adult and juvenile mean (± 2SE) isotope values. 

 

Discussion 

The growing Ludwig’s Bustard feathers matched the expected δ13C pattern, with feathers grown in 

the Succulent Karoo depleted in 13C compared with the Nama Karoo. This suggests that stable 

isotopes can be used to infer coarse-scale movements for this species. The relatively enriched 13C of 

feathers from the Knersvlakte was surprising, but this may be because succulents that use the CAM 

photosynthetic pathway dominate the vegetation of this bioregion (Mucina & Rutherford 2006). 

Further analysis of feathers for δ2H would help to clarify this issue (Marshall et al. 2007). Compared 

to δ13C, the Knersvlakte samples were most distinctive in terms of their δ15N pattern, driving the 

overall enriched 15N values for the Succulent Karoo. This may have resulted from wetter conditions 

at the time these feathers were grown (Kelly 2000). The isotopic distinction between the two biomes 

is supported by recent work mapping feather isotopic clusters in Africa, based on theoretical plant 

carbon and nitrogen isoscapes (Hobson et al. 2012). This study broadly suggests a cluster for the 

Succulent Karoo and perhaps two for the Nama Karoo, resulting from the depletion of 13C east to 

west, and the depletion of 15N north-west to south-east.  
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Over half of the birds for which all primary feathers were analysed appear to have grown at least 

one feather in the Succulent Karoo, supporting the partial migration theory (Allan 1994). The results 

suggest that both male and female bustards move between biomes, and that there are no marked 

differences in migration strategies between the sexes. This conclusion is supported by road count 

data, with similar sex ratios observed in the two biomes: Succulent Karoo male: female ratio 1:1.4, 

Nama Karoo 1:1.8 (D. Allan unpublished data). However, there was a difference between the origin 

of adult and juvenile feathers, with the vast majority of juveniles apparently originating in the Nama 

Karoo. Although Ludwig’s Bustards have been reported to breed in both biomes (Allan 2005a), this 

study suggests that most chicks are raised in the Nama Karoo. The satellite tracking study (Chapter 

5) supports this observation, with tagged birds moving purposefully and repeatedly to specific areas 

in this biome in early summer, presumably to breed. There is currently no evidence for movement of 

birds between South Africa and Namibia, but it would be interesting to analyse feather material 

from Namibia to see whether such a movement, if it is isotopically discernible, is evident. The 

significant difference between the isotope ratios of juvenile and adult feathers may also imply 

difference in diet. While such a pattern is likely confounded by the geographic pattern, the nitrogen 

signal in particular is much stronger for age than biome. Adults have higher 15N values, which 

indicate that they are feeding on food items of a higher trophic level than juveniles, i.e. more 

invertebrates than vegetation. However, this is contrary to the literature which suggests that Great, 

Houbara and Little Bustard young are primarily insectivorous (Cramp & Simmons 1980). Perhaps 

young Ludwig’s Bustards are less capable of chasing large, mobile food items, or are less selective in 

their foraging habits than adults.  

While the DFA was moderately effective at classifying the region of feather growth correctly, the 

results should be interpreted with some caution. Firstly, the analysis was based on a relatively small 

sample (although this is also the case in similar studies e.g. Rocque et al. 2006, Wakelin et al. 2011), 

and there were too few data to confidently use DFA with the bioregion data. I also assumed that 

growing feathers were formed at the location that the bird was recovered. Satellite tracking 

(Chapter 5) has revealed that while bustards often stay in one area for many months, they can also 

move considerable distances in a matter of days, so this assumption may not always be valid.  

Although we know little about the rate of moult in Ludwig’s Bustards, the predicted feather origins 

provide a plausible match to the satellite tracking data available for two birds. However, the scale of 

the analysis probably is too crude to discriminate movements close to the border between the two 

biomes. Bird 3 did not move far from this boundary in his last 7 months, so it is unsurprising that his 

newest feathers were classified as from both regions. Bird 6 moved much further east, and all of his 
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newest feathers were correctly classified with Nama Karoo origins. His only primary allocated to the 

Succulent Karoo was old and thus probably was grown before the satellite tag was deployed.  

Comparing the satellite and isotope data also highlights the wide variability in measured feather 

isotope ratios e.g. bird 3’s three newest feathers were probably grown in a similar area but vary 

between –22.82 and –17.66 for δ13C, and +10.12 and +13.72 for δ15N, perhaps due to differing diet 

or localised rainfall. Ludwig’s Bustards are generalist foragers, and the isotope values may change if 

e.g. the bird concentrates feeding for a time on a locust outbreak (usually Brown Locust; Price & 

Brown 2000). Therefore the usefulness of this technique is limited at a finer scale, and carbon and 

nitrogen isotope data for birds with all primary feathers sampled cannot be reliably used to estimate 

how far birds move. A recent study of southern African ducks similarly found that high variance in 

isotopic patterns made inferring scales of mobility difficult (Mutumi 2010). 

Feather stable isotope analysis in terrestrial systems is usually applied at broad, often continental 

scales for birds with predictable moult patterns (e.g. Rocque et al. 2006, Szép et al. 2009, Hobson et 

al. 2012). This approach has been a useful complement to satellite tracking Ludwig’s Bustards 

(Chapter 5), and shows that stable isotope values in feathers also has value in smaller areas for birds 

that are little known and relatively difficult to track in other ways. However, while broad conclusions 

can be drawn, at finer scales the variation in rainfall and patchy food resources are probably too 

great to maintain clear geographic signals. 
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Chapter 7: Synthesis - Impacts and management of avian power line 

collisions in the Karoo 

 

The problem of birds colliding with power lines has been an active research area for several decades, 

and we know a great deal about why, when, where and which birds are likely to fly into overhead 

wires (APLIC 1994, Bevanger 1994, Jenkins et al. 2010). Despite this, management remains a real 

challenge because collisions are so inherently variable in occurrence, and mortality occurs on such 

broad temporal and spatial scales, especially in areas like southern Africa. We know that for many 

bird species occasional collision mortality is not a conservation problem, because birds are generally 

abundant with a high reproductive capacity (Jenkins et al. 2010, Arnold & Zink 2011). Unfortunately, 

many of the large species that predominate collision mortalities tend to have low reproductive rates 

and rely on low adult mortality rates to persist. However, quantifying their mortality on power lines 

and demonstrating population impacts is extremely difficult (Drewitt & Langston 2008, Loss et al. 

2012). It is important that we try to do these things though, because we need to know if there is a 

problem before negative impacts become irreversible. The power grid continues to grow, and 

particularly in the developing world, once power lines are constructed it is usually too late to lessen 

their impact because mitigation measures that require retrospective modifications to lines are so 

expensive. Thus my aim in this thesis was to use multiple approaches to assess the collision mortality 

impact on Ludwig’s Bustards and other large birds in the semi-arid Karoo, and to plan a way forward 

for the management of this problem.  

 

The impact of power line mortality on Ludwig’s Bustard 

Two years of extensive mortality surveys have confirmed initial fears of enormous mortality suffered 

by Ludwig’s Bustards on transmission lines (Jenkins et al. 2011). I estimate the overall toll taken by 

distribution lines to be greater still, with the entire power grid killing some 47,000 (95% CI 18,000-

94,000) birds annually. Although David Allan (1994) probably underestimated the population in the 

late 1980s, the results of my census suggest that the current South African Ludwig’s Bustard 

population is only 114,000 (95% CI 87,000-148,000) birds. The broad confidence intervals indicate 

the considerable uncertainty in these figures, but they are the best estimates available and I have to 

assume that they are accurate, so how can Ludwig’s Bustard persist in the face of such mortality? 
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The loss of such a large proportion of the population (best estimate 41% per year; 95% CI 12-108%) 

appears to be unsustainable (cf. Jenkins et al. 2011), particularly as Ludwig’s Bustards also face a 

range of other human-induced threats (Allan & Anderson 2010). However, the bustard population 

appears to be relatively stable, despite the South African power grid killing birds for decades (van 

Rooyen & Ledger 1999). In Chapters 3 and 5, I considered several possible explanations for this 

conundrum, including immigration and the loss of individuals in poorer condition, but could find 

little evidence for either of these factors. In this section I use matrix population models to explore 

the overall population response to varying impacts of mortality on different age and sex classes. I 

also consider movement biology and the influences of farming, hunting and the Karoo environment 

as potential factors affecting the persistence of Ludwig’s Bustard. 

 

An age-structured population model 

Model structure and inputs 

Given the paucity of demographic data for Ludwig’s Bustards (Jenkins et al. 2011), I built a simple, 

age-structured Leslie matrix model (Leslie 1945, Caswell 1989, Beissinger & Westphal 1998) in Excel, 

with a parameter for power line mortality to test whether age- and sex-specific mortality could 

result in a stable population. Obtaining demographic data for Ludwig’s Bustards is very difficult and 

can have a negative impact on breeding birds given their susceptibility to disturbance (Combreau et 

al. 2002, Allan 2005a, pers. obs.). Therefore, I used the little we do know together with published 

information on better known bustard species to estimate demographic parameters (Table 7.1); 

Ludwig’s Bustard (male 4.6 kg, female 2.6 kg; Allan 2005a) is intermediate in size between the large 

Kori Bustard (male 12.4 kg, female 5.7 kg; Allan & Osborne 2005) and Great Bustard (male 11.9 kg, 

female 4.3 kg; Collar 1996), and the smaller Houbara Bustard (male 2.5 kg, female 1.5 kg; Collar 

1996). Given the polygynous breeding system of Ludwig’s Bustard (Allan 2005a), I assumed that 

females limit the population’s growth and thus modelled this sex only; female survival and 

productivity have been identified as key parameters for population growth in polygynous Great 

Bustards (e.g. Streich et al. 1996, Lane & Alonso 2001). 

Studies of Kori, Great and Houbara Bustards agree that breeding success is variable between 

individuals and years, productivity is generally low and that predation of eggs and chicks is high 

(Lane & Alonso 2001, Combreau et al. 2001, 2002, Morales et al. 2002, Alonso et al. 2004b, Allan & 

Osborne 2005, Martín et al. 2007, Martínez 2008). Such varied productivity probably also occurs in 
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Ludwig’s Bustards, which apparently have low hatching success and may not breed at all in dry years 

(Allan 2005a). However, their productivity may be improved by regularly moving to the more mesic 

eastern Karoo in summer where rainfall is less variable (Chapter 5, Appendix 1), and/or they may 

breed regularly regardless of rainfall like some other Karoo species (e.g. Sclater’s Lark Spizocorys 

sclateri, Lloyd et al. 1999). The Karoo is home to a range of avian and mammalian predators (Davies-

Mostert et al. 2007, Ryan et al. 2012, Appendix 3) so in common with these other bustards, 

predation of eggs and chicks is likely to be high (e.g. Lloyd et al. 2001, Lloyd 2007).  

Table 7.1. Life history parameters of female Ludwig’s Bustards (LB) used in the matrix population models, 

based on plausible estimates from data for other bustards where necessary (from Kori Bustards (KB); Allan & 

Osborne 2005
1
, Great Bustards (GB); Alonso et al. 1994b

2
,
 
Lane & Alonso 2001

3
,
 
Morales et al. 2002

4 
, Martín et 

al. 2007
5
, and Houbara Bustards (HB); Combreau et al. 2001

6
, 2002

7
).  

Parameter Value(s) used Source/data for other bustard species 

Female population size Sex ratio M:F 1:1.4; 66,500 

(95% CI 50,750-86,333)  

Chapter 2, Allan 2005a 

LB breeding 

parameters 

Brood size of 1.45, 40% 

hatching success (3 of 5 

observed clutches failed) 

Allan 2005a 

   

Broods 1 per year, can relay after loss Bustards generally; Cramp & Simmons 1980 

JM Shaw unpublished data for LB 

Maximum age 15* 26 for KB
1
, 30 for GB

2,3 
(from captive birds) 

Maximum breeding age 15* 10 for HBs
6
 

Age of first breeding 1-2 1 for HB
6
, 3 for KB

1
, 3 for GB

2,3
 

Sex ratio of eggs laid 50:50 50:50 for HB
6
 and GB

2,3
 

Female chicks reared 

per female 

0.2-0.6 0.14 (± 0.09) chicks per adult female per year for 

GB (where the average brood size is 1.16 ± 0.08)
4
, 

but only 76% of females breed
2,3

, 0.827 chicks per 

breeding female per year for HB (where the 

average brood size is 2.9-3.3)
7
 

   

% natural first year 

mortality  

10-70% 70% mortality for GB
5
 (66.5% without power line 

deaths, 42.6% natural deaths)  

% natural adult 

mortality  

2-10% 10% of birds >1 year (4.5% without power line 

mortality, 1.8% natural deaths) for GB
5
, 28.3% 

(two thirds due to hunting, no power line deaths) 

for HB
6
 

* Given the uncertainty in maximum age, models were run both with and without a maximum age 

 

Other aspects of breeding biology probably also influence Ludwig’s Bustard productivity. For 

example, an 11-year study of Great Bustards showed that older females were more successful, and 

that breeding is so energetically costly that females were more likely to fail in a breeding attempt if 
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they had been successful the previous year (Morales et al. 2002). While they are not as large, 

breeding probably also represents a significant investment for female Ludwig’s Bustards. Martín et 

al. (2007) studied Great Bustard mortality, demonstrating a higher rate for male chicks because 

mothers more often failed to meet their greater food requirements, with relatively constant 

mortality rates after the first year. Although not to the same extent as Great Bustards, Ludwig’s are 

also sexually dimorphic so may also have higher male chick mortality. I considered all these potential 

influences with existing data to arrive at estimates for Ludwig’s Bustard population parameters 

(Table 7.1). 

Estimating a population age structure and power line mortality levels 

I first tested for sensitivity to maximum age by comparing a truncated model (maximum age of 15; 

Table 7.1) and a non-truncated model (old birds can remain in the oldest age class). There were few 

birds in older age classes so varying this parameter had little influence on the population growth rate 

(λ). The actual maximum age is unknown so to be conservative with respect to the impacts of power 

line mortality, I used non-truncated models. 

To estimate the population age distribution at equilibrium (stable age distribution; SAD), I ran a 

model with best-guess parameters, an optimistic breeding scenario (adult survival Sad=0.95, first year 

survival Sjuv=0.5, number of female chicks per female per year Bx=0.4 from age 1) and no power line 

mortality. This suggested that 29% of the population should be in age class 0 (juveniles in their first 

year) and 12% in age class 1. Of course, power line mortality has been occurring for decades so I ran 

the same model taking the best estimate of collision mortality into account (26% mortality; see 

below), but this had very little impact on the age structure of the population during either the 

transitory phase or if allowed to proceed to equilibrium. Juveniles killed by power lines (defined as 

birds still retaining at least some juvenile flight feathers; Chapter 3) could be up to about 18 months 

old (Chapter 6), so I expected juveniles to comprise roughly 35% of the total population. This is very 

similar to the proportion of juveniles actually killed by power lines (36%, Chapter 3), suggesting that 

there is little, if any, age-specific bias in power line mortality. However, Allan (2005a) recorded just 

17% juveniles in the population. This reflects only young birds still associated with their mother 

(probably <6 months old), but post-fledging dependence can be lengthy; a Denham’s Bustard female 

was observed feeding a fully grown juvenile, and young Kori Bustards remain with the female for 12-

18 months (Allan 2002, Allan & Osborne 2005). Accordingly I ran models with no age biased 

mortality (based on expectations from the modelled age structure) and models with juvenile-biased 

mortality (based on field observations; Table 7.2). 
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Table 7.2. Number of female Ludwig’s Bustard adults and juveniles killed annually in power line collisions 

(from Chapter 3) with the current female population (from Chapter 2) in South Africa by age, based on two 

potential age structures: 35% juvenile from the stable age distribution (SAD) of a Leslie matrix model, and 17% 

juvenile from field observations (Allan 2005a). Per cent annual female power line mortality estimated from 

combinations (explained in text) of the mean, lower and upper 95% CI estimates for both population and 

mortality to develop medium, low and high power line mortality levels respectively for each age structure. 

  Mean 95% confidence intervals 

   
Lower Upper 

Number of females killed on 

power lines annually 
Adult 11,105 4,253 22,232 

 
Juvenile 6,247 2,392 12,506 

Number of Ludwig’s Bustards Total 113,929 87,430 148,444 

 
Female 66,459 51,001 86,592 

 
Adult female (matrix model SAD) 43,198 33,151 56,285 

 
Juvenile female (matrix model SAD) 23,261 17,850 30,307 

 Adult female (field observations) 55,161 42,331 71,872 

 Juvenile female (field observations) 11,298 8,670 14,721 

Power line mortality level  Medium Low High 

Per cent annual female 

power line mortality 
Adult (matrix model SAD) 26% 13% 39% 

 
Juvenile (matrix model SAD) 27% 13% 41% 

 Adult (field observations) 20% 10% 31% 

 Juvenile (field observations) 55% 28% 85% 

 

I then tested whether power line mortality in Ludwig’s Bustard could be sustained, with models to 

estimate the population growth rate under various adult (Sad=0.9-0.98) and first year (Sjuv=0.3-0.9) 

survival rates, under very optimistic (Bx=0.6 from age 1), optimistic (Bx=0.4 from age 1) and 

pessimistic (Bx=0.2 from age 2) breeding scenarios (Table 7.1). I ran these models under low, 

medium and high collision mortality levels, both with equal mortality across age classes (13%, 26% 

and 40%), and then with juvenile biased mortality (Table 7.2). The medium level corresponds with a 

combination of the mean estimates, but the low and high do not correspond with the 95% CIs. I have 

used e.g. low level=lower 95% CI mortality/lower 95% CI population, not lower 95% CI 

mortality/upper 95% CI population, because these level estimates seem more sensible (e.g. the 

actual 95% CIs for per cent annual adult female power line mortality (using the matrix model SAD) 

would be extreme at 8-67%, rather than the 13-39% I have used). 
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Population model outputs and discussion 

The models generally resulted in negative population growth rates, with only very optimistic 

scenarios resulting in a stable population (Figs 7.1 and 7.2). Biasing collision mortality towards 

juveniles made very little difference to the results (Figs 7.1 and 7.2). No plausible combination of 

adult and juvenile natural mortality rates resulted in a positive population growth rate when Bx=0.2 

or when the collision mortality level was high (either 40% equal mortality or 31% adult/85% juvenile 

mortality).  

 

Figure 7.1. Natural survival parameter trade-offs necessary for a stable population growth rate (solid lines λ=1, 

dashed lines λ=0.98-1.02) under breeding and power line collision mortality rates that can sustain the 

population. Breeding for these models starts at age 1 and the power line mortality is equal for adults and 

juveniles; all other models that were run with these parameters resulted in negative population growth rates. 
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Figure 7.2. Natural survival parameter trade-offs necessary for a stable population growth rate (solid lines λ=1, 

dashed lines λ=0.98-1.02) under breeding and power line collision mortality rates that can sustain the 

population. Breeding for these models starts at age 1 and the power line mortality is biased towards juveniles; 

all other models that were run with these parameters resulted in negative population growth rates. 

All things considered (small brood size, low hatching rate, regular movement to the eastern Karoo), I 

think Bx=0.4 is the most plausible estimate for number of annual female chicks per female. I ran 

further models to assess the effect of varying breeding performance with age using a base of Bx=0.4 

under an equal collision mortality rate of 13%, but this only increased the natural survival rates 

needed for a stable population (Fig. 7.3).   
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Figure 7.3. Natural survival parameter trade-offs necessary for a stable population growth rate (λ=1) under an 

equal power line mortality rate of 13% and varied breeding scenarios; grey line: Bx=0.4 from age 1, dashed line: 

Bx=0.4 from age 2, black solid line: Bx=0.2 for ages 1 and 2, and 0.4 from age 3. 

The results of this simple modelling exercise indicate that it should be difficult for the Ludwig’s 

Bustard population to sustain current power line mortality, with only the lower estimates of 

mortality coupled with very high breeding and natural survival rates keeping the population growth 

rate positive. I might have overestimated power line mortality by applying half the mortality rate to 

lines in the outer range where I did no surveys (Chapter 3). However, even if I only consider 

mortality from the core range, the proportion of female Ludwig’s Bustards killed with an equal 

mortality of adults and juveniles at the three levels is 18% (9-28%), and this is still too high to 

maintain a stable population under most scenarios. Another potential problem is that the bustard 

population may have been underestimated by the road counts, because of the behaviour of birds 

near roads. Satellite tracked Ludwig’s Bustards had a weak attraction to roads at a broad scale (5 

km), perhaps because of the resources e.g. transformed land to be found near to these features. 

However, my road counts were very extensive and mostly went through untransformed lands. The 

tagged bustards also avoided the immediate vicinity of the road (500 m), so with my use of Distance 

I think I am more likely to have overestimated the population (Chapters 2 and 5). It was interesting 

that the estimated proportion of juveniles in the population matched those killed by power lines. 

This implies no greater collision risk for juveniles, in contrast with other studies (e.g. Brown & 
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Drewien 1995, Sundar & Choudhury 2005) and hints that adult Ludwig’s Bustards might not learn 

with experience. 

Additive vs compensatory mortality 

The interaction between artificial and natural mortality greatly affects the severity of anthropogenic 

impacts, and is key to the sustainable management of e.g. hunted populations (Bevanger 1995, 

Lebreton 2005, Sandercock et al. 2011). The worst case scenario for Ludwig’s Bustard is that power 

line mortality is additive to natural mortality. Alternatively, if power lines kill some birds that would 

have died anyway from other causes e.g. predation, the mortality is at least partly compensatory, 

resulting in less impact at the population level. As discussed in Chapter 3, there is some evidence for 

and against the possibility that birds killed by power lines are often those in poorer condition, less 

able to avoid collision. Unfortuantely, in the absence of Ludwig’s Bustard carcasses suitable for 

autopsy, it is not possible to examine this potential for compensatory mortality further. 

Compensation can also occur through density dependence by increasing population survival and/or 

reproduction rates, because of more resources for and less competition among remaining birds 

(Lebreton 2005, Sandercock et al. 2011). Schaub & Lebreton (2004) assessed these population 

responses to power line mortality for White Storks, and found evidence for weak compensation in 

juvenile survival. However, they also found that adult survival was far more important for population 

growth (evident for Ludwig’s Bustard in Figures 7.1 and 7.2), and while they could not test density 

dependence in relation to other sources of mortality, they concluded the effect would be minimal. 

Population responses depend very much on life-history strategies, and for long-lived and slow-

reproducing species like storks and bustards, compensation by natural mortality should be weak, 

and compensation through recruitment low (Lebreton 2005). Ludwig’s Bustards are lekking birds, so 

females do not have to compete for mates (Allan 2005a), and they are highly mobile (Chapter 5), 

limiting potential competition for food resources. Therefore, there is currently little to suggest that 

Ludwig’s Bustard collision mortality could be reducing natural mortality or increasing productivity in 

any meaningful way, and so its impacts are likely to be largely additive.   

Movement biology  

Aside from quantifying and mitigating mortality impacts, the other major thread of this thesis was to 

improve our understanding of Ludwig’s Bustard movements. The satellite tracking data provided 

evidence both for and against susceptibility to collisions. Contrary to expectations for a nomadic dry-

land bird, there was little evidence of rainfall related movement, and strong fidelity to summer sites 

(Chapters 2 and 5). It was encouraging that Ludwig’s Bustards seldom moved randomly across the 
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landscape where they would constantly encounter unfamiliar power lines. On most days they 

covered only a few kilometres, and field observations showed that during the day bustards would 

often walk rather than fly. However, all birds moved substantial distances on annual timescales, and 

most travelling was done in poor light at dawn and dusk (and sometimes even during the night).  

 

Figure 7.4. Map of the power grid (distribution lines in blue, transmission lines in red) in the South African 

range of Ludwig’s Bustard (green line; Harrison et al. 1997, SABAP 2 2012) with the percentage of the range 

within 5, 10 and 20 km of any power line by 2° longitude band.  

While the Nama Karoo seems to be the breeding stronghold of this species (Chapters 5 and 6), a 

large proportion of the population moves west in winter (Chapters 2, 5 and 6) so there is no specific 
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area of the Karoo where mitigation could be directed; the whole range is used at different times. 

Collision risk through proximity to the nearest power line changes substantially west-east across the 

Karoo, with a far denser network in the east (Fig. 7.4). Bustards are probably safest in Bushmanland 

(Chapter 3, Fig. 7.4), but this is also the most arid and climatically unpredictable part of the Nama 

Karoo, so they must also spend time in more mesic, and more dangerous, parts of the Karoo.  

The context of the Karoo 

Although settlements are few, farms large and the habitat mostly still natural veld, the ecology of 

the Karoo is still greatly influenced by farming practices (Dean & Milton 1999), with both positive 

and negative effects on bustards. Fencing kills both animals and birds, including bustards (Chapter 

3), when they get their legs trapped in the wire. There is perpetual conflict between sheep farmers 

and mammalian predators, particularly Black-backed Jackal and Caracal. Predators are often blamed 

for stock losses, especially of lambs, and are usually actively controlled (Davies-Mostert et al. 2007, 

Kamler et al. 2012a). Jackal and Caracal are also opportunistic predators, so where accessible 

perhaps the availability of an easier prey source means reduced pressure on natural prey such as 

bustards. Reduced predation from active predator control and a ready source of alternative prey 

could increase both bustard survival and breeding success, but any patterns are likely to be complex 

and there are few empirical data to assess such relationships. Anthropogenic control of the top of 

the food chain influences populations lower down (Milton et al. 1999), and Lloyd (2007) 

hypothesised that control of large predators in South African rangelands may have resulted in meso-

predator release e.g. of mongooses, and a subsequent increase in nest predation rates.  

There are also plenty of other predators of Ludwig’s Bustard, e.g. large eagles (Allan 2005a) and that 

one of the tagged bustards was most likely killed by humans indicates another source of human-

induced mortality. Hunting probably explains the bustards’ extreme wariness, and the ease with 

which females leave or even abandon the nest when approached by humans (Uys 1963, pers. obs.). 

Most farmers I spoke to in the Karoo said that while previous generations ate these birds, they no 

longer did because they knew they were protected, and several told me their farm workers also did 

not hunt birds. Occasionally though, I met people that still ate bustards, and in some areas the birds 

seemed particularly skittish, leading to speculation about increased hunting pressure (A. Odendal 

pers. comm.). How important this factor might be is unknown, but it could be significant, as has 

been shown for Kori Bustards in Botswana (Senyatso 2011).  

Another theory for the persistence of Ludwig’s Bustards is an advantage gained by their use of 

transformed lands. Many bustard species use cultivated land, because disturbed land results in new 
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vegetation and insect outbreaks (Collar 1996), and preference for transformed land is thought to be 

the main reason why Blue Cranes in the Overberg can sustain high levels of collision mortality (Shaw 

et al. 2010a). Ludwig’s Bustard sightings on the road counts were clearly biased towards 

transformed lands, and far more so than in the 1980s (Chapter 2). However, the tagged birds varied 

in their use of such landscapes; some sought them out, whereas others used them seemingly at 

random (in proportion to their availability in the landscape), but no birds avoided them (Chapter 5). 

While the proportion of cultivated land has not really changed in the last few decades (Brink & Eva 

2009, Schoeman et al. 2010), more subtle influences (e.g. the use of ecologically safer insecticides) 

might have increased their appeal. Ludwig’s Bustard habitat choice is probably influenced largely by 

local conditions i.e. whether the resources in the transformed land are greater than those available 

in the veld, and trade-offs with the increase in exposure to predators. However, both habitat choice 

and tolerance of predation risk are likely to be influenced by broader scale environmental 

conditions. Rainfall and temperature in the Karoo cycle on annual and decadal scales, with 

alternating wet and dry periods (Esler et al. 2006). Periodic droughts cause large-scale mortality of 

grasses and shrubs, resulting in population crashes or migration of dependent animals (Milton et al. 

1999). Whether such crashes could result in large Ludwig’s Bustard population fluctuations is 

unknown, but it seems unlikely given their mobility and probable longevity. Outbreaks of Brown 

Locusts, a key prey for Ludwig’s Bustards, are quasi-cyclic and occur every 7-13 years depending on 

rainfall and other factors (Milton et al. 1999, Esler et al. 2006). Such large-scale patterns could be 

behind the apparent habitat switch of Ludwig’s Bustards to transformed lands between the two 

census counts (Chapter 2). 

 

Wider impacts of power line mortality in the Karoo 

Sadly, I have also confirmed in this thesis that power lines kill substantial numbers of practically all 

large terrestrial bird species in the Karoo. My survey methods were appropriate to quantify mortality 

for such birds, but given the lower detectability of small birds (Bevanger 1999, Ponce et al. 2010), it 

is possible that smaller species may also be killed in large numbers not captured by these surveys. 

The species I most frequently recovered under power lines (Chapters 3 and 4) were as expected, and 

aside from korhaans closely matched the Red-listed birds most often reported incidentally (Fig. 1.2, 

Eskom-EWT 2012), i.e. Blue Cranes, White Storks, Kori Bustards and Secretarybirds. Numbers of the 

last two are thought to be decreasing across much of southern Africa (BirdLife International 2012, 

Senyatso et al. 2012). However, there was again no evidence of collision-related population declines 
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for any species in my data (Chapter 2), perhaps because the affected species were either too sparse, 

the census range was inadequate to detect them, or because there really is currently no decline. In 

common with Ludwig’s Bustards, the collision rates of Kori Bustards and Karoo Blue Cranes were 

extremely high compared with the estimated populations. The most frequently affected species all 

have different ecologies and collision problems e.g. collisions kill a fairly constant number of 

relatively sedentary Blue Cranes (e.g. Shaw et al. 2011, Chapter 4) compared with highly variable 

numbers of migratory White Storks (e.g. Shaw et al. 2011, Shobrak 2012). Of course, detailed 

demographic analyses (e.g. Schaub et al. 2010) are needed to assess the threat of power line 

mortality for each species with any confidence, but (with the exception of White Storks) such data 

are unavailable and are likely to remain so in the near future, considering that three years in the 

field studying Ludwig’s Bustard only revealed broad-scale patterns. However, adult survival is likely 

to be important for all of these long-lived and late-maturing birds (e.g. Sæther et al. 1996, McCann 

et al. 2002, Schaub et al. 2004) and therefore the impact of power line collisions is probably serious 

and mortality additive.  

 

Conclusions, future directions and management recommendations 

Somewhat surprisingly, it seems that the South African Ludwig’s Bustard population is able to absorb 

the current high levels of collision mortality, most likely because of the lesser impact on females, use 

of transformed land and the apparent familiarity birds have with at least some parts of their range. 

However, it is also possible that a decrease was not detectable with the census data in this thesis. I 

have shown how susceptible Ludwig’s Bustard (and many other bird species) are to this unnatural 

mortality, and the models in this chapter indicate just how high survival and productivity must be to 

avoid population declines. It is likely that there is a threshold length and density of power line above 

which the apparent stability will change (Bevanger 1995), but it is difficult to estimate what this 

might be. Given the nomadic nature of Ludwig’s Bustards and other large, arid-zone birds, formal 

protected areas can do little to ameliorate the situation (e.g. Dean & Siegfried 1997) and we are 

unlikely to notice such declines if they happen in the future in time to do anything about them. In 

light of this, and the many additional anthropogenic threats such birds face (e.g. hunting, habitat 

loss, climate change, wind turbines), management of this problem must take a precautionary 

approach. Our incomplete understanding of the impacts of collision mortality must not be an excuse 

to avoid implementing cost-effective mitigation measures, because collisions have the potential to 

cause serious and irreversible damage (Myers 1993).  
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Luckily in South Africa, as in much of the rest of the developing world, there is still time to consider 

impacts on birds before construction of much electrical infrastructure. Hopefully another year will 

generate more conclusive results, but I believe that the positive indications from the line marking 

experiment at De Aar (Chapter 4), as well as results from other countries (e.g. Barrientos et al. 2011, 

2012), are reason enough to mark all new power lines built within the range of any large terrestrial 

bird in South Africa from pylon to pylon, preferably with Bird Flight Diverters (BFDs). To some extent, 

siting new power lines along roads and away from transformed lands may also help. Even if marking 

is ultimately shown to have limited effect for bustards because of their constrained visual fields 

(Martin & Shaw 2010), markers will still be a key part of any future mitigation approach e.g. ground 

or auditory warnings, and there are many other species that will certainly benefit. Routine line 

marking will require a significant attitude shift from Eskom and other power companies that are 

accustomed to having to mark only short sections near features such as dams identified in EIAs. 

Habitat- and feature-specific marking might have some effect for more sedentary birds such as Blue 

Cranes, but power companies need to accept that this approach is inadequate for more mobile 

species. In addition, while it might be locally effective, the current approach of only retrospectively 

marking proven hotspots is unlikely to significantly reduce overall mortality. This is because so little 

retrospective marking occurs, and because although collisions along individual power lines might be 

sparse and highly variable, they are cumulatively very damaging. Even for species with more 

predictable movement patterns linked to specific landscape features, trying to proactively identify 

dangerous sections of line is difficult because so many localised factors interact to cause collisions, 

and in South Africa we are no closer to being able to predict collision hot-spots (Shaw et al. 2010a, 

Chapter 2). While I absolutely advocate mitigating known collision hot-spots to reduce local impacts, 

until we are able to accurately predict their location, limited marking, either retrospectively or for 

new lines is not an alternative to a far more cost-effective and efficient blanket marking strategy on 

all new lines erected. The only acceptable substitute to complete marking would be to bury future 

power lines (e.g. Raab et al. 2011b).  

My results suggest that the global Red-list status of Ludwig’s Bustard should be downgraded from 

Endangered to Vulnerable based on criteria E (Mace et al. 2008), because there is currently no 

evidence for a South African population decline, but most projections are for this in the face of 

unmitigated and escalating power line mortality. As for future research, it would be valuable to 

repeat census counts 5-10 years from now to reassess population trends, and to conduct mortality 

surveys in the outer parts of the range to test the assumptions made with the mortality estimates in 

this thesis. Regular surveys are generally not necessary to identify collision hot-spots, so surveying a 

greater extent of line than I have done in this thesis might also increase our sample size of such 
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locations, and perhaps help to better predict their occurrence. It would also be interesting to survey 

power lines in the vicinity of known summer sites of tagged birds to see whether such familiarity 

reduces collision mortality. Genetic analysis of Ludwig’s Bustard feathers collected from across the 

Karoo and the Namibian range could also be useful to better understand the structure of the 

population, potentially increasing the accuracy of future population models. The collision rates of 

both Kori Bustards and Blue Cranes in the Karoo are also cause for concern, and efforts should be 

made to further investigate the impacts on these species. 

A major focus of future research should be mortality caused by low-voltage distribution lines and 

other overhead wires. The literature is preoccupied with high-voltage systems, and while kilometre 

for kilometre they do cause more collision deaths in the Karoo, distribution networks more than 

make up for this with their greater extent, as well as their additional impact though electrocutions. 

In South Africa, retrofitting to mitigate both problems is considerably cheaper and easier on low-

voltage than high-voltage lines because it can be done without helicopters. This means there is also 

greater potential to mitigate collision hot-spots for birds like Blue Cranes when they are discovered. 

Finally, it would be prudent to highlight to the farming community the negative effects of hunting on 

Ludwig’s and other bustard species (and its illegality). Efforts to ascertain just how serious a threat 

hunting poses to bustards would also be valuable. 
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Appendix 1: Rainfall patterns and percentage of normal rainfall in South 

Africa 2009-2012 

 

 

Figure. A1.1. Rainfall seasonality in South Africa (Schulze 2007) 

 

 

Figure. A1.2. Mean annual rainfall in South Africa (Schulze 2007) 
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Figure. A1.3. Percentage of normal rainfall across South Africa by year (July 2009 – December 2012; maps from 

South African Weather Service) 
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Appendix 2: Estimating scavenger and search bias for collision mortality 

surveys of large birds on power lines in the Karoo, South Africa 

 

Maurice Schutgens, Jessica M. Shaw and Peter G. Ryan 

Percy FitzPatrick Institute of African Ornithology, DST/NRF Centre of Excellence, University of Cape 

Town, Rondebosch 7701, South Africa 

 

Abstract 

Bird collision mortality associated with power lines is a global conservation challenge. Ludwig’s 

Bustard (Neotis ludwigii) is thought to be under threat as a result of such collisions, but mortality 

estimates derived from periodic carcass counts along power lines probably underestimate actual 

mortality because of two main sources of bias: scavenger removal and carcass detectability. In this 

study 44 goose carcasses were used as surrogates to estimate correction factors for these biases by 

conducting a scavenger trial (over 90 days) and three observer detection trials (after 1, 48 and 90 

days). Within the first week, 86% of carcasses were moved or scavenged, but only 16% of carcasses 

were removed by the end of the 90-day trial period (all within the first three weeks). Experienced 

observers located more carcasses (74%) than inexperienced observers (65%), but there was no clear 

pattern in detection rate linked to carcass age. Carcass spread, distance from power line and 

vegetation height were important factors influencing observer efficacy. Feathers left after carcasses 

are removed disperse within a few weeks. Ignoring feather piles, carcass persistence (84%) and 

detection probability (74% for experienced observers) give a minimum correction factor of 1.61, 

suggesting that at most 62% of collision victims are detected by three-monthly carcass counts in this 

region of the Karoo. This experiment confirms that long survey intervals for large birds are adequate. 

 

Keywords: carcass persistence, collision mortality, feather piles, Karoo, Neotis ludwigii, observer 

experience, power lines, scavenger bias, search bias  
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Introduction 

Anthropogenic structures (e.g. power lines, wind turbines and communication towers) are 

responsible for killing and injuring many millions of birds annually (Klem 1990, Erickson et al. 2005, 

Drewitt and Langston 2008). Power lines cause widespread avian mortality through electrocution 

and collision (Bevanger 1994). Both problems are complex, but while electrocution can be mitigated 

with well-designed or retrofitted power lines, collisions on existing lines can only be reduced with 

line marking (Lehman et al. 2007, Barrientos et al. 2011, 2012). 

Power line collision mortality is therefore a global conservation challenge (e.g. Bevanger and Brøseth 

2004, Jenkins et al. 2010), and together with other threats such as hunting and habitat destruction, 

could contribute to the decline of some species where additional to natural mortality (Drewitt and 

Langston 2008). In southern Africa, there is particular concern for the collision-prone Ludwig’s 

Bustard (Neotis ludwigii), which could be dying in large enough numbers to have population level 

effects (Anderson 2002, Jenkins et al. 2011). Jenkins et al. (2011) estimated that between 11-15% of 

the population is killed on high voltage power lines annually. This probably underestimates the scale 

of the problem given that estimates were not corrected for sources of bias that can affect carcass 

counts (Bevanger 1999).  

Periodic carcass counts along power line transects are the standard methodology for mortality 

estimates, but for such estimates to be accurate, researchers must also take account of birds killed 

but not found (Bevanger 1999). The rate of carcass removal by scavengers, as well the proportion of 

carcasses missed by observers because of searcher and habitat variables should be determined or 

studies could significantly underestimate bird mortality (Smallwood 2007, Ponce et al. 2010) or even 

draw incorrect conclusions (e.g. Barrientos et al. 2012). The effect of crippling bias, where fatally 

injured birds move away from the search area before dying and are not recovered could also be 

significant (Bevanger 1995, Smallwood et al. 2010). However, unlike carcass removal and search 

efficiency, it is not feasible to quantify this experimentally.  

Carcass removal trials provide a useful means to examine how scavengers remove carcasses over 

time (Smallwood 2007). Removal trials have previously been conducted in studies on the effects of 

pesticide toxicity on birds (see review in Prosser et al. 2008), and various collision mortalities (e.g. 

wind turbines; Smallwood 2007, fences; Stevens et al. 2011, towers; Flint et al. 2011, windows; 

Hager et al. 2012 and power lines; Ponce et al. 2010). Scavenger trials can be affected by numerous 

factors including carcass size (Ponce et al. 2010), carcass density (Smallwood et al. 2010), seasonal 

scavenger abundance and activity (Smallwood 2007, Prosser et al. 2008), geographic heterogeneity 
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(Flint et al. 2010), vegetation type (Kostecke et al. 2001) and weather conditions (Bevanger 1999). As 

a result, the findings are often highly specific to a species, habitat or season (Arnett et al. 2008). 

Search efficiency trials provide the only means with which to estimate the effectiveness of field 

workers (Bevanger 1999). These trials frequently accompany studies quantifying avian collisions, but 

like carcass removal trials they have received some criticism because many studies have not 

investigated the various factors that influence detectability (Stevens et al. 2011). Carcass detection 

by observers can be affected by carcass size (Osborn et al. 2000, Ponce et al. 2010), vegetation type 

and height (Arnett et al. 2008, Stevens et al. 2011), weather conditions (Bevanger 1999) and 

observer experience (Ponce et al. 2010).  

We conducted a joint carcass removal and search efficiency trial in the Hantam Karoo, South Africa, 

in the summer of 2011-2012. This was done specifically to estimate correction factors for an ongoing 

study of the impact of power line collision mortality on Ludwig’s Bustards, which will be the focus of 

future papers. We used two wild geese species as surrogates for the bustards, and investigated the 

factors affecting carcass removal by scavengers and carcass detection by observers. We also 

deployed collections of feathers from dead bustards to assess the rate at which they dispersed, as 

well as their detection probability. Piles of feathers often indicate mortality events, even if the 

carcass has been removed by scavengers (Stevens et al. 2011).  

 

Study area and Methods 

We conducted trials at two study sites in the Succulent Karoo near Calvinia in the southwest of the 

Northern Cape, South Africa. The study area is characterized by homogenous short shrubby 

vegetation on flat to slightly undulating terrain with occasional flat-topped hills (Mucina and 

Rutherford 2006). Free-range sheep farming for wool and mutton is the main agricultural activity 

(Anderson 2002).  

We placed geese carcasses under two stretches of a 66 kV power line on 2-3 November 2011 and 

terminated the trial on 2 February 2012. Site 1 (14 km of power line centered on 31°27.2´S, 

19°38.4´E) was west of Calvinia on the farms Tierhoek and Agterplaas. Site 2 (6 km) was located east 

of Calvinia on Jaagvlakte and Onder-Downes (31°28.5´S, 19°51.3´E). Sites were selected due to their 

proximity to a road to facilitate the placement of carcasses, but all lines were at least 50 m from 

roads.  
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We used 41 Egyptian Geese (Alopochen aegyptiacus) and three Spur-winged Geese (Plectropterus 

gambensis) as surrogates for Ludwig’s Bustards. These geese species are suitable surrogates because 

their size (Egyptian Geese 1.8-2.4 kg, Spur-winged Geese 3.5-5.1 kg) and plumage coloration is 

similar to the target species (Hockey et al. 2005). Wild geese carcasses were favored over farmed 

birds that may have a characteristic odor (Prosser et al. 2008). Geese were refrigerated to prevent 

the onset of decomposition and deployed in the field within 96 hours of being shot. Half of the 44 

carcasses were deployed along 10 km of site 1 on 2 November 2011, with the remaining carcasses 

placed at site 2 and the final 4 km of site 1 on 3 November 2011. This gave a carcass density of 2.1 

km-1 at site 1 and 2.3 km-1 at site 2. These densities are similar to that at which dead bustards are 

detected in the Karoo (2.16 bustards.km-1, range 0.3-5.4 km-1, Anderson 2002). We also simulated 

heavy wire strikes or carcasses that had been removed by scavengers by placing 10 feather piles at 

each site (0.8 km-1 at site 1 and 1.5 km-1 at site 2). Each feather pile consisted of 15 Ludwig’s Bustard 

body and wing feathers (after Stevens et al. 2011).  

Microsoft Excel was used to randomly generate deployment locations relative to the power line, 

according to patterns in collision data for Ludwig’s Bustards obtained from surveys of similar power 

lines (JS unpubl. data). Deployment location was identified by side of the line (equal chance of 

placement north or south), distance from the line (0-10 m with most carcasses within the first few 

meters) and position along span (most at the midspan with decreasing numbers towards the pylons). 

A field technician paced out the approximate distances from the line and visually estimated the span 

sections as these vary in length. The technician wore gloves and rubber boots to prevent tainting the 

carcasses with human scent (Whelan et al. 1994). The location of each carcass and feather pile was 

recorded with a handheld global positioning system (GPS) unit, and they were photographed. 

Vegetation in a 3 m radius circle around the carcass or feather pile was characterized in terms of 

cover and average height (Ponce et al. 2010).  

Scavenger removal trial 

Carcasses were checked daily for the first week after deployment, and on selected days thereafter 

(day 14, 21, 28, 48 and 90), because the majority of disappearances have been shown to occur soon 

after death (e.g. Smallwood 2007, Prosser et al. 2008). During each visit, carcasses were re-

photographed to assess changes in appearance over time. We recorded the intensity of scavenging: 

0 = no visible change in appearance, 1 = several feathers removed and carcass relatively intact, 2 = 

less than half of the carcass flesh consumed or 3 = carcass dismembered or more than half of the 

flesh consumed. Scavenged carcasses were given a spread score from 0-2 to reflect how spread out 
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they had become (where remains staying within 1 m = 0, within 3 m = 1 and >3 m = 2). We recorded 

new locations of moved carcasses with a GPS to calculate displacement distance. A carcass was 

considered absent if fewer than five feathers were located, because feathers can be lost naturally 

and in small numbers are not necessarily evidence of a collision (Ponce et al. 2010). When a carcass 

was taken >15 m from the power line (judged to be the maximum search width), it was considered 

to have been removed, unless there was a carcass trail in which case it was followed to its 

conclusion. Feather piles were checked up to day 28, counting the number of feathers remaining at 

the deployment site. 

Search efficiency trial 

Search efficiency trials were conducted using observers with no knowledge of where geese or 

feather piles were located. Three trials were conducted 1, 48 and 90 days after deployment, to 

assess the effect of carcass deterioration on detection probability. Two observers were used in each 

trial, one naïve observer (with no previous survey experience) and one with experience (>50 km) of 

searching for dead birds (after Ponce et al. 2010). Observers walked at a steady pace (approximately 

3 km.h-1) under the power line and recorded the location of any carcasses and feather piles 

detected. The second observer followed once the first had disappeared from sight. Immediately 

after completion of the trial, any carcasses or feather piles undetected by both observers were 

visited by a field technician not involved in the searches to determine whether they had been missed 

or were absent altogether.  

Data analysis 

All analyses were conducted in R 2.4.1 (R Development Core Team 2008). For carcass persistence, 

we calculated proportions of geese scavenged, moved and remaining after each time interval. For 

searcher efficiency, we performed generalized linear models (GLM) with logit link functions and a 

binary response (i.e. carcass found vs not found) for each searcher efficiency trial (days 1, 48 and 90) 

to investigate carcass and feather pile detection rate differences between naïve and experienced 

observers. The same approach was used to investigate possible differences between detection rates 

of fresh (trial one) and old carcasses (trials two and three), and to establish the factors that 

influenced carcass and feather pile detection by observers. For the first detection trial we included 

vegetation cover, height and carcass/feather pile distance from the power line. For subsequent trials 

we also included the spread of the carcass.  
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Akaike’s Information Criterion corrected for small sample sizes (AICc; Burnham and Anderson 2004) 

was used to select the best model from a set of candidate of models with different explanatory 

variables. Models were considered to provide as good a fit to the data as the minimum model if the 

difference in AICc<2. We also calculated Akaike weights (wi), which present the likelihood of the 

model with given the data, as measure of strength.  

After Bevanger (1995), we calculated an overall bias correction (OBC) factor to account for dead 

birds missed as a result of scavenger activity and observer error:  

 

where carcass persistence probability is the proportion of carcasses remaining after six weeks (given 

regular line checks every three months, the average age of carcasses potentially available to find on 

each check would be six weeks) and detection probability is the proportion of carcasses found by 

observers (averaged across observers). 

 

Results 

Scavenger removal trial 

Scavengers moved or scavenged 23% of carcasses within 24 hrs of placement, 50% after three days 

and 86% within a week; only four carcasses were judged to have remained untouched by vertebrate 

scavengers for the first month. More than half of all carcasses (61%) were moved at some stage 

during this period (maximum observed displacement 83 m following a carcass trail). Only six 

carcasses disappeared (all Egyptian Geese); three on day two, two on day three and one between 

day 14 and 21, and one was moved further than the 15 m search width, giving a scavenger removal 

of 16%. Given the lack of scavenger removals after three weeks, this gives a best estimate of carcass 

persistence of 84% for surveys that occur every six weeks or less frequently. The small number of 

carcasses removed resulted in none of the predictor variables (vegetation cover, average vegetation 

height and carcass distance from the line) contributing significantly to models explaining carcass 

removal. Interestingly, the number of carcasses directly under the power line increased from five 
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(11%) during the initial placement to 11 (29% of remaining carcasses) by the end of the study. It thus 

appears that scavengers tended to move carcasses to the access track beneath the power lines. 

Apart from one feather pile that disappeared in the first day, feathers persisted at all other sites 

until day 28. However, the number of feathers decreased, presumably due to wind and weather. The 

persistence of feather piles was not checked after day 28, but observers only counted three piles on 

day 48 and one on day 90, suggesting that only a small proportion of feather piles continue to be 

recognized as such six weeks after deployment.  

Searcher efficiency trial 

Carcass detection efficiency (i.e. the number of remaining geese found by each observer) was fairly 

consistent throughout the 90-day monitoring period, despite considerable changes in the 

appearance of carcasses over this period (Fig. 1). On average observers located 75% of carcasses (N 

= 44) during the trial on day one, 61% after 48 days (N = 38), and 74% after 90 days (N = 38). There 

was a significant difference between the carcass detection efficiency of experienced (74% overall, N 

= 3) and naïve (overall 65%, N = 3) individuals (P = 0.026). Including the effects of observer 

experience, time since deployment had no effect on carcass detection rate, with an overall average 

of 70% of carcasses detected. Detection of feather piles after one day (63%) was slightly less than 

the initial detection of carcasses. No additional carcasses from power line collisions were recovered 

during the study. 
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Figure 1. Photographs showing the changes in two Egyptian Goose carcasses subject to limited scavenging (A) and extensive scavenging (B) 1, 7, 48 and 90 days after being 

placed in the field. 
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The results from the univariate GLM analyses suggest that the detection of fresh carcasses was 

influenced mainly by vegetation height, with detectability increasing in short vegetation (Table 1). 

However, multivariate GLMs also included vegetation cover and distance from the power line as 

contributory factors (Table 2). As carcasses aged, those that were dismembered (increased ‘spread’) 

had a greater detection rate (Tables 1 and 2). Proximity to the power line and the surrounding 

vegetation height continued to influence detection probability after 48 days, but by the time the 

carcasses were three months old, and mostly reduced to bones and a few wing feathers (Fig. 1), 

distance from the power line was the most important factor (Tables 1 and 2). Both vegetation cover 

and distance from the power line significantly influenced the detection of fresh feather piles (Tables 

1 and 2).  

Table 1. Results of the univariate GLM analyses showing all variables affecting carcass and feather pile 

detectability (significant values highlighted in bold). 

Trial period Object Variable p Estimate 

After 1 day Carcasses Vegetation height 0.033 -0.063 

  Vegetation cover 0.144 -0.024 

  Distance from line 0.329 -0.090 

 Feather piles Distance from line 0.004 -0.607 

  Vegetation cover 0.023 -0.065 

  Vegetation height 0.123  0.056 

After 48 days Carcasses Carcass spread 0.005 -1.023 

  Distance from line 0.005 -0.228 

  Vegetation height 0.008 -0.089 

  Vegetation cover 0.137 -0.028 

After 90 days Carcasses Distance from line 0.037 -0.136 

  Carcass spread  0.081 -0.681 

  Vegetation height 0.197 -0.039 

  Vegetation cover 0.830  0.004 
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Table 2. Summary of the factors affecting the detection of goose carcasses and bustard feather piles selected 

by GLMs ranked by AICc, (only the null model and models with a AICc<2 are presented). 

Model AICc  AICc wi
a 

K
b 

L
c
 

After 1 day: Carcasses 

 Veg height 81.24 0.00 0.322 2 1.000 

 Veg height+Distance 82.12 0.88 0.208 3 0.645 

 Veg cover+Veg height 82.45 1.21 0.176 3 0.547 

 Null Model 84.43 3.19 0.065 1 0.203 

After 1 day: Feather piles 

 Veg cover+Veg height+Distance 27.69 0.00 0.660 4 1.000 

 Veg cover+Veg height 29.60 1.91 0.254 3 0.385 

 Null Model 46.69 19.0 <0.01 1 <0.01 

After 48 days: Carcasses 

 Veg height+Distance+Carcass spread 72.82 0.00 0.511 4 1.000  

 Null Model 90.20 17.4 <0.01 1 <0.01 

After 90 days: Carcasses 

 Distance+Carcass spread  69.83 0.00 0.196 3 1.000 

 Distance  70.41 0.57 0.147 2 0.751 

 Veg height+Distance  71.10 1.26 0.104 3 0.532 

 Veg height+Distance+Carcass spread  71.57 1.74 0.082 4 0.419 

 Null Model 73.08 3.24 0.039 1 0.197 
a
Model weight 

b
Number of parameters 

c
Model likelihood as calculated by wi/wtop. The model with the best AICc, i.e. 0 was considered wtop 

 

Overall Bias Correction 

Combining the carcass persistence rate (84%) and detection probability (65-74% depending on 

observer experience), the overall bias correction factor is 1.61-1.75. This means that periodic surveys 

detect only 57-62% of large birds such as bustards killed in power line collisions in this region of the 

Karoo.  

 

Discussion 

Our experiment confirms that both carcass removal and searcher efficiency affect estimates of the 

number of large birds being killed on power lines based on periodic line surveys in the Karoo. As a 

result, correction factors for these biases should be used in estimating collision mortality of Ludwig’s 

Bustards and other large birds from periodic power line surveys. Feather piles are not subject to 

scavenger action, but they disperse fairly rapidly, presumably due to wind and weather. The results 

suggest that only relatively fresh feather piles are detected during periodic line surveys. 
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The number of carcasses was reduced by scavenger activity, with most carcasses that disappeared 

being lost within a few days of death. Carcass disappearance rates are usually a function of carcass 

size, with large birds (>1 kg) persisting longer than smaller carcasses (Flint et al. 2010, Ponce et al. 

2010). However, the proportion of carcasses persisting (84%) was surprisingly high given the 

diversity of scavengers in the Karoo (Jenkins et al. 2011). Several scavengers capable of removing a 

goose-sized carcass occur in the study area. Farmers identified Black-backed Jackal (Canis 

mesomelas) and Caracal (Caracal caracal) as the main predators of their livestock, usually losing a 

percentage of their lambs to these species.  

Relatively dense placement of carcasses may have contributed to high observed carcass persistence 

under the power lines (compared to low persistence rates of 25-28% observed in recent studies; 

Ponce et al. 2010, Smallwood et al. 2010, Stevens et al. 2011). However, two areas were used and 

the density of geese carcasses was similar to the density of bustards found during surveys 

underneath high voltage power lines in the Karoo (Anderson 2002, see methods for more details), so 

we do not believe scavenger swamping was a factor (Smallwood et al. 2010). The use of surrogate 

species is unlikely to have contributed to the low carcass removal rates, given that the geese used 

were similar in size to Ludwig’s Bustards, and most were heavily scavenged, indicating they were 

palatable. The proximity of roads and daily visits to carcasses by researchers could have affected 

scavenging behavior, but we do not believe this significantly affected our results as the local 

scavengers are familiar with human activity in this region and are often killed on roads, indicating 

that they do not avoid them. 

Another explanation for the high carcass persistence rate might be that the density of larger 

scavengers in the study area has been depressed due to active control measures. Many farmers in 

the Northern Cape control predator populations by setting snares and traps, and there is some 

evidence that this reduction in larger animals may increase densities of smaller scavengers such as 

mongooses through meso-predator release (Lloyd 2007, Blaum et al. 2010). This may increase 

scavenging pressure by animals that are too small to drag carcasses away, but remove sufficient 

meat from a carcass to reduce its value to larger animals. Alternatively, the larger scavengers might 

simply consume most carcasses in situ. The fact that several carcasses were dragged onto the track 

under the power line supports previous suggestions that mammalian scavengers patrol under the 

lines in search of prey (Bevanger 1999), and take prey onto the open track where they can consume 

it more easily and with greater vigilance.  
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Searcher efficiency was lower than carcass persistence rate, with a maximum of 75% of carcasses 

detected during the trials. As shown in other studies (e.g. Wobeser and Wobeser 1992, Philibert et 

al. 1993, Stevens et al. 2011), vegetation height and density as well as distance from the power line 

affected the likelihood that a carcass was detected. Ponce et al. (2010) did not find an effect of 

vegetation height, but this may be because their visibility was very good in an environment with low 

vegetation in a generally modified farmland landscape. While the vegetation in our study area was 

also low, it was perhaps less regular because it was not planted. Carcass age had no significant effect 

on observer efficiency, because the bleached white bones of carcasses after three months kept them 

visible. Despite searching for large carcasses in an open landscape, observer experience still affected 

carcass detection rates. This supports the findings of Ponce et al. (2010), and their conclusion that 

only trained personnel should conduct power line surveys. The average searcher efficiency estimate 

of 65-74% (depending on experience) is within the range obtained in other studies (53-80%; 

Bevanger 1995, Savereno et al. 1996, Ponce et al. 2010). 

Carcasses were easier to locate than feather piles, but the difference in the proportions detected 

after one day (75% vs 63%, respectively) was much less marked than that reported by Stevens et al. 

(2011), who found that observers only located 2% of feather piles compared to more than 50% of 

carcasses after one day. The higher proportion of feather piles detected in our study probably 

resulted from the conspicuous nature of the predominantly white bustard body feathers and the 

large size of the flight feathers. Stevens et al. (2011) used breast feathers from female ring-necked 

pheasants (Phasianus colchicus), which are considerably smaller in size and thus likely harder to 

detect. Feather piles dispersed more rapidly than carcasses were removed by scavengers, and thus 

can only be used to detect fairly recent mortality events.  

Unfortunately, crippling bias could not be included in our OBC factor because there are no available 

data for large Karoo birds. In addition, the trials were only conducted during the summer. This is 

unlikely to have much impact on carcass detection because the vegetation is the same year round, 

but it could affect carcass persistence. Several studies have shown higher rates of scavenger removal 

during the winter (e.g. Prosser et al. 2008, Flint et al. 2010), although this is not always the case (e.g. 

Ponce et al. 2010). As a result, we consider our estimate of the overall bias correction factor to be 

conservative. We suggest that the minimum bias correction factor for large birds such as bustards in 

this region of the Karoo is 1.61 (assuming surveys are conducted by experienced observers), which is 

lower than estimates calculated for large birds in other studies (2.5-3.0; Janss and Ferrer 2000, 

Sundar and Choudhury 2005, Shaw et al. 2010). We are confident that our estimate of observer bias 
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is robust, but additional studies are needed to test the generality of the scavenger bias estimate, 

accounting for potential spatial and seasonal variability in scavenger impacts.  
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Appendix 3: Camera traps reveal high winter scavenging rates under power 

lines in the Karoo 

 

Jessica M. Shaw1, Rona van der Merwe2, Emily van der Merwe2, and Peter G. Ryan1 

1Percy FitzPatrick Institute, University of Cape Town, Rondebosch 7701, South Africa 

2Tierhoek, PO Box 171, Calvinia 8190, South Africa 

 

Abstract 

Avian mortality resulting from collision with overhead wires is a serious conservation problem, with 

the potential to negatively impact populations of large terrestrial birds. The power grid in South 

Africa is extensive, which has raised concern about the threat posed to the collision-prone Ludwig’s 

bustard (Neotis ludwigii). Calculating accurate mortality rates for this species is difficult, with 

periodic carcass searches on power lines likely to underestimate true rates. Removal of carcasses 

between searches is a major biasing factor, so a winter scavenger experiment was conducted in the 

Hantam Karoo to ascertain scavenging rates. Camera traps were used to monitor the fate of 15 

Egyptian goose (Alopochen aegyptiaca) carcasses deployed as surrogates for collision victims. A 

range of avian and small mammalian scavengers fed extensively on 12 of the geese in situ, and while 

wary of the cameras, Cape foxes (Vulpes chama, n=7) and a domestic cat (n=1) removed eight 

carcasses. Scavenging intensity was high, with all geese scavenged within a week, and 60% unlikely 

to be found by searchers over a normal search interval of 3 months. This contrasts with previous 

records of low summer removal rates at the same site, highlighting the importance of calculating 

seasonal bias correction factors. Camera traps were useful to document scavenging behaviour and 

to identify the scavenger guild in this area.  

 

Keywords 

Camera trap, scavenger bias, collision mortality, Karoo, Neotis ludwigii, power line 
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Introduction 

Bird mortality from collisions with power lines and other aerial wires is a global conservation 

problem (Bevanger 1998; Jenkins et al. 2010). Millions of birds are thought to die annually this way, 

but calculating accurate mortality figures is extremely difficult (Erickson et al. 2005; Drewitt & 

Langston 2008). Mortality rates are normally estimated from periodic carcass searches along 

representative sections of power line, but alone these can give misleading underestimates of true 

rates (Ponce et al. 2010). Several bias factors should be taken into account to allow for carcasses 

missed through removal by scavengers or decomposition (scavenger bias), varying levels of observer 

efficiency and different habitat types (search bias and habitat bias) and birds that die away from the 

search area (crippling bias; Bevanger 1999).  

In South Africa, the power grid is extensive and expanding, with approximately 350 000 km of line 

already in place (www.eskom.co.za). These power lines pose a threat to several large terrestrial bird 

species (e.g. Shaw et al. 2010; Boshoff et al. 2011). Of particular concern is the near-endemic 

Ludwig’s bustard (Neotis ludwigii), which is extremely susceptible to collision because of its large 

body size, poor manoeuvrability in the air and migratory nature (Allan 2005; Jenkins et al. 2010). 

Extrapolation of uncorrected collision rates for this species on high voltage power lines across its 

Karoo range suggests that a minimum of 8,600 (95% CI 5,300–11,900) birds are killed annually 

(Jenkins et al. 2011).  

Bias correction figures are necessary to better understand the impact this level of collision mortality 

may have on the Ludwig’s bustard population, so preliminary scavenger and search bias experiments 

were conducted in the Hantam Karoo in summer 2011 (Schutgens et al. in prep.). Using Egyptian 

(Alopochen aegyptiaca) and spur-winged geese (Plectropterus gambensis) as surrogates for birds 

killed by collisions, only 16% of carcasses were removed, although most were scavenged in situ 

(Schutgens et al. in prep.). However, scavenger bias may vary seasonally (Prosser et al. 2008; Flint et 

al. 2010), so in this study, we repeated the experiment at the same locality in winter. We also used 

motion-activated camera traps to learn more about the identity and behaviour of the scavenger 

guild in the study area. Camera traps have been successfully used to monitor carcass removal 

experiments in North America (e.g. Bumann & Stauffer 2002, Kostecke et al. 2001; Smallwood et al. 

2010).  
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Methods 

We conducted scavenger removal trials on the farm Tierhoek (31°28S, 19°40E), approximately 10 km 

west of Calvinia in the arid Hantam Karoo. The main land use in this region is extensive livestock 

farming. The landscape is flat to slightly undulating with some flat-topped hills, and is characterised 

by dwarf shrub vegetation (Mucina & Rutherford 2006). The main stock on Tierhoek is Merino sheep 

(Ovis aries), which have a concentrated lambing season. Apart from stray dogs (Canis familiaris), 

predators are not controlled, and stock losses are minimised by keeping sheep at relatively low 

densities and moving them between camps in response to predator activity, and by maintaining 

breeding springbok (Antidorcas marsupialis) across the farm. 

Egyptian goose carcasses were deployed under a 66 kV power line, in the same area where 

Schutgens et al. (in prep.) deployed most of their geese carcasses in November 2011. The geese had 

been shot as agricultural pests and were frozen shortly after culling. They were stored frozen for less 

than 1 month, then defrosted 24 hrs before deployment. Wild Egyptian geese were used for these 

trials as they are good surrogates for Ludwig’s bustard carcasses, of similar size and plumage 

colouration, and without odours associated with farmed birds (Smallwood 2007; Prosser et al. 2008). 

Five geese were deployed at a time, with each monitored by a motion-activated camera trap 

(Bushnell Trophy Cameras, model 119436). The cameras were attached approximately 0.4 m off the 

ground to pylons or nearby fence posts, and operated both day and night, using infra-red flashes to 

record nocturnal activity. When triggered, the cameras were set to take 2 photos every 10 seconds.  

The geese were deployed over approximately 8 km of power line, with three trials run consecutively 

from 3-7 July, 8-12 July and 12-14 July 2012. Different pylons were used in each trial, and the 

densities of geese, which were regularly spaced, were 1.20, 1.44 and 0.68 per km in the three trials. 

We did not consider these densities to be excessive, being in the range of uncorrected Karoo 

collision rates observed for Ludwig’s bustards (Jenkins et al. 2011). Trials were started in the 

afternoon, with camera batteries and memory cards changed daily for 3-5 days. The quality of data 

obtained varied among cameras, with some cameras fogging up in wet weather and memory cards 

occasionally filling up when triggered by moving vegetation. As a result, we did not obtain complete 

scavenger coverage and thus could not compare the number of visits to different geese carcasses.  

A final check on the presence and condition of each carcass was made on 19 July, 7-16 days after 

deployment. If present at this check, scavenging intensity was scored following Schutgens et al. (in 

prep.) as none (no visible change in appearance), light (several feathers removed and carcass 

relatively intact), moderate (less than half of the carcass flesh consumed), heavy (carcass 
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dismembered or more than half of the flesh consumed), or removed if there were < 5 feathers and 

the carcass, if it remained, was >20 m from the power line (on standard surveys the area searched is 

about 15 m wide; no bustards have been found beyond this without additional feather evidence 

under the line (J.Shaw unpublished data)).  

The Hantam Karoo normally experiences peak rainfall and a high incidence of frost during winter 

(Mucina & Rutherford 2006). The conditions during the experiments were cold (temperature ranged 

between -2.9 and 19.8°C, -2.1 and 19.1°C and -4.4 and 10.1°C during the three trials, respectively) 

with some rain overnight on 8 and 9 July (South African Weather Services, unpublished data). 

 

Results 

The cameras recorded a variety of visitors to the geese (Table 1, Figure 1). The domestic cat and 

Cape foxes removed carcasses from the vicinity of the camera immediately, whereas all other 

scavengers consumed geese in situ (Table 2). At least some of the Cape and bat-eared foxes seemed 

to be aware of the cameras triggering, with one Cape fox abandoning its investigation of a carcass. 

Pale chanting goshawks, yellow and small grey mongooses, and pied crows were observed 

scavenging for the longest periods of time, spending approximately 7, 5, 9 and 4 hours respectively 

on specific carcasses, sometimes over several days (e.g. Ryan et al. 2012).  

Table 1. Animals photographed scavenging or investigating geese carcasses in the Hantam Karoo. 

Species Removed Scavenged Interested 

Cape fox (Vulpes chama) x 

Domestic cat (Felis catus) x 

Verreaux's eagle (Aquila verreauxii)  x  

Pale chanting goshawk (Melierax canorus)  x  

Cape crow (Corvus capensis)  x  

Pied crow (Corvus albus)  x  

Yellow mongoose (Cynictis penicillata)  x  

Small grey mongoose (Galerella pulverulenta)  x  

Striped polecat (Ictonyx striatus)  x  

Domestic dog (Canis familiaris)   x 

Bat-eared fox (Otocyon megalotis)   x 

Porcupine (Hystrix africaeaustralis)   x 

Sheep (Ovis aries)   x 

Human (Homo sapiens)   x 

Karoo chat (Cercomela schlegelii)   x 
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Figure 1. Camera trap images of typical scavengers feeding on geese carcasses during the winter scavenger 

experiment in the Karoo (clockwise from top left: yellow mongoose, striped polecat, Cape crows and Cape fox), 

with nocturnal images taken with infra-red flash. 

All the carcasses had been scavenged to some extent within a week of placement, with most activity 

during the first few days (Figure 2). However, not all scavengers started to eat the geese on first 

discovery. The time to first detection by a scavenger (Table 1) and first scavenging event increased 

over the three trials (Table 2).  
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Table 2. Fate of 15 geese carcasses in three removal trials with time to first detection by a scavenger, time to 

first scavenging event, main scavengers recorded on camera or suspected (?), as well as carcass condition at 

the final check with presence of feather evidence at the original site, and state and position of carcass relative 

to pylon. 

Trial 

Time to 

first 

detection 

Time to first 

scavenging 

event 

Main scavengers 

Final 

scavenged 

state of 

carcass 

Feathers 

at original 

site 

Final 

displacement 

of carcass 

1 46 mins 46 mins Domestic cat Gone   

 18 hrs 18 hrs 
Verreaux’s eagles, pale 

chanting goshawks 
Heavy X 8 m 

 14 mins 17 mins 
Pale chanting goshawks, 

Cape fox 

Only 

feathers 
X 50 m 

 12.5 hrs 12.5 hrs Cape fox Gone   

 16 hrs 16 hrs 
Crows, yellow mongoose, 

?Cape fox 
Heavy  50 m 

2 24 hrs 24 hrs 
Pied crow, Cape fox, 

striped polecat 

Only 

feathers 
X 20 m 

 46 hrs 4 days ?Avian Light  2m 

 2 hrs 23 hrs 
Yellow mongoose, Cape 

fox 
Heavy  40 m 

 6 hrs 6 hrs Cape fox Heavy  50 m 

 2 days 2 days Cape grey mongoose Gone   

3 >2 days >2 days ?Avian Moderate  0 m 

 >5 days >5 days ?Cat Heavy X 10 m 

 31 hrs >2 days ?Mongoose Moderate X 10 m 

 30 hrs >2 days ?Fox Heavy X 20 m 

 >2 days >2 days ?Mongoose Moderate X 6 m 

 

Following normal power line searching methodology, we would have located 8 of the 15 carcasses at 

the time of the final check in this experiment and consider the others to have been removed (Table 

2). However, feather remains disperse quickly and are unlikely to persist over a normal search 

interval of 3 months (Stevens et al. 2011; Schutgens et al. in prep). Unfortunately, these trials were 

conducted over a relatively short time period, but most scavenging is likely to occur in the first few 

days (Smallwood 2007). If we assume that non-feather remains are not further dispersed there 

would likely be just 6 of the 15 carcasses left for searchers to locate in a 15 m search corridor. This 

gives a minimum winter scavenging bias of 60% (Bevanger 1999). 
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Figure 2. Cumulative proportions of carcasses discovered by scavengers (solid circles) and carcasses first 

scavenged (hollow circles) over the first week of this winter trial, and cumulative proportion of carcasses first 

moved or scavenged by vertebrates (grey line with triangles) during a summer trial (Schutgens et al. in prep.). 

 

Discussion 

In comparison with the summer scavenger trial at this site (Schutgens et al. in prep.), similar 

proportions of geese were scavenged over the first week (Figure 2). However, twice as many geese 

were scavenged during the first two days, and overall scavenging intensity and removal rates were 

much greater. At the end of our study, 7-16 days after deployment, only 7% of goose carcasses were 

unscavenged or lightly scavenged, 20% were moderately scavenged and 73% heavily scavenged or 

removed (Table 2); comparative figures after 14 days in summer were 32%, 23% and 45%, 

respectively (M. Schutgens unpublished data). Therefore, winter scavengers appear to be making 

more immediate and extensive use of the carcasses. All recorded scavengers are resident in the 

region, so this increased scavenging intensity may be because other food sources are less abundant 

(e.g. insects and fruits), and cold conditions increase energetic requirements (Schmidt-Nielsen 1990). 

At the time of the experiment, the breeding seasons of many of the avian scavengers had started 

(Hockey et al. 2005), potentially increasing their energetic demands.  
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However, at a finer scale it seemed that colder temperatures reduced scavenging activity within the 

three winter trials. Scavenging peaked during the first trial, which commenced on a warm day 

(maximum air temperature 19.3°C), and was least in the third trial, which started during a cold snap 

(maximum 5.2°C). Scavenging activity was intermediate in the second trial, which started in cool, 

wet weather. Air temperature has previously been reported to affect scavenging, with cold weather 

reducing scent dispersal and scavenger activity (Bumann & Stauffer 2002). The declining interest 

among scavengers with successive trials could be evidence of scavenger swamping (Smallwood 

2007), which occurs when the number of carcasses exceeds the capacity of scavengers to process 

them. Alternatively, the timing of the wet and cold weather at the start of trials 2 and 3 could have 

affected scavenger behaviour and resulted in lower foraging effort at these times. The second 

explanation appears more likely, as all carcasses were eaten in the days following the trials. Thus 

although scavenging activity overall is greater in winter, it might peak during warmer spells.  

The camera traps were extremely useful in identifying scavengers as well as documenting the rate of 

carcass detection. Generally they did not appear to affect scavenger behaviour, with just one 

abandoned scavenging attempt by a Cape fox recorded (cf. Smallwood et al. 2010), but this goose 

was removed by a fox 24 hrs later. Crows and pale chanting goshawks began scavenging within 17 

mins of carcass placement, indicating that avian scavengers may watch for collision victims. At least 

nine birds and mammals were observed scavenging from the geese carcasses (Table 1). Most were 

well known scavengers, but carrion is seldom recorded in the diet of the striped polecat. Skinner and 

Smithers (1990) don’t mention carrion in the diet of this species; indeed the only record we could 

find of it occasionally scavenging was in Shortridge (1934). A notable difference between the 

summer and winter trials was the impact of invertebrate decomposers, which compete with 

vertebrate scavengers for carrion (DeVault et al. 2003). They were common in the first week of the 

summer trial, being present on 66% of carcasses after the first week (M. Schutgens unpublished 

data), but they were not observed in winter. This was presumably due to the cold conditions and the 

speed with which carcasses were consumed by vertebrate scavengers.  

The diurnal scavengers typically were too small to move carcasses far, and thus the time of carcass 

deployment might affect persistence times if heavy scavenging by diurnal scavengers makes 

carcasses less attractive to larger, nocturnal scavengers. Most carcasses removed by scavengers 

were carried off by Cape foxes, which took at least 7 of 15 geese. Black-backed jackals (Canis 

mesomelas) are commonly reported to be major predators of livestock in the Karoo, and we were 

surprised not to photograph this species, although they are subject to active control measures 

throughout much of the Hantam district. The impact of Cape foxes could have been inflated as a 
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result, given that fox numbers may increase where jackal numbers are low (Kamler et al. 2012). 

Although the foxes were largely responsible for dragging geese outside of the power line corridor, 

avian and small mammalian scavengers were remarkably effective in consuming carcasses in a short 

space of time.  

Scavenger and search bias are considered the most important biases in calculating accurate collision 

rates (Prosser et al. 2008; Ponce et al. 2010). The Karoo environment is generally open with low 

vegetation, so as long as trained observers are used, it is unlikely that the search or habitat bias 

would change significantly throughout the year. As has been found in other areas (e.g. Flint et al. 

2010), scavenging rates in the Hantam Karoo varied seasonally, with winter scavengers quickly 

removing a large proportion of carcasses. We also observed this pattern in power line surveys 

conducted at the same time as the winter scavenger experiment. Over 95 km of power line, we 

found the remains of 11 Ludwig’s bustards, but all were just feathers and there was only enough 

evidence for seven to be counted as certain collision victims. On the summer surveys of these lines 

in December 2011 and April 2012 we found a total of 10 bustard carcasses, only one of which was 

represented by just feather remains (J. Shaw unpublished data). It thus appears that taking seasonal 

scavenger biases into account is important in calculating accurate mortality rates on Karoo power 

lines. However, it would be prudent to test the generality of scavenging rates across the region, as 

they are likely to be site specific differences linked to local variation in levels of predator control and 

prey availability.  
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