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Summary

Studies on vultures are on the rise, and just as well given the sharp declines in nnany of 

the 23 species. Indeed it seems these population crashes are responsible fo r this research 

boost. However, there remain obvious gaps in our knowledge when it comes to the world's 

only terrestria l example of vertebrate obligate scavengers. It has been suggested tha t a 

human aversion to carrion is one of the reasons scavengers are reviled by the public and 

understudied by science. Broadly, the following body of work is an a ttem pt to fill in some 

o f these gaps. To achieve this I use a variety of methods and look at a range o f species. 

I s ta rt by giving a description of the impressive ranging abilities of one species, the Cape 

Vulture, in Southern Africa, and identify causes of variation in these home ranges. I then 

move to Kenya where I identify a producer-scrounger game occuring between the Gyps 

vultures and scavenging eagles of the area. I use a suite of empirical data and modelling 

approaches to show vultures use eagles in identifying the location of carcasses. The 

results of which underscore the importance o f ecosystem-level management. Then in 

chapter 3, I collect data on the food required by the avian scavenging guild of Swaziland 

and use a novel method, namely population dynamics P systems, to ascertain if the wild 

fauna of the country can meet this need. Although suffic ient fo r the tim e being carrion will 

soon become lim iting and 1 advocate the creation o f supplementary feeding sites in the 

country to counter this. Finally, 1 visit the Cretaceous Period where I use my understanding 

of modern day carrion ecology to explore a putative scavenger in Tyrannosaurus rex. the 

infamous carnivorous dinosaur. A proposed hypothesis that T.rex took on more carrion 

in its diet across ontogeny is shown to be false owing to the huge cost of m ovement as 

the animal grew.
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chapter 1

General in tro d u c t io n

1.1 The biology of scavengers

Foraging fo r food is a primary concern for animal life (Danchin et al., 2008) w ith the diet 

of a species often apparent from  its morphology. Consider carnivorous animals that, in 

general, have to find, stalk and kill their prey. Take the example o f a cheetah which has 

a series o f adaptations that speak to its carnivorous lifestyle such as its canine teeth, 

agility and acceleration (Bissett and Bernard, 2007). We would expect obligate scavengers, 

that are completely dependent on carrion resources, to be unusual in their adaptations 

because, while they too have to be able to consume flesh, they have no need to hunt 

or subdue prey. Rather, they must cover an area large enough to encounter a suffic ient 

num ber o f carcasses which are, by the ir very nature, patchily distributed.

As a group, scavengers are understudied (Sekercioglu, 2006; Selva and Fortuna, 2007; 

Wilson and Wolkovich, 2011). DeVault et al. (2003) propose that this is due to both human 

disgust at carrion itse lf and the d ifficu lty  in determining if an ingested prey item was killed 

or scavenged. It is now recognised that scavengers have an im portan t role in keeping 

energy flows at a higher trophic level in food webs than decomposers because they 

consume relatively more carrion (DeVault et al., 2003). (Here I consider decomposers 

as invertebrates and microorganisms whereas scavengers are typically vertebrates,) Scav­

engers also provide useful ecosystem services by acting as barriers to the spread of 

disease by quickly consuming rotting carcasses which have often died from  contagious 

illness (Ogada et al., 2012a; DeVault et al., 2003).

Although many terrestrial and marine predators scavenge to some extent (Britton and 

Morton, 1994; DeVault et al., 2003; Ruxton and Houston, 2004a) the rarity of modern day 

obligate scavengers in the animal kingdom suggests this is a specialised niche to occupy 

(Ruxton and Houston, 2004a,b). DeVault et al. (2003) argue tha t com petition between 

scavengers and decomposers acts as the barrier to fully obligate scavenging owing to the 

high costs involved in detecting and detoxifying carrion. Certainly, scavengers need to be 

effic ient at finding carrion soon after it has been produced (i,e. a fter the death o f the 

animal from  whatever cause) because toxic "products of decomposition" will render the

1
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flesh inedible with tim e (DeVault et al., 2003). The problem o f decomposing resources 

is also fe lt by herbivores tha t have to contest with the microbes that spoil fru it in an 

e ffo rt to monopolise it (Ruxton et al., 2014). Some studies have looked at the theoretical 

possibility of obligate scavenging in species from  ecosystems in the recent and ancient 

past (Ruxton and Wilkinson, 2013: Ruxton and Houston, 2004b, 2003: Carbone et al., 

2011), the latter being particularly revealing of the sorts o f species that could inhabit 

the niche in the absence o f vultures. For example, an energetics approach concluded 

the carnivorous dinosaur Tyrannosaurus rex could have existed as an obligate scavenger 

(Ruxton and Houston, 2003).

Indeed, the convergent groups of Old and New World vultures are the only representa­

tives to inhabit this niche today (Houston, 2001). These birds have a suite of adaptations 

tha t allow them to flourish as obligate scavengers. Their efficiency is illustrated by cases 

o f predators like bears and wolves benefiting by taking more carrion in their diet in 

areas bereft of vultures through com petitive release (DeVault et al., 2003). In flight, birds 

possess a huge advantage over any terrestria l obligate scavenger. Flight affords them the 

ability to range over a much larger area and detect carrion from  an elevated vantage point. 

Pennycuick (1972) conservatively estimated tha t a Gyps vulture could identify activ ity at 

a carcass 4 km away. Further, vultures take advantage o f soaring in thermals (Mundy 

et al., 1992). This economical means o f locomotion, whereby the birds circle around 

pockets of hot air which provide uplift, allows them to cover huge distances at a low 

energetic cost (figure 1.1). At large body masses flapping flight is prohibitively expensive 

in energetics terms (Hedenstrom, 1993). These advantages underscore the importance of 

the environment, in this case an aerial one, in enabling a scavenging lifestyle. Relative to a 

terrestria l setting, both locomotion and resource detection are easier fo r aerial scavengers 

(Tucker, 1975: Ruxton and Houston, 2004b).

Ruxton and Houston (2004b) argue tha t large body size is another adaptive response 

to scavenging. Cinereous Vultures {Aegypius monachus) and condors (Vultur gryphus, 

Gymnogyps californianus) all have body masses that can exceed 10 kg and represent some 

of the heaviest bird species capable o f flight (Ferguson-Lees and Christie, 2001: Donazar 

et al., 2002). Many of the other 23 species of vulture are at the upper end of the scale 

in term s of body mass (Ruxton and Houston, 2004b). As carrion generally occurs in large 

’packages’, bigger birds can stock up and create body reserves which will benefit them 

during times of insufficiency. Large body mass also confers dominance advantages during 

agonistic interactions (Kruuk, 1967; Kane et al., 2014).

Social behaviours have been theorised as fu rthe r adaptations to improve foraging

2
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efficiency because they allow for active and passive information transfer (Dermody et al., 

2011; Wakefield et al., 2013; Moleon et al., 2014). Many vulture species, notably those in 

the genus Gyps, display social behaviours such as communal nesting and group foraging 

(Mundy et al., 1992). By nesting communally the birds are concentrated in space so 

at the start of the foraging day they will form foraging groups. This may lead to local 

enhancement effects such that one bird will follow another that descends to a carcass 

(Dermody et al., 2011).

Some of these adaptations mean vultures are incapable of killing prey themselves; for 

instance their wing morphology renders them far less agile than a raptorial counterpart 

(Ruxton and Houston, 2004b). The selective pressures that push mammals and reptiles 

towards scavenging do not seem to undermine their ability to hunt in the same way, per­

haps explaining the absence of obligate scavengers in these groups (Ruxton and Houston, 

2004b).

3



chapter 1

CN

•  *

o

CM
I

1.0 1.5 2.0 2.5 3.0 3.5 4.0

log body mass (g)

Figure 1.1; Comparative home range of birds (107 species from 11 orders), with Gyps vultures 
highlighted in red, non Gyps vultures in black and all other species in grey. The vulture 
species are Gyps corprotheres, Gyps fulvus, Aegypius monachus, Cathartes aura, Gypaetus 
barbatus. Gyps bengalensis, Gyps tenuirostris and Neophron percnopterus. Home range was 
calculated using minimum convex polygon methods. Data are log transformed (Peery, 
2000; Garcla-Ripolles et al., 2011; Gilbert et al., 2007; Kruger et al., 2014; Vasilakis et al., 
2005; Dwyer, 2010; Donazar et al., 1996; Stroem and Sonerud, 2001; Buenestado et al., 
2008; Gilbert et al., 2005; Nesbitt and Williams, 1990; Pejchar et al., 2005; Springborn and 
Meyers, 2005; Elchuk and Wiebe, 2003; Rhim, 2006; Legagneux et al., 2009; Rolando, 1998; 
Hoffman, 1991; Dreitz et al., 2005; Hansbauer et al., 2008; Garza et al., 2005; Vega Rivera 
et al., 2003; Stober and Krementz, 2006; Novoa et al., 2006; Holbrook, 2011; Fearer, 1999; 
Brandt and Cresswell, 2008; Giesen and Braun, 1992).

1.2 Conservation status

Avian scavengers represent an ecologically im portant guild that has suffered severely 

from the effects of anthropogenic change (Ogada et al., 2012b) which is not helped by 

our ignorance of the group. The importance of vultures to ecosystem functioning is 

best illustrated by the sudden collapse of their numbers in the Indian subcontinent. By 

feeding on the carcasses of drug-treated cattle, the vultures were poisoned en masse by 

diclofenac (Oaks et al., 2004). Their absence led to an increase in feral dogs and a resultant

4
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spike in rabies’ incidence among humans (Markandya et al., 2008). Aside from  poisoning, 

both targeted and incidental, vultures are endangered by wind turbines, e lectric ity pylons, 

habitat destruction, food loss and poaching (Monadjem et al., 2003: Virani et al., 2011; 

Martin et al., 2012). Despite these threats they have proved to be an adaptable group, 

illustrated by their willingness to feed on the carrion o f domesticated animals (Mundy 

et al., 1992) and their use o f electricity pylons as roosting locations which has caused 

an expansion in their range (Phipps et al., 2013b). Efforts at conserving vultures look to 

increase the availability of food (Piper, 2005), rehabilitate injured individuals (Monadjem 

et al., 2014), prevent the spread of poisons (Green et al., 2004), increase public awareness 

o f the group's function etc. (Monadjem et al., 2004). However, the effect o f implementing 

these strategies remains poorly understood (Monadjem et al., 2014). We can take solace 

in the recent spike in research on vultures which has been brought about by high profile 

population crashes like tha t of India (Koenig, 2006). Hopefully, such catastrophes won’t 

be necessary to keep biologists focused on this group in the future,

1.3 Research outline

This thesis draws on a wealth of data collected by field researchers in Africa to answer 

questions on the foraging ecology of Gyps vultures, moving from individual based methods 

to a study of population dynamics. The possibility of obligate scavengers in past ecosys­

tems is an interesting area because it reveals the adaptations that perm it an animal to 

exist in the niche. As such I use some of the theory and methods from  my previous work 

in describing the feeding ecology of Tyrannosaurus rex whose predatory tendencies have 

been called into question.

C hapter 2: In order to effectively conserve species we must know the extent o f their 

home range and how this can vary across time. Here I describe the home range of 29 

Cape Vultures caught, released and tracked in southern Africa. My analysis shows the 

species range significantly fa rther as immature birds and, as adults, are constrained by 

the breeding season. Such variation means there is no easy solution to conservation 

e fforts like supplementary feeding sites which need to be tailored to cater fo r all life 

stages.

5
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Chapter 3: As social birds, vultures often rely on each other to find food. They 

frequently follow the descent of another individual in the hope that it has discovered a 

carcass. In a Kenyan study site, I show tha t vultures also take cues from  scavenging eagles. 

I propose tha t the eagles are used by the vultures in two ways: firs t they act as indicators 

o f the presence of food; and second the eagles can tear open the hide of a carcass with 

the ir relatively stronger beaks, providing a resource that would otherwise be much more 

d ifficu lt fo r the vultures to access. In each case the larger vultures can then displace 

the eagles through com petitive dominance and monopolise the remaining food. These 

newly identified social interactions among different species highlight the vital importance 

o f applying integrated management strategies to conserve endangered vulture species.

Chapter 4: Carrion ecology, the fate of animal carcasses, is a crucial component of 

every ecosystem. Mismanagement can lead to environmental disasters, m ost notably 

the decimation of Asian vulture populations which fed on the carrion o f drug-treated 

cattle. Here, I provide data on the carrion ecology of an ecosystem in Swaziland and 

predict the fu ture trends o f its vulture populations. Using novel methods I show that, 

despite a closure in supplementary feeding sites, these species have enough food from 

wild carcasses to survive. But only for the tim e being. Therefore, 1 recommend a dedicated 

vulture restaurant initiative to ensure the population survives.

Chapter 5: The feeding ecology o f Tyrannosaurus rex has long been debated with 

d istinct ’predator versus scavenger’ camps. I move away from  this polarised debate and 

explore the effect o f the drastic ontogenetic morphological changes the animal underwent. 

Specifically, I ask whether these changes resulted in it incorporating ever more carrion 

in its diet. To address my question I created an individual-based model based on the 

energetics of its movement and the amount o f carrion available at the tim e only to find 

that the reverse is true. The cost of movement meant searching for patchily-distributed 

carrion became prohibitively expensive as T.rex grew. Instead, my results suggest the 

dinosaur switched from  small prey items to more cumbersome, armoured species as it 

developed into its robust adult form.

6
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1.4 Additional work

In addition to the chapters enclosed in this thesis, I have also been involved in the following 

research during my studies:

Healy, K., Finlay, S., Guillerme, T., Kane, A., Kelly, S., McClean, D., Kelly, D., Donohue, 
I., Jackson, A .L, & Cooper, N. (2014). Ecology and m ode-of-life explain lifespan variation 
in birds and mammals. Proceedings of the Royal Society B: Biological Sciences 281.1784: 
20140298.

I was involved with the conception, data collection and write-up of this paper.

Wakefield, E.D., Bodey, T.W., Bearhop, S., Blackburn,]., Colhoun, K., Davies, R.. Dwyer, 
R.G., Green,]., Gremillet, D.,Jackson, A.L,Jessopp, M.J., Kane, A., Langston, R.H.W., Lescroel, 
A., Murray, S., Le Nuz, M., Patrick, S.C., Peron, C., Soanes, L , Wanless, S., Votier, S.C., & 
Hamer, K.C. (2013). Space Partitioning W ithout Territoria lity in Gannets. Science. 341, 68- 
70. doi: 10.1126/science.l236077

I took the lead in developing the individual based models fo r this paper and taught one 

o f the lead authors (TWB) about the method, working closely with him in developing a 

suitable model for the gannet system.

Monadjem, A., Wolter, K„ Neser, W., & Kane, A. (2013). Effect o f rehabilitation on 
survival rates of endangered Cape vultures. Animal Conservation, doi: 10.1111/acv.l2054

I was again involved in the data analysis and write-up of this manuscript and forged some 

links with two vulture conservationists based in South Africa.

Monadjem, A., Kane, A., Botha, A., Dalton, D., & Kotze, A, (2012), Survival and Popula­
tion Dynamics of the Marabou Stork in an Isolated Population, Swaziland. PloS one, 7(9), 
doi: 10.1371/journal.pone.0046434

1 was involved in the data analysis and write-up of this manuscript. This was my firs t full 

peer-reviewed paper.

Kane, A. (2012). A suggestion on improving mathematically heavy papers. Proceedings 
o f the National Academy of Sciences. 109(45) E3058-E3059. doi: 10.1073/pnas.1212310109

This letter was a response to an article highlighting the divide between theoretical and 

empirical biologists owing to d ifferent competencies in mathematics.
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2.1 Abstract

Identifiying the areas animals use and how this varies across tim e is vital to conservation 

efforts  esepcially in the case o f wide-ranging vultures tha t traverse over international 

borders. Here we conducted a large scale analysis o f the movement ecology of 29 Cape 

Vultures (Gyps coprotheres) tha t were tracked for an average of 311 days over Southern 

Africa. We describe differences in home range size between adults and immatures as well 

as seasonal variation. We show that, in line with smaller scale studies, immature birds 

have larger home ranges than adults. This is likely due to strong com petition at feeding 

sites near colonies and the constra int on adults o f having dependent-young. There is 

also a significant e ffect o f seasonality such that adult birds have smaller home ranges 

during the dry season. This is also likely a result o f breeding birds being constrained by 

the ir nests as well as increased food availability provided by higher ungulate death rates. 

We discuss the conservation implications o f these results with special mention given to 

vulture restaurants. We advocate the use o f both frequently stocked restaurants close to 

colonies to benefit adults and infrequently stocked sites farther away from  colonies for 

the benefit o f immature birds.
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2.2 Introduction

The Cape Vulture (Gyps coprotheres) is a large (9 kg), obligate scavenging vulture known 

from  southern Africa (Mundy et al., 1992). It is lUCN red listed as vulnerable with a declining 

population. Given the ir longevity and low reproductive output (clutch size is rarely more 

than one) Cape vultures are very sensitive to reductions in their survival rates (Phipps et al., 

2013b; Monadjem et al., 2014). The bird is known to be a wide-ranging species (Bamford 

et al., 2007), Indeed Gyps vultures (Monsarrat et al., 2013) have a much larger home range 

than tha t o f closely related members of the Accipitriform es (Peery, 2000) owing to their 

dependence on patchily distributed carrion (Ruxton and Houston, 2004b). Such large home 

ranges make conserving these species a challenging task given that they may fly over 

many countries with d iffe rent agendas pertaining to wildlife management (Lambertucci 

et al., 2014). Seasonal and ontogenetic differences in home range have been illustrated 

before in Gyps vultures (Monsarrat et al., 2013; Phipps et al., 2013b). This is significant 

because specific life stages can have a disproportionate impact on the population growth 

rate, with the adult stage being m ost sensitive in the case of the Cape vulture (Monadjem 

et al., 2012, 2014).

As such, the identification o f home range is of great importance in conservation 

efforts, especially in recognising tha t home ranges are not static over either long or short 

periods (Burt, 1943). Here we define home range as "that area traversed by the individual 

in its normal activities of food gathering, mating, and caring for young" (Burt, 1943). We 

used a large dataset o f GPS tracked individuals, to test two intuitive predictions. First, we 

expected tha t the home range o f immature birds would be larger than that of adults due 

to adults being constrained by the ir young (Mundy et al., 1992), the com petition suffered 

by immature birds at feeding sites near colonies which forces them to forage fa rther afield 

and, the larger body mass of adults which can hamper ability to take o ff (Robertson and 

Boshoff, 1986; Mundy et al., 1992). This is in line with previous studies based on fewer 

individuals (Mundy et al., 1992; Bamford et al., 2007; Phipps et al., 2013b). Secondly, we 

hypothesised that adults would have a smaller home range during the breeding season 

compared to the non-breeding season, again because they have dependants as well as 

poor flying conditions during this period (Mundy et al., 1992; Monsarrat et al., 2013). The 

breeding season also coincides with the dry season for Cape vultures, this is a period 

during which the ungulates suffer an increased death rate and provide more carrion to 

the scavengers (Mundy et al., 1992). This is another factor that could reduce the home 

range of the birds given that they would encounter food more often during this period.

10
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Elucidating the movement ecology of these birds at d ifferent times, both seasonal and 

ontogenetic, is im portant because vulture conservation e ffo rts  frequently make use of 

long-term supplementary feeding sites (Gilbert et al., 2007). The benefits these sites may 

have could be maximised by knowing when the birds will most often avail of them and 

which life stages (Monsarrat et al., 2013).

2.3 Methods

In total, we analysed the movements of 29 Cape Vultures. These birds were captured 

by VulPro, a vulture conservation organisation, at trapping localities in South Africa using 

a walk-in trap (Diekmann et al., 2004; Phipps et al., 2013b). See Phipps et al. (2013b) 

for details of their capture and release. Seven of these individuals have been used in a 

previous study investigating the effects of power lines on Cape Vulture movements (Phipps 

et al., 2013b). The birds were separated into adult (> 5 years) and immature (< 5 years) 

categories (?) (Table 2.1). The sex of every bird was not known so we could not include 

it as an explanatory variable for home range variation: however it should be noted that 

adult Gyps vultures share parental duties and would not be expected to vary much in this 

respect (Houston, 1976). We calculated the home range for each individual using minimum 

convex polygon (MCP) (Mohr, 1947) and kernel utilisation distribution methods (KUD) (both 

set to 95%, such that 5% of the most extreme points were removed)(Worton, 1989). We 

computed mean and standard deviation summary statistics for these home range areas 

for the individual birds. Then we used Wilcoxon-Mann-Whitney rank sum tests (the non- 

parametric alternative to the t-test) to determine if there was a difference in home range 

size between adult and immature Cape Vultures: and used the same method to test for 

a difference in home range with season (wet versus dry). The dry season was defined as 

May-August (Cooper et al., 1988: Mundy et al., 1992). Note that we did not know if a given 

adult was actually breeding.

For a subset of the birds, namely those that were tracked at a higher temporal 

resolution (once every 15 minutes cf. the adults who were tracked at 7.00, 11.00 and 

15.00 each day), we estimated the distance they covered during a day (Table 2.2). These 

were all immature individuals. We carried out our analysis using base R and the R package 

adehabitatHR (R Core Team, 2014: Calenge and Fortmann-Roe, 2013).

11
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Figure 2.1: Distribution of the Cape Vulture in Southern Africa (data from Bird Life 
International in grey) and Home Range (KUD 95%) of the 7 immature birds tracked at 
high resolution.

2.4 Results

Mean KUD home ranges were 282,255 km^ (sd ±288,460 km^) for immature birds and 

110,181 km^ (sd ±130,464 km^) for adults (Table 2.1). The Wilcoxon-Mann-Whitney rank 

sum tests showed this was a significant difference according to the KUD measure (p = 

0.037). By comparison the MCP difference gave a p-value of 0.057 (figure 2.2). The home 

ranges of the 7 high resolution birds are shown in figure 2.1.
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Figure 2.2: Comparison of the home range of adult and immature birds based on KUD. 
The median is shown by the horizontal bar within the box. The whole box captures the 
interquartile range o f the home ranges i.e. the 25 to 75 percentile. There is an outlier for 
both the adult and the immature birds.

Mean KUD for adults during wet and dry season were 80,719 km^ (sd =137,799.1 

km^) and 36,138 km^ (sd ± 50 ,978  km^) respectively. Mean KUD for immatures during 

wet and dry season were 58,236 km^ (sd ±74 ,593  km2) and 74621 km “  (sd ± 9 9 ,3 0 4  

km^) respectively. There was a significant difference between wet and dry season for 

adult birds (p = 0.03837) but not fo r immature birds (p = 0.5176) using KUD methods.
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Table 2.1; Home range (KUD and MCP) data on the Cape Vultures which were divided into 
immature and adult birds. Immature values are in the top half of the table, adults the 
bottom half.

Bird Start date Days tracked HR MCP 95% (km2) HR KUD 95% (km2)

AG313 08-11-09 313 248,982 370,444

AG352 09-12-09 206 344,994 393,788

AG353 17-01-10 557 391,493 427,971

AG382 24-06-10 408 942,236 1,134,326

AM240 15-03-07 77 1,242 637

AM265 28-11-07 505 222,735 165,599

AM295 27-11-07 534 6.269 5,047

Katie 03-04-13 128 88,809 111,645

B604 11-02-13 217 176,980 178,277

B536 30-07-13 71 116,505 99,837

B519 19-05-12 289 507,665 480,431

8516 28-01-13 252 229,341 210,740

8506 08-04-12 549 143,151 121,100

B500 23-03-12 194 222,126 251,735

Total mean 260,181 (±  241,304) 282.256 i± 288,460)

AG314 08-11-09 477 147,017 79,158

AG329 03-12-09 266 82,475 166,640

AG349 03-12-09 233 50,348 57,728

AG355 19-08-10 301 229,546 282,202

AG522 02-02-11 332 200,849 103.251

AM220 16-02-07 273 330,064 449,835

AM221 14-02-07 469 202,849 160,312

AM222 02-03-07 364 5,558 790

AM226 02-03-07 194 2,279 1,986

AM234a 15-03-07 196 3,569 2,820

AM234b 27-11-07 153 3,970 2,637

AM235 15-03-07 245 2,635 2,465

AM264 29-01-08 484 393,449 232,504

AM267 29-01-08 498 28,801 7,774

AM272 19-12-07 237 69,285 102,625

Total mean 116,846 (±  128,112) 110,182 (±  130,464)
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The average daily distance covered by the  7 high resolution birds was approximately 

72 km if we used every relocation (Table 2.2). However when we used only the  s ta r t  and 

end relocations for a given date, i.e. "as the crow flies", the  average was reduced to just 

over 33 km as a result of the loss of smaller scale m ovem ents.

Table 2.2: Average daily d istance travelled by the  im mature birds tha t  were tracked a t a 
high resolution (once per 15 minutes) and the  d istance "as the  crow flies" betw een  the 
s ta r t  and end points of the given date.

ID M ean (km) SD (km) Mean "as t h e  crow  flies" (km) SD (km)

B500 82.14 70.41 41.75 47.74

B506 61.09 54.38 27.57 34.37

B516 79.62 66.84 35.96 35.93

8519 64.98 60.71 33.07 41.63

B536 84.93 72.54 40.96 42.6

B604 83.77 68.57 40.58 41.75

Katie 45.68 41.43 13.74 22.27

Total m ean 71.74 33.38
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2.5 Discussion

The foraging day of a Cape vulture typically takes place between 10.00 and 18.00 (local 

time) (|M et al., 2005). They usually fly between an altitude o f 250 - 350 m above ground 

(Mundy et al., 1992), The daily foraging distance reported here (an average o f over 70 

km) illustrates the impressive abilities of imm ature Cape Vultures in flight. In contrast, 

adults o f the species have been calculated as covering a radius o f 54 km in a day (Mundy 

et al., 1992). By way o f comparison with immature vultures of other species, Phipps et al, 

(2013a) showed immature African White-backed Vultures (Gyps africanus) flew on average 

33.39 km per day. Note that those estimates were based on locations recorded three 

tim es daily, a much coarser resolution, and thus nearly identical to our "as the crow flies" 

measure (mean = 33 km). This difference between adults and immatures accounts fo r 

the d isparity seen in the home range of the Cape Vulture life stages.

Indeed, our large dataset on tracked Cape Vultures demonstrates a significant e ffect 

o f both age and season on home range size. As mentioned above, these results are m ost 

probably the result of adults having to care fo r dependent young as well as the dominance 

hierarchy tha t exists across ontogeny (Duriez et al., 2012; Mundy et al., 1992). We should 

also consider the effect of weather (Shepard and Lambertucci, 2013), The mass of an adult 

bird can be prohibitive when cold tem peratures result in the form ation o f weak thermals. 

These c liff faces deflect wind upwards and are used by the soaring vultures to o ffset the ir 

sink rate (Shepard et al., 2013). This can restrict adult flight tim e during w inter months 

especially at colony cliffs in open savanna (Mundy et al., 1992). There is also the effect of 

differentia l seasonal mortality. The higher death rate o f ungulates during the dry season 

means the vultures will encounter more carrion and won’t  have to travel as far.

The difference in home range size between Cape Vulture life stages has implications 

fo r its conservation. We know from  population growth models showing tha t adults have 

a disproportionate effect on the growth rate of Cape vulture populations (Monadjem 

et al., 2014). Habitat fragmentation is known to increase the size o f an animal’s home 

range because it causes a reduction in resource density (Haskell et al., 2002). To counter 

this, conservationists can supply supplementary food (Piper, 2005), However, these sites 

im pact adult and immature birds in d ifferent ways depending on how they are run, Duriez 

et al. (2012) showed that, at artificial feeding sites, close to colonies and regularly stocked 

with food, adult vultures [Gyps fuivus) dominated young individuals who were le ft to fight 

over scraps. But "light" feeding sites, located fa rther from  colonies and supplied less 

regularly, were preferred by immature birds. Conservationists should therefore use a mix
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o f "light" and "heavy" feeding sites if they are to effectively manage both ontogenetic 

stages. Komen calculated the energy requirements fo r this species across its ontogeny, a 

piece of research tha t could be put to good use when supplying supplementary feeding 

sites at d iffe rent times. We also have excellent data on the population sizes o f Cape 

Vulture colonies in South Africa (Whittington-Jones et al., 2011). By knowing where they 

forage, how much food they require and variability in the species home range we are well 

placed to sustain this species. However, conservation actions m ust be at an international 

level (Lambertucci et al., 2014) given tha t Cape Vultures are not impeded by national 

boundaries.
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3.1 Abstract

Vultures are recognised as the archetypal scavengers of the natural world. While it is well 

known tha t vultures use conspecific social inform ation as they forage, the possibility of 

inter-guild social inform ation transfer and the resulting multi-species social dilemmas has 

not been explored. Here we use data on arrival tim es at carcasses to show tha t such social 

in form ation transfer occurs with raptors acting as producers of inform ation and vultures 

acting as scroungers of information. We develop a game-theoretic model to show tha t 

com petitive asymmetry, whereby vultures dominate raptors at carcasses, predicts th is 

evolutionary outcome. The eagles, which arrive earlier, benefit from  gaining a finder's fee 

enabling them  to exist in a producer role. We support our theoretical prediction using 

empirical data from  com petitive interactions at carcasses. Finally, we use an individual 

based model to show tha t these producer-scrounger dynamics lead to vultures being 

vulnerable to declines in raptor populations. Our results show that social inform ation 

transfer can lead to im portant non-trophic interactions among species and highlight 

im portan t potential links among social evolution, com m unity ecology and conservation 

biology. With vulture populations suffering global declines our study underscores the 

im portance of ecosystem-based management fo r these endangered keystone species.
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3.2 Introduction

Animals base their decisions on both personal and public information (Dali et al., 2005; 

Schm idt et al., 2010; Sumpter et al., 2008; Couzin, 2009). This is applicable to every facet 

o f an animal’s life, be it feeding, movement, mating etc. with high fide lity  inform ation 

allowing an individual to make decisions conducive to its survival (Dali et al., 2005: Mc­

Namara and Dali, 2010; Danchin et al., 2004). Public inform ation can be separated into 

tha t which is gained from  conspecifics and that from heterospecifics (Dali et al., 2005). 

Conspecific inform ation transfer is essential for basic behavioural functions like sexual 

reproduction or cooperative hunting (Handegard et al., 2012). But species overlap in the 

resources they use (Fedriani et al., 2000; Kruuk, 1967), and the environments they inhabit 

(Fedriani et al., 2000; Kruuk, 1957) which gives the possibility o f inter-guild inform ation 

transfer (Seppanen et al., 2007; Seppanen and Forsman, 2007; Forsman et al., 2009).

Consider the social Gyps vultures, a group that is known to forage collectively for 

carrion. In flight they appear to keep in visual contact with conspecifics (Houston, 1974). 

Once one vulture discovers and descends to a carcass the information is conveyed to 

others in the area, this activ ity can create a local enhancement e ffect (Jackson et al., 

2008). But such social behaviour renders vultures’ foraging efficiency susceptible to 

population declines; with every individual lost, the network is less effective at detecting 

carrion (Jackson et al., 2008). Although vultures are the m ost well-known group of avian 

scavengers there are a number o f other species within the family Accipitridae such as 

eagles (hereafter raptors) tha t take carrion as a significant proportion of the ir diet (Mundy 

et al., 1992). Coexistence among all o f these species is possible by both temporal and 

resource partitioning (Mundy et al., 1992; Houston, 1975). But with any shared resource, 

d irect interactions between them will result, and the possibility of social inform ation 

transfer among species emerges.

A d istinct pattern o f arrival o f avian scavengers to carrion has been highlighted before 

(Mundy and Group, 1982; Kendall, 2013; Cortes-Avizanda et al., 2012). Indeed, the African 

W hite-backed Vulture {Gyps africanus) has been noted in using many other scavengers 

as a means of local enhancement while foraging (Kruuk, 1967). Yet these heterospecific 

interactions and the ir potential fo r inform ation transfer have not been explored in any 

detail (Mundy and Group, 1982).

Given the current extreme declines in vulture populations (Ogada et al., 2012b; Green 

et al., 2004) and the ir key role in many ecosystems as biomass recyclers (Ogada et al., 

2012a; Sekercioglu, 2006), understanding vulture foraging ecology is also of applied rel-
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evance. Here we provide evidence fo r producer-scrounger dynamics among scavenging 

vu lture and rap tor species by testing the hypothesis tha t vultures scrounge in form ation 

from  raptors, and explore its evolutionary underpinnings using a game theoretic model. 

We conclude by outlin ing the consequences o f th is system ’s properties fo r vu lture con­

servation.

3.3 Test for producer scrounger dynamics

To tes t fo r the occurrence o f producer-scrounger dynamics between vultures and raptors 

we observed arrival tim es o f avian scavengers to a num ber o f experim ental carcasses 

placed out. Our observations were made on 46 videos recorded in the Mpala Research 

Centre in the Laikipia D is tric t o f Kenya which had scavenging avifauna (a subset o f the 

videos used in Ogada et al. (2012a)). The carcasses o f partia lly skinned goat and cow 

carcasses were set ou t at dawn (06.15 - 07.20) in an open area o f the Mpala Ranch which 

consists of 20,000 ha o f savannah. Carrion size ranged from  20 - 340 kg w ith  a mean o f 

80 kg and did not have a significant e ffec t on the num ber o f avian scavengers present 

(Ogada et al., 2012a). We focused on the closely related and m orphologically sim ilar Gyps 

vultures, the A frican W hite-backed Vulture and the Ruppell’s Vulture {Gyps rueppellii), as 

well as the congeneric Tawny {Aquila rapax) and Steppe Eagles {Aquila nipalensis). Some 

differences between the eagles include the tendency for the Steppes to be slightly larger 

and more social (Clark, 1992). These fou r species were by far the m ost abundant in the 

recordings (>95%) and form ed our vu lture and rap to r groups respectively (Ogada et al., 

2012a). For each video we noted the arrival tim e and species o f every animal. Initially, we 

compared the probab ility  o f producing in form ation on carcass location by looking at which 

o f the two groups. Gyps vu ltures or raptors, landed at the carcass firs t. A binomial test on 

the 46 videos showed tha t the firs t bird to land a t a carcass was significantly more likely 

to be a raptor than a vu ltu re  (Binomial test, 38 successes, 46 trials, expected probability 

= 0.5, results in observed probability  = 0.83, 95% C.l. 0.69-0.92, p-value < 0.001 (figure 

3.1)).
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Figure 3.1: Recorded arrival times of individual vultures and raptors at carrion across 46 
videos. The red lines are raptors, black are vultures.

We used randomisation tests to test if the birds were following each other rather 

than simply arriving independently but with d ifferent timing to the carcasses. Where a 

raptor landed firs t we generated a null d istribution of arrival times for the firs t scrounger 

(a Gyps vulture) over the length of each recording by randomising the arrival times of
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the birds. From this distribution we assessed if the firs t scrounger followed more closely 

than expected under an assumption of independent foraging. Then, in order to make 

a population level inference across perm utation tests, we use a binomial test where 

the expected probability of observing a significant result by chance is 0.05 (as per the 

definition o f a p-value where at an alpha of 0.05, we would expect 5% of test results to be 

significant according to the null model). Vultures were found to follow raptors more closely 

than expected by chance (i.e. w ith p<0.05) in 20 of the 38 videos (figure 3.2a) which is 

significantly more cases o f vultures following raptors than expected (Binomial test w ith 20 

successes, 38 trials, expected probability = 0.05 results in an observed probability = 0.53, 

95% C.l. 0.36-0.69, p-value <0.001). Similarly, in six o f the eight occasions when vultures 

landed at the carcass first, raptors followed more closely than expected by chance (figure 

3.2b), which is significantly more cases than expected (Binomial test with 6 successes, 

8 trials, expected probability = 0.05, results in an observed probability = 0.75, 95% C.l. 

0.35-0.97, p-value< 0.001).
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Figure 3.2: Histograms of p-values showing the number of videos where it was significantly 
probable that (a) the vultures were following the raptors and (b) the raptors were following 
the vultures. The vertical lines show the level of significance at p = 0.05.

3.4 Producer scrounger model

While our analyses suggest that both raptors and vultures follow each other to carcasses, 

the higher frequency of raptors being the first to land at a carcass leads to raptors acting 

predominantly in a producing role. This can manifest by raptors providing information 

on the location of the resource or by engaging in carcass opening whereby the raptor 

uses its relatively stronger bill to get through an ungulate hide (Kendall, 2013), with vul­

tures acting predominantly as scroungers. This result raises the question of how these 

divergent roles evolved? We hypothesised that competitive ability may have a strong 

effect on the strategy typically adopted in each species. If individuals of one species can
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com petitive ly  dom inate  those o f ano the r th is  may favou r scrounging by the  dom inan t 

species: producers may gain an exclusive share o f the  resource by arriv ing f irs t at the  

carcass (a " f in d e r ’s fee") (V ickery e t al., 1991), b u t dom inan t scroungers may be able to 

e ffective ly  m onopolise  the  rem ainder o f the  resource once they arrive, while also gaining 

in fo rm a tion  available publically on the  locations o f carcasses.

We used the  gam e-theo re tic  fram ew ork  o f the  p roducer-scrounger game to te s t the 

evo lu tionary feas ib ility  o f th is  p red iction. In a p roducer-scrounger game an anim al needs 

to  invest e ithe r in producing som e resource (e.g. in form ation), or exp lo it the  inves tm en t 

from  another ind iv idua l (M orand-Ferron and Giraldeau, 2010). We consider a scenario 

w here vu ltu res and rap tors forage in the  same area. We assum e th a t tim e  spen t feeding 

a t a carcass is small re lative to  search tim e  (M undy et al., 1992; Barta and G iraldeau, 1998). 

Individual vu ltu res and rap tors can assume one o f tw o strategies: p roducer o r scrounger. 

Producers find  carcasses a t a rate p ropo rtiona l to the  carcass density; while all scroungers 

in a group will fo llow  producers to the  carcasses they  find , b u t don ’t  find  carcasses fo r 

them selves (probab ilis tic  fo llow ing by scroungers cannot qua lita tive ly  a ffe c t our results). 

W hile in rea lity  vu ltu res  and rap tors will likely use m ixed strategies, th is  s im ple scenario 

allows us to abs trac t the  essential e lem ents o f the  evo lu tiona ry  dynam ics in a sim ple 

fram ew ork.

From our assum ptions we can w rite  the  num bers o f vu ltu res  and rap tors at a carcass 

found  by a vu ltu re  as =  l-t-Ug and =  ''s- respectively, where Vg and Vg are the 

num bers o f vu ltu res and rap tors th a t are scroungers. S im ilarly the  num bers o f vu ltu res 

and raptors at a carcass found by a rap to r are =  Vg and nir^r =  1 +  ''s' respectively. 

W'e assume th a t new carcasses arrive in the  area and decay a t fixed rates (both set at 1) 

and are consum ed a lm ost instan taneously when found. Assum ing th a t carcass dynam ics 

occur on a fa s te r tim esca le  than the  popula tion  dynam ics o f vu ltu res  and rap tors the  

steady-s ta te  dens ity  o f carcasses is then  given as d =  1/(1 +  Vp +  Vp),  w here Vp and Tp are 

the  num bers o f vu ltu res and rap tors th a t are producers. The rates o f food consum ption  

fo r  producing and scrounging vu ltu res are:
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Simi larl y t he rates of  f ood consumpt i on for  produci ng and scroungi ng raptors are:

and

n r s = [ z  ^ ^ --------  (3.4)
\ l  +  rp +  Vp J  V ^^v,v  +  fT̂ v,r Xnir^v +  mr,r

Here a is the proportion o f a carcass tha t is monopolised by the individual tha t finds 

it (the "finder’s fee"), and the variable x is the com petitive ability of vultures compared 

to tha t o f raptors, specifically the number o f raptors tha t a vulture is equivalent to in 

term s of com petitive ability. The proportion o f the carcass remaining after the finder's 

fee (1-a) is shared among all birds at the carcass proportionally to the ir relative com petitive 

ability. For example, at a carcass found by a raptor, a scrounging vu ltu re ’s share would 

be xlixnir^v + my^r)- The vulture is com petitively equivalent to x raptors so gets a positive 

weighting o f x in the numerator. As other vultures will have a sim ilar com petitive ability, 

the number of vultures at the carcass {rrir,v) is also weighted by x. This leads to each bird 

receiving a share proportional to its com petitive ability relative to the other birds present 

at the carcass. The probability that a vulture wins a one-on-one interaction with a raptor 

is then defined as x/(l + x). This process could then be seen as a series of com petitive 

interactions over small proportions o f the carcass, leading to birds on average receiving 

a share proportional to the ir relative com petitive ability.

While the equilibrium num ber of carcasses (1/(1 + I'p + Vp)) available declines with the 

density of producers of both species as more carcasses are found and consumed, the food 

acquisition rate of scroungers is also positively weighted by producer densities as they are 

able to follow individuals to carcasses more frequently. This means that, while producers 

are only affected negatively by other producers (owing to reduction in carcass densities), 

scroungers are affected both positively (owing to the ir increasing rate of following to 

carcasses) and negatively (owing to reduction in carcass density) by producer density. 

We write the dynamics (Hofbauer and Sigmund, 2003) o f producers and scroungers in the 

vulture and raptor populations as:

dvp . .
=  Vp [Ttp^p — a)  (3.5)
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dVs
dt

Vs (7Ti,,s -  a ) (3.6)

^  = rp(n ,̂p-  ̂+ 7 (3.7)
1 +  '̂p +  ?'s

and

(3.8)

Here a and /3 are the  mortality rates for vultures and raptors,  respectively. The 

additional te rm 7  / (1 + + I'g) captures  additional food intake by raptors owing to their

additional source of energy through predation. Here we a s su m e  that  some prey enters 

the  area at rate 7 , dies at  a fixed rate of 1, and is found by raptors at rate 1 and then 

ins tantaneously  consumed.  Again we assum e  that  the  dynamics of the  prey population 

happen on a fas ter t ime-scale than the  raptor population dynamics so that  the  steady- 

s ta t e  densi ty of prey can be used.  Varying the  parameter  7  then allows us to vary raptor 's 

relative reliance on carcasses  as a food source.

Unfortunately no analytical solutions are available for our model, so we examine the 

evolutionary dynamics of the  producer-scrounger interaction using numerical evaluation 

of s teady- s ta te  of equations  3.5-3.8 . The results of the  model displayed in figure 3.3 show 

the  impact  of competit ive ability, f inder’s advantage and the  availability of prey items to 

raptors.  Notice in plots (a) and (c) tha t  there is a transition from high raptor population 

densit ies to high vulture densit ies as vultures become more dominant over raptors (the 

switch occurring when the  probability a vulture wins is greater  than 0.5). The availability 

of extra food from predation in plot (c) allows the  raptors to persist  at higher population 

densit ies suppress ing the  increasing vulture numbers  relative to plot (a). The effect of 

increasing relative competit ive ability is also realised in driving up the  proportion of birds 

scrounging. The out come of varying the  size of the  f inder’s fee is evident as we can see  

a lower proportion of scroungers when the  am ou nt  of food consumed  by the  producer 

is high. A competitively dominant  species  gains a larger share of the  resource. It follows 

that  any finder's fee is of less value to them than it is to the  competitively inferior species.  

Thus the  competitively dominant  species is more likely to forego a finder’s fee in order 

to benefit  from the  increased rate of information acquisition that  can be facilitated by 

scrounging.
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Figure 3.3: Game th eo ry  results. Panels on the  le ft (a, c) are the  population densities fo r 
each species (vultures, solid lines; raptors, dashed lines), panels on the  right (b, d) are the  
frequenc ies o f scroungers in both  the  vu ltu re  and rap to r populations. The top  panels (a, 
b) are w here rap tors rely s trongly on carcasses (7  = 0.05); the  bo ttom  panels (c, d) are 
when they  rely m ore weakly on carcasses (7  =  0.15). Colours indicate d iffe re n t values fo r 
the  f in d e r ’s fee (black, a =  0.05; dark grey, a =  0.2; light grey, a =  0.5) The x-axis is the  
p robab ility  th a t a vu ltu re  wins a one on one in teraction, x / (1+x). M orta lity  rates are cc =  
0.1 and ^  -  0.1 fo r all panels.
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3.5 Test of competitive ability

The results of our model demonstrate the potential importance of competitive asymmetry 

in the evolutionary outcome of inter-guild producer-scrounger dynamics. To test our 

model prediction of competitive dominance by vultures we analysed competitive inter­

actions between Gyps and raptor species at carcasses from our videos. We followed 

Bamford et al. (2010) in our analysis of agonistic interactions between the birds. In each 

case of aggression we noted the initiator, the winner and the loser. The loser was defined 

as a bird spatially displaced by the direct action of another individual. There were 461 

interactions in total. We used a binomial generalized linear mixed model with video as a 

random effect to test the significance of the interactions (figure 3.4).

In support of our theoretical predictions we found vultures are more likely to be the 

initiator of an aggressive interaction (n = 274 Vs 187, ^  = 0.7414, s.e. = 0.1987, p < 0.001, 

probability = 0.68, 95% C.l. 0.59-0.76 (figure 3.4 a)); vultures are more likely to win when 

they initiate the contest (n= 265/274, ^  = 3.6942, s.e. = 0.4134, p < 0.001, probability 

= 0.98, 95% C.l. 0.95-0.99 (figure 3.4 b)) and raptors are more likely to win when they 

initiate a contest (n = 170/187, ^  = 2.4893, s.e. = 0.3473, p <0.001, probability = 0.92, 

95% C.l. 0.86-0.96). The probability that a vulture wins when they initiate a contest is 

also significantly greater than the probability that a raptor wins when they are the initiator 

(|S = 1.2049, s.e. = 0.4685, p = 0.0101). Finally, vultures are more likely to win overall (n = 

282 Vs 179, (/S = 0.9567, s.e. = 0.2303, p < 0.001, probability = 0.72, 95% C.l. 0.62-0.80 

(figure 3.4 c)).

(a)

I
n= 274

n= 187

(b)

0.2

n= 265

n= 170

(c)

P 0.2

•  vu ltu res 
t raptors

n=282

n= 179

Figure 3.4: The results of the competitive interactions (a) shows the probability that a 
species was an initiator (b) the probability that an initiator wins a contest and (c) the 
overall competitive ability. Given are the means with 95% confidence intervals.
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3.6 Effect of raptor density on vulture foraging efficiency

The producer-scrounger dynamics tha t we have illustrated suggest a possible ecological 

interaction whereby vultures are using raptors to locate carcasses. This would imply that 

vultures may be vulnerable to declines in raptor populations as the ir ability to locate 

food will also decline. To examine this possibility we created an individual based model 

(IBM) in the program NetLogo (Tisue and Wilensky, 2004) to explore the effect o f raptors 

on the foraging efficiency of the vultures. Our model is a modified version o f Jackson 

et al. (2008) and Dermody et al. (2011), both of which examined vulture foraging behaviour. 

The main difference is tha t we include raptors alongside vultures. Our video analysis 

suggests raptors can find carcasses before vultures. The question is what is it about 

the ir biology that allows them to achieve this? A recent study found tha t Lappet-faced 

Vultures can discover carrion before African White-backed Vultures despite the ir smaller 

population size (Spiegel et al., 2013). We incorporate the changes they deemed likely to 

impact differential search efficiencies which are applicable to raptors, namely, visual acuity 

(Howland et al., 2004), flying height, roost departure tim e and dispersion o f the birds at 

the s ta rt o f the foraging day owing to d ifferent roost arrangements.

The eye of a Tawny Eagle has an axial length of 26.51 mm (c.f. African White-backed 

Vultures tha t measure 20.71 mm) (Howland et al., 2004). This gives a measure of visual 

acuity o f 81.5 cycles m~^ (again c.f. African White-backed Vultures with a measure 57.5 

m~^)  (Spiegel et al., 2013; Howland et al., 2004). So this species has better absolute and 

relative eyesight if we accept these measures, which is fu rthe r increased by its probable 

lower flying height (Mundy et al., 1992). Moreover, raptors can depart earlier in the day 

owing to the ir lower wing loading relative to the larger Gyps vultures (2 kg Vs 5.5 kg) 

(Mundy et al., 1992). The social Gyps are also more densely aggregated at the ir roost sites 

(Mundy et al., 1992) relative to the solitary raptors. Vultures are also known to fly at great 

altitudes (Mundy et al., 1992). It has been noted tha t "producer individuals may fly low to 

increase the ir probability of detecting a patch when they fly over it" (Vickery et al., 1991). 

By flying above the producing raptors the vultures have the potential to notice any raptor 

tha t descends to a carcass. A typical a ltitude of 350 m and 300 m has been reported for 

the Ruppell’s Vulture and African White-backed Vulture respectively (Mundy et al., 1992). 

Although the flying height of Tawny and Steppe Eagles is unknown, and despite having 

d iffe ren t flight styles, these species occupy a similar ecological niche to the Bateleur Eagle 

(Terathopius ecaudatus) which often feeds on carrion (Steyn, 1980). The Bateleur has been 

recorded cruising at a height of just 50 m above ground (Mundy et al., 1992). We can
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justifiably make the assumption tha t the two raptors tha t predominate our data fly  at a 

sim ilar altitude while foraging or at least below that o f the Gyps vultures.

A summary of the model runs can be seen in Table 3.1. At the beginning of the IBM the 

raptors were randomly allocated in the simulation space tha t corresponds to a square of 

100 X 100 km with periodic boundary conditions so tha t a bird tha t flies o ff the edge o f the 

square will reappear on the opposite side. The vultures are located in a single patch which 

represents the ir roost. The raptors forage for seven hours and the vultures five hours 

(Spiegel et al., 2013). The vultures change direction by 45 degrees once every eight m inutes 

which is based on the tim e they spend in thermals (Xirouchakis and Andreou, 2009): since 

raptors are less dependent on thermals they change direction at double this rate. Both 

have a constant speed as they a ttem pt to find a single randomly located carcass. Both 

vultures and raptors can find the carrion by themselves. We varied the relative detection 

distances between the groups such tha t they are equal: and then tha t raptors are 2, 3 and 

4 times better. For each of these we varied the number o f raptors from  1-10 relative to 

the 90 vultures present in the simulation (Table 3.1). Vultures can detect carrion at 1 km 

and other scavengers on a carcass at 4 km (Dermody et al., 2011: Pennycuick, 1972). the 

increase in the latter owing to local enhancement (Jackson et al., 2008). When a vulture 

discovers a carcass it 'feeds’ on it w ith the model calculating the average am ount of 

food eaten by the vultures at the end o f the simulated foraging session. Each simulation 

was replicated 200 times. We square root transform ed our dependent variable data so 

it would allow us to perform  parametric tests and performed the analysis using linear 

models. Our simulation results show a significant increase in vulture foraging efficiency 

with raptor density (figure 3.5), indicating that declines in raptor numbers may lead to 

declines in vulture populations because of a reduced ability to find or open carcasses.

Table 3.1: Parameter values o f the individual-based models tha t were w ritten in NetLogo. 
The firs t row represents the case o f equal detection distance between raptors and 
vultures: the second is where raptors can see tw ice the distance and so on. Enhanced 
range relates to instances where a local enhancement e ffect is at play, i.e. the carcass is 
already occupied by a bird.

No. rap No. vul Vul radius Rap radius Enhanced radius Rap day Vul day

0-10 90 1km 1km 4km 7hrs 5hrs

0-10 90 1km 2km 4km 7hrs 5hrs

0-10 90 1km 3km 4km 7hrs 5hrs

0-10 90 1km 4km 4km 7hrs 5hrs
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Figure 3.5: Mean vulture food intake (arbitrary units) as a function of raptor number for 
four scenarios of differing relative detection distance, (a) equal distance (GLM, /3 = 0.3214, 
s.e. = 0.1232, p = 0.00916), (b) twice distance (GLM, ^  = 0.3269, s.e. = 0.123, p =0.00794), 
(c) triple distance (GLM, = 0.5047, s.e. = 0.1198, p <0.001), (d) quadruple distance (GLM, 
^  = 0.6052, s.e. = 0.1254, p <0.001).

3.7 Discussion

Our results suggest that there is a producer-scrounger game occurring between Gyps 

vultures and scavenging raptors, with the competitive dominance of vultures favouring a 

scrounging strategy on their part. The biology of the two groups further lends itself to 

the evolution of producer-scrounger dynamics. Flapping flight is far more energetically 

expensive than thermal soaring for large birds (Hedenstrom, 1993) and would prevent 

vultures from exploring a sufficient area to be effective scavengers (Ruxton and Houston, 

2004b), Although raptors do exploit thermals as well, their relatively small size allows them
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to use the weaker early-morning thermals compared with the larger vultures (Cone, 1962). 

Thus they are likely to encounter carrion before the vultures. Kendall (2013) found that, fo r 

the ir abundance, Tawny Eagles were more likely to discover a carcass than African W hite- 

backed Vultures, and Ruppell's Vultures were never the firs t to arrive at a carcass which is 

consistent w ith producer-scrounger dynamics. She also reported several cases whereby 

the African W hite-backed Vultures would not feed at a carcass until a Tawny Eagle began to 

eat. As mentioned earlier this may be an instance o f carcass opening (Kendall, 2013). The 

Gyps vultures can then dominate the raptor and feed on the previously inaccessible flesh. 

This would certainly qualify as a producer-scrounger system. A potential follow up to this 

study would be to include more cameras or observers at the experimental carcasses to 

note the birds as they arrive from  the air. This could be coupled with tracking data to get a 

better sense o f the exact order o f arrival of birds in the area. The proposed dynamics are 

not the result o f an abundance o f raptors happening upon carcasses more often than the 

vultures because raptors occur at much lower densities. In the Masai Mara, fo r instance. 

Gyps species were recorded at an average density o f 85.4 species per 100 km compared 

with 7,4 fo r Tawny eagles (Virani et al., 2011).

In sum, we show that foraging behaviour in Gyps vultures is more complex than 

previously thought. Social inform ation transfer flows within and among the vulture and 

raptor species. In conservation terms, the resultant non-trophic interactions (Kefi et al., 

2012) mean we should sh ift our focus to ecosystem-based management (Slocombe, 1993) 

instead o f centring our a ttention on one species at a tim e. As our individual-based model 

shows, in the ecosystem considered here, scrounging vultures will fare poorly w ith a 

decline in producing raptors. W ith raptor populations on the decline (Ogada and Keesing, 

2010), this e ffect may soon be realised. More generally, we should explore other incidences 

o f socially acquired inform ation transfer between species: inadvertent as it often is, this 

will be no easy task.
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4.1 Abstract

As obligate scavengers, vultures are entirely dependent on carrion resources. In this 

study we model the carrion ecology of an ecosystem in Swaziland which is home to the 

densest breeding population of the African W hite-backed Vulture (Gyps africanus). We 

collected data on life -h is tory parameters o f the avian scavenging guild of the area as 

well as the potential food available from  the ungulate fauna. By using novel Population 

Dynamics P-Systems we show that, despite a closure of supplem entary feeding stations 

in Swaziland, carrion provided by wild ungulate biomass is currently enough to sustain 

this vulture species. However, in light o f forecasted vulture population increases, food 

will become lim iting. We discuss the significance o f the cessation o f the supplem entary 

feeding sites which now forces these birds to forage fa rther afield, endangering them  to 

poisoning events. We put these results in the context of carcass biomass management 

and suggest conservation actions to secure the viability o f vulture populations and the 

im portan t ecosystem services they provide. We argue tha t the reestablishment o f vulture 

restaurants in Swaziland would lessen the ir exposure to hazards outside o f protected 

areas.
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4.2 Introduction

Carrion ecology examines the link between the organic material provided by animal car­

casses and ecosystem functioning (Barton et al., 2013). Carcasses are an ephemeral 

resource and among members o f the scavenger community, avian carnivores are probably 

the group w ith the m ost evident adaptive tra its  to utilise carrion (DeVault et al., 2003: 

Wilson and Wolkovich, 2011). Indeed, the Gyps vultures are entirely dependent on dead 

animal biomass (Mundy et al., 1992). Given the patchiness of carrion, vultures are under 

selection pressures to be as energetically conservative as possible in order to exploit 

such an unpredictable food (Ruxton and Houston, 2002, 2004b). In sub-Saharan Africa, 

poisoning, food reduction and habitat loss are key threats to the avian scavenging guild 

(Monadjem et al., 2003). Thus the practice of providing supplementary resources is a 

common conservation tool (Piper et al., 1999; Piper, 2005). As these 'vulture restaurants’ 

or ’feeding stations' can make carrion more predictable in space and tim e (Oro et al., 2008), 

there are implications fo r the ecosystem services and foraging behaviour of the species 

affected (Deygout et al., 2010: Margalida et al., 2010: Monsarrat et al., 2013). Although 

these issues have im portant management and conservation implications, studies focused 

on the effects of food shortage on vulture species have not been documented until recent 

tim es (Camina and Montelio, 2006: Piper, 2005: Zuberogoitia et a!., 2010).

The African White-backed Vulture (AWBV) population of Swaziland is an interesting 

case study fo r examining the effect o f potential fluctuating food availability given that, at 

an estimated 300 pairs, it represents the densest nesting population of the birds in the 

world (Monadjem and Garcelon, 2005). Historical data show that this AWBV population 

has increased during the latter part o f the 20th century, the reasons for this are unclear 

(Monadjem et al., 2003). In one conservation area (Mkhaya) the species founded a nesting 

population in the 1980s which grew to 15 pairs in the late 90s (Monadjem et al., 2003). 

Supplementary feeding sites have also been established in the country but o f seven 

vulture restaurants that were operational in Swaziland at the turn of the century only one 

is currently operational (Monadjem, 2003). These sites would have provided the vultures 

w ith a significant proportion (40%) o f the ir annual food requirements (Monadjem, 2003). 

This represents an apparent paradox because the population of vultures has not declined 

in the face of this reduction in available food. Thus, we hypothesised that there are 

enough carcasses from  wild fauna to sustain the AWBV population of Swaziland. Our aim 

was to determ ine the energy balance for these birds and use this information to inform 

conservation measures. In order to address this question we needed to determ ine where
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the birds forage, how much carrion they require and how much naturally-occurring food 

is available to them.

4.3 Model building 

4.3.1 Study area and species

The Hlane-Mlawula-Mbuluzi reserve network in Swaziland (figure 4.1) contains the m ajority 

(at least 202 nests) o f the coun try ’s AWBV breeding population (Monadjem and Garcelon, 

2005). Located in the east o f Swaziland, the area is characterised as Lowveld Savanna 

(Acocks, 1988) w ith Acacia providing suitable nesting trees fo r the vultures (Monadjem 

and Garcelon, 2005). The rest o f the nesting birds o f this species are known from  other 

non-contiguous conservation areas (approx, 12 nests at Mkhaya) and protected cattle 

ranches (19 nests at the Big Bend Conservancy and 6 at lYSIS) (Monadjem and Garcelon, 

2005). AWBVs appear to actively avoid unprotected government ranches in the country 

fo r nesting, but the ir reason for doing so is unclear (Monadjem and Garcelon, 2005). In 

total, Swaziland is home to six other avian scavenger species (obligate and facultative) 

which take a considerable portion of the ir diet as carrion. These are the Cape Vulture 

(which forages but does not nest in Swaziland), the White-headed Vulture {Thgonoceps 

occipitalis), the Lappet-faced Vulture {Torgos tracheliotos). the Marabou Stork {Leptoptilos 

crumeniferus), the Tawny Eagle (Aquila rapax) and the Bateleur (Terathopius ecaudatus). 

The m ajority of the large ungulates in Swaziland (table 4,1) also live in this Hlane-Mlawula- 

Mbuluzi reserve (Monadjem et al., 2003).
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Figure 4.1: Foraging radius (45 km) of African W hite-backed Vultures when they have 
dependants on the nest. The points represent recorded nesting sites with Hlane as the 
origin o f the  circles. Some major national parks are highlighted. The inset shows the 
possible feeding range (260 km) when there are no young but the bird is still nesting in 
Swaziland.
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4.3.2 Foraging radius

We firs t determined the potential foraging range o f the vultures to see which habitats 

harbouring natural fauna are available to the birds. We used an extension o f the central 

place forager theory known as the foraging radius concept which was developed by 

Pennycuick (Sinclair and Norton-G riffiths, 1995). The concept states that every animal 

is energetically constrained in terms of the spatial range they can cover while foraging 

(Sinclair and N orton-G riffiths, 1995). Factors such as cost of movement, basal metabolic 

rate, presence of dependent young etc. contribute to the overall cost of foraging (Ruxton 

and Houston, 2002). Many animals m ust return to a site a fte r they forage every day 

(as central place foragers). The idea is especially applicable to birds during the breeding 

season where the origin from  which they range is the nest.

A fter foraging the adults must return to incubate the egg, relieve the ir mate or feed 

the ir young. The following is a model describing the energy budget of the closely related 

Ruppell’s vulture {Gyps rueppellii) which was used to estimate the foraging radius o f that 

species (Ruxton and Houston, 2002):

_  Qc +  Qdt  — T{E,na +

We employed the same model and applied values from  our focal species, the African 

White-backed Vulture where available, Q is the energy density o f the carrion (5.2 x 10“  ̂

J) (Ruxton and Houston, 2002); c is the b ird’s crop capacity (1.2 kg) (Houston and Cooper, 

1975): d is the digestion rate (0.055 kg hour“ ^) (Ruxton and Houston, 2002): T is the 

foraging cycle (48 hours) and refers to the fact tha t the parents take turns to forage with 

one remaining on the nest each day (Mundy et al., 1992): k is the flight cost (2.0 J m~^) 

(Pennycuick, 1972): V is the flight speed (45 km h r“ ^) (Pennycuick, 1972: Tukcer, 1988) and 

r is the foraging radius. If values for the AWBV were not available we used other Gyps 

species as a close approximation, in this case for t, the foraging tim e (8 hours) (Xirouchakis, 

2007): E„ia and E,„c the adult and chick’s metabolic rate respectively (24 Watts and 42 

Watts) (Sinclair and Norton-G riffiths, 1995: Houston, 1976). The energy requirements were 

calculated using hand-reared individuals but Houston (1976) argues the costs between wild 

and captive birds are sim ilar owing to the low energies tha t are required fo r flight.

During the period of nestling dependency the foraging radius of the breeding vultures 

is estimated at 45 km (figure 4.1). If we remove the cost o f provisioning the chick it gives 

a value o f approximately 260 km. Thus the foraging radius the vultures have during the 

tim e of nestling dependence restricts them  to foraging in the national parks of Swaziland.
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4.3.3 Food requirements o f avian scavengers

The food requirements of individual African W hite-backed Vultures have been described 

before (Houston, 1976; Mundy et al., 1992). We compiled data on both the adult and 

nestling energetic requirements fo r Swaziland using these studies. African White-backed 

Vultures in Southern Africa typically begin nesting in May-June (Monadjem, 2003) and 

incubate the ir single egg for 56-58 days (Mundy et a!., 1992). Once hatched the altricial 

chicks are dependent on their parents fo r a fu rthe r four months whereupon they fledge 

from  the nest (Mundy et al., 1992). The adults are therefore constrained as central place 

foragers fo r approximately six months o f the year and fo r four of those they m ust meet 

w ith the additional cost o f provisioning the chick. An adult African W hite-backed Vulture 

requires approximately 400g o f food per day (Mundy et al., 1992). The nestling is fed by 

its parents fo r approximately four months o f the year and consumes a total o f 31kg of 

food during this tim e (an average of 258g per chick per day) (Mundy et al., 1992). Outside 

o f the breeding season adult birds can range away from  their typcial nesting sites and 

may even roost in Kruger National Park (Monadjem pers. comm.). We followed the same 

approach for the other species in the Swaziland avian scavenging guild (table b.7). We also 

collected data on relevant life history tra its  such as age at sexual m aturity  and longevity 

(table b.1).

4.3.4 Model parameters fo r ungulate carrion

To determ ine carrion availability we collected the m ost recent ungulate population data 

covering all o f Swaziland (Monadjem et al., 2003). Ungulate masses and life history tra its 

such as adult and juvenile m orta lity  were taken from  the PanTHERIA database (jones 

et al., 2009). We also considered the following: 1) 30% o f ungulate m orta lity  is due to 

d irect predation (Sinclair and Norton-G riffiths, 1995), this is significant because vultures 

very rarely feed on predator kills and m ost large mammalian predators are absent from  

Swaziland (Houston, 1974: Monadjem et al., 2003): 2) 55% o f a carcass is edible by AWBVs 

(Sinclair and Norton-Griffiths, 1995) because this species consumes the viscera and soft 

muscles (Kruuk, 1967): 3) 15% of the edible carcass is consumed by invertebrates and 

bacteria (Sinclair and Norton-Griffiths, 1995): 4) AWBVs avoid montane environments (cf. 

Cape Vultures, Gyps coprotheres) and as such the ungulate population in the Highveld 

o f Swaziland could be discounted from  the total carrion available (A. Monadjem unpubl. 

data.): 5) the total carrion available annually in Swaziland is not evenly spread throughout 

the year: the dry season of May to August claims approximately half o f the ungulate dead
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(Sinclair and Norton-G riffiths, 1995). Therefore, only half o f this tota l is spread over the 

remaining eight months; and 6) Given that the ungulates are contained within actively 

managed reserves, where culling takes place, we set the population o f each species as 

constant using the surveyed numbers reported by Monadjem et al. (2003).

4.3.5 Population dynamics P system model

Using this in form ation we developed a population dynamics P system (PDP) model (Colomer 

et al., 2013). This integrated data on food availability, food requirem ents and population 

dynamics of the avian scavenging guild and the ungulate populations o f Swaziland to 

determine if carcass availability could meet the demands o f the AWBV population over a 

20 year period (AWBVs have been recorded as living for 20 years (De Magalhaes and Costa, 

2009), PDP models are computational methods tha t are analogous to the machinery of 

cells (Colomer et al., 2013).

0 — ► Membrane charge

In membrane 

^  \ Skin membrane 

^  . Objects 

Region 

— ► Membrane label

Environment

b)

C) ^ ^ = [ [ p ] 3 ] i [ n ] 2 ]

Figure 4,2: Schematic of P-system cell showing a)the cell and its components b) the 
hierarchy of the membrane structure and c) how this structure is w ritten analytically. 
Figure is taken from  Colomer et al, (2013).

The analogy o f a PDP system to a real ecosystem has been drawn before (Colomer 

et al., 2013, 2011: Margalida et al., 2011) and serves well to illustrate the intu ition behind 

this relatively new method. The cells o f the model correspond to the physical space 

of the environment (figure 4.2). Animals (which, along with things like resources, are 

represented by model ’objects’) will feed, reproduce, develop etc, w ithin an environment 

which is accounted for by a set o f mathematical rules describing these behaviours in the 

model. Just as animals can move between d iffe ren t areas when circumstances become 

unfavourable (e.g. food shortages) so the ir simulated counterparts can migrate between 

the d ifferent spatial environments of the model (e.g. between South Africa and Swaziland). 

The membranes within the cells o f an environm ent separate out specific processes tha t 

are applied to the objects in the model (e.g, the d iffe rent rules associated with d iffe ren t
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s e a s o n s )  ( see  s u p p l e m e n t a r y  information 'PDP Model C o m p o n e n t s ’). The  advant age  of 

this a p p r o a c h  is t h a t  PDP mod els  can integra te  a large v o lume of information and  c o m p u t e  

t h e  o u t p u t  o f  a large n u m b e r  of  sp ec ie s  in parallel and  in a relatively s h o r t  t ime.  In addit ion,  

PDP m ode ls  have  b e e n  deve lope d  and  appl ied to  similar e c o s y s t e m s  before  (Margalida and  

Colomer,  2012). Th e  sy nt ax  of t h e  model  rules ta k e  t h e  following form:

/ \ ' ’( ' ' I  ! \ ̂  ̂ (y/)e,,

This is an ex am p le  of a rule describing  th e  m o v e m e n t  of  an ob jec t  x (e.g. an animal) from 

e n v i ro n m e n t  ey to ey; w here  it b e c o m e s  objec t  y (e.g. a m a t u r e  version of  an animal). The  

p(r) e l e m e n t  is a func t ion s ta t ing  t h e  probabil i ty of  th e  rule taking place (Colomer e t  al., 

2013). T h e  sym bol  =  m e a n s  t h e  rule is equa l  by defini t ion to what  follows. The  model  

was i m p le m e n te d  in t h e  prog ram MeCoSim (Per ez -Hur t ado  e t  al., 2010). Please  s e e  th e  

s u p p l e m e n t a r y  in formation for t h e  rules of  this model .
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Figure 4.3: Flow diagram representing changes in the status o f the avian scavengers over 
tim e. The italicised text show conditionals for food availability which determ ine the path 
the birds can take. Starting at the 'Reproduction' stage at the upper le ft hand side this 
represents the point at which the birds have the ir young. They undergo 'Natural M ortality ' 
during this period and 'Feeding'. If there is enough food during this tim e they can progress 
to period 2, otherw ise they perish and so on through the year until they reproduce again. 
The ’Movement’ stages indicate points whereby the birds can leave Swaziland because 
they are not constrained by the presence o f young. Some of the explicit model rules are 
highlighted at the boxes for movement, reproduction, m orta lity  and feeding. These are 
described in detail in the supplem entary material chapter for this section. Note that not 
all rules are laid out here such as those involved in the setup and resetting of the model.
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Table 4.1: Identity, num ber of species and average carrion provided per year o f the 
ungulate population o f Swaziland.

S pecies In itia l pop size Avg c a rr io n /y e a r (kg) %  o f to ta l

Aepyceros m elam pus 16500 48233 32.92

Connochaetes taurinus 1700 18666 12.74

Equus burchellii 1500 13277 9.0 6

Phacochoerus aethiopicus 2300 12792 8.73

Loxodonta africana 40 11439 7.81

Tragelaphus strepsiceros 1300 10040 6.85

C erato therium  sim um 50 8570 5.85

G iraffa  Cam elopardalis 80 4 9 09 3.35

Tragelaphus angasii 1000 4232 2.89

Kobus ellipsiprym nus 260 4174 2.85

H ippopotam us am phibius 25 3977 2.71

Syncerus ca ffer 40 1478 1.01

Taurotragus oryx 40 1285 0 .8 8
Tragelaphus scriptus 250 701 0.48
Sylvicapra grim m ia 550 564 0.38

Redunca arundinum 120 480 0.33
Hippotragus niger 20 419 0.29

Redunca fu lvorufu la 200 365 0.25

Hippotragus equinus 7 365 0.25
Dam aliscus lunatus 16 209 0.14

O reotragus oreotragus 200 123 0 .0 8
Raphicerus cam pestris 140 95 0 .0 6

Cephalophus natalensis 80 55 0 .0 4
O urebia ourebi 50 52 0 .0 4

There are two environments in our model delim ited by the foraging radius o f the birds 

when they are on the nest as defined in our foraging radius calculations. So when the 

reduced foraging radius of the birds is no longer applicable, the birds are able to forage 

in the new environm ent where food is not lim iting (figure 4.3). This restricts the birds to 

game reserves in Swaziland when they have a reduced foraging potential. A bird outside 

the breeding season could range hundreds o f kilometres on a single foraging trip . A year 

in the model was divided into four temporal periods: Period 1 = July-August, Period 2 

= September-October, Period 3 = November-April, Period 4 = May-June. These periods 

reflected differences in food availability, in foraging ranges and in food requirements (table 

b.8).
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4.4 Results

Net carrion balance over tinne
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Figure 4.4: Carrion balance across time in the different periods of the year. The horizontal 
bar represents the point below which the demands of the avian scavenging guild are no 
longer met by the carrion provided by wildlife in Swaziland. Periods 1 and 2 are the life 
stages when young are present and food requirements are higher as a result.

According to our model most of the biomass available to the scavengers is provided by 

impala (Aepyceros melampus) (33 %), blue wildebeest (Connochaetes taurinus) (13 %) and 

zebra {Equus burchellii) (9 %) with the remaining 21 species contributing the remaining 

carrion (table 4.1). Initially, only period 3 (from November to April) has insufficient food 

for the scavenging guild but eventually as the scavenger populations grow, periods 1 (July- 

August) and 2 (September-October) see a net food deficit at year 5 and 13 respectively. 

Period 4 (May-June) also develops a decline, although at a shallower rate (figure 4.4). Period 

3, which never sees enough carrion to sustain the scavengers, is a time when the birds
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can forage outside of Swaziland. In general the avian scavengers see an increase in their 

number over the 20 year run of the model (although, note that stochastic effects see the 

single pair of Lappet-faced vultures go extinct in the system) (figure 4.5).

Avian Scavenging Guild Population Trends
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species

5 0 0 -  African W hite-backed Vulture

 W hite-headed Vulture
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—  Marabou Stork

—  Tawny Eagle 

Bateleur
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Figure 4.5: Number of pairs of avian scavengers living in Swaziland across time. All species 
except the Lappet-faced Vulture see a population increase due to the amount of wild 
carrion available. This one extinction occurs owing to its tiny initial population size. The 
bottom panel shows the AWBV trend separately for reasons of clarity because of its much 
larger population size.

4.5 Discussion

The key prediction from our model is that the carrion of Swaziland is sufficient to cover the 

energetic requirements of the current AWBV population and most of the other scavenging 

avifauna (figure 4.5), but only for the time being (figure 4.4). The trend of the energy
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balance makes it clear that, as vulture numbers rise, food will soon become a lim iting 

factor. There is already a predicted net de fic it in energy balance fo r six months o f the 

year, from  November-April (figure 4.5). Fortunately this is a period during which the birds 

can forage outside o f Swaziland. However, this reduction in available food could force 

the birds to spend more tim e foraging outside of protected areas, increasing the risk of 

non-natural m orta lity  factors, like poisoning, w ith im portan t consequences on population 

dynamics if adult survival is affected (Monadjem et al., 2014). Although our model suggests 

tha t AWBVs in Swaziland will see an increase in the ir population fo r a while, the temporal 

food shortages identified could reduce the ir breeding ou tpu t during this period o f growth. 

In Europe, fo r example, a fte r the outbreak o f bovine spongiform  encephalopathy in 2001, 

carcasses were destroyed in authorised plants which reduced the am ount of food available 

to the vultures (Margalida et al., 2010). A long-term  study on bearded vultures {Gypaetus 

barbatus) showed this reduction provoked a delay in laying dates, a regressive trend in 

clutch size, breeding success and survival following this policy change (Margalida et al., 

2014a).

We can be confident in our predictions given tha t the radius we obtained for the 

vulture foraging movements is consistent with values reported from  the literature. For 

instance the average movement recorded in the Serengeti was 51 km and in Kruger 34 km 

(Mundy et al., 1992). A more recent study of immature AWBVs showed a mean distance 

travelled per day of 33.39 km (Phipps et al., 2013a). It has been noted that, while nesting 

w ithout a chick, the birds can fly over 240 km between the nest and a carcass and this is 

consistent with our value of 260 km (Houston and Cooper, 1975). Kruger National Park is 

almost 100 km from  Hlane, the main site of the nesting birds, and smaller reserves such 

as Mawewe Cattle/ Game Project are all in excess o f the radius.

This indicates tha t the original vulture resturants in Swaziland tha t have since closed 

were not necessary in term s of providing food. However this is not to say they are un­

needed. Indeed, these findings suggest fu rthe r intervention, and m odification of existing 

strategies will be required. Vulture restaurants could be established and stocked more 

frequently during tim es o f food deficiency. Although there are a number o f problems 

associated with supplying supplem entary food to wild populations, such as a conditioned 

dependence on supplemental food (Robb et al., 2008), a well-managed vulture restaurant 

system could m inim ise these issues while maximising the benefits. For instance a study of 

Gyps fulvus, showed "[fjeeding stations were particularly used when resources were scarce 

(summer) or when flight conditions were poor (winter), lim iting long-ranging movements" 

(Monsarrat et al., 2013). Supplementary feeding can m inim ise the risk o f poisoning (in-
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creasing survival) tha t follows from species foraging outside o f protected areas which has 

been documented in other vulture species (Oro et al., 2008). Swaziland seems well placed 

to act as a habitat fo r a greater number of AWBVs than that o f the current population. 

W ith the species on the decline globally it is incum bent on us to secure this valuable 

population. By ensuring tha t there is no defic it o f carrion at any stage o f the year (figure 

4.4) we would give the birds the best chance to flourish in this area. Indeed it could act 

as a source population for other suitable areas in the region as its population increases.

There is another advantage to creating a long term  vulture restaurant in tha t it would 

create the opportun ity  to capture and tag these birds. High resolution data on the foraging 

behaviour o f this population specifically and AWBVs in general are lacking. We know 

little  o f the ir age class structure and whether other vagrant populations v is it Swaziland 

w ithout nesting in the country (Monadjem et al., 2003). Tracking data would improve 

our knowledge about these issues allowing managers and policy-makers to adopt more 

objective decisions based on the evidence. The value of theoretical modelling, like PDP 

P systems, is also underscored by the results generated in this study and others like it 

(Margalida and Colomer, 2012: Margalida et al., 2011). We should note tha t any model is 

only as good as the data used to parameterise it. Consequently basic and up to date 

biological data are of u tm ost importance if we are to derive accurate predictions. These 

methods are another tool for stakeholders to use in identifying threats and solutions to 

conserving the target species.

The conservation implications obtained with th is theoretical approach are that the 

carrying capacity of African White-backed Vultures in Swaziland is reaching maximum 

values according to natural food provided by the ecosystem. The dependence o f the birds 

on food resources provided by neighbouring areas shows the importance o f international 

agreements for conservation and the coordination o f management actions (Lambertucci 

et al., 2014). The establishment of well-managed vulture restaurants in Swaziland should 

be seriously considered.
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5.1 Abstract

The feeding ecology o f Tyrannosaurus rex remains controversial, w ith polarised suggestions 

o f e ither a predatory or scavenging lifestyle. We move away from  this dichotom y and 

propose the animal incorporated more carrion in its diet as it aged. We hypothesise 

this to be the case owing to factors related to its drastic morphological change across 

ontogeny notably an increased availability o f carrion through dominance o f interspecific 

com petitors at carcasses: by exploiting resources unavailable to its smaller com petitors 

such as skeletal material; and by having a larger capacity to store meat as it grew. We 

develop an individual based model to address our question. Surprisingly, our results show 

T.rex was very unlikely to have specialised on carrion at any life stage because the cost 

o f m ovem ent would have been prohibitively expensive as it increased in mass. In spite of 

our suggested advantages, scavengers require a more economical model of locom otion 

while foraging than T.rex could have managed.
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5.2 Introduction

Animals can avoid direct com petition w ith conspecifics by foraging at d iffe rent tim es and 

locations, or by targeting d iffe ren t resources. This partitioning o f resources can occur 

across ontogeny when the life stages are d istinct: so, fo r example, an agile juvenile may 

focus on smaller, faster prey than a less nimble adult. Ontogenetic d ietary partitioning 

is known across a diversity o f species including crocodiles, insects, fish etc. (Platt et al., 

2006; Winemiller, 1989; Steyn, 1980; Hirai, 2002; Knoff et al., 2008) and is often related 

to changes in body size (Woodward and Hildrew, 2002) but can also arise through other 

means such as d iffe ren t habitat use patterns (Carrier et al., 2010). Here we suggest tha t 

such partitioning may have taken place in the theropod dinosaur Tyrannosaurus rex. T. rex 

fits  into theropod 'm orphotype one’ as defined by Weishampel (Weishampel et al., 2004). 

The carnivorous animals in this category are extremely large, exceeding 10 m in length, 

have huge skulls, short forelimbs and as such have no living analogues which makes 

it d ifficu lt to  draw any conclusions about the ir mode o f life (Weishampel et al., 2004). 

However, as a species, T.rex is atypical because of the large number o f fossils available 

fo r study (Brusatte et al., 2010). So, fo r instance, it is known that it exhibited remarkable 

rate o f growth through its development (Brusatte et al., 2010) and underwent dramatic 

ontogenetic changes in its morphology which has led some researchers to argue for a 

concom itant change in its ecological habits (Brusatte et al., 2010). For instance, adults 

had a powerful, deep, robust skull w ith th ick teeth in contrast with the more gracile 

features o f juveniles. One suggested result o f this change was a dietary sh ift from  fast 

prey items to larger more cumbersome herbivores (Brusatte et al., 2010). However, we 

instead explore whether such marked changes caused an increased tendency towards 

scavenging given tha t a scavenging lifestyle has been proposed for the animal in recent 

times (Horner and Lessem, 1993; Ruxton and Houston, 2004b),

Ruxton and Houston (2004b) argue there is a "a clear evolutionary pressure towards 

large size for both birds and mammals when they are feeding on large carcasses. This 

is largely because larger animals can consume more food from  each discovered food fall, 

and carry greater body reserves, than can small ones." A pressure tha t lends support 

to our proposal. Indeed, a num ber o f recent studies have looked at the theoretical 

possibility of obligate scavenging across species including T. rex (Ruxton and Houston, 

2004a; Ruxton and Wilkinson, 2013; Ruxton and Bailey, 2005; Ruxton and Houston, 2004b, 

2003; Carbone et al., 2011). For example, Horner pointed to its slow speed, reduced 

forearms, large olfactory bulb and incredible bite force, to support this view (Horner, 1994;
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Horner and Lessem, 1993). Brown hyenas {Hyaena brunnea) can detect carcasses 2 km 

downwind (Mills, 1984) and the olfactory bulbs o f T. rex indicate an impressive ability 

in this respect (W itm er and Ridgely, 2009). Fossil material from  a herbivore has also 

been discovered with bite marks located in a flesh-poor region suggesting a scavenging 

event after the preferred sections o f the animal were consumed (Longrich et al., 2010). 

Energetic approaches have concluded both for (Ruxton and Houston, 2003) and against 

(Carbone et al., 2011) T.rex being a scavenger. The latter study argued tha t interspecific 

com petition would underm ine the possibility o f a scavenging T.rex since smaller, more 

numerous competing species would find and consume any carcass before the larger T.rex 

could benefit. Obligate scavengers are rare among terrestria l vertebrates with even the 

m ost common terrestria l example, the brown hyena, displaying a large degree o f variation 

between scavenging behaviour and active predation (DeVault et al., 2003; Sinclair and 

N orton-G riffiths, 1995). Instead, m ost carnivores are opportun istic and will take carrion 

as well as actively hunting prey (DeVault et al., 2003) and mounting evidence suggests 

tha t T.rex behaved similarly to extant opportun istic predators such as hyenas. The most 

compelling evidence fo r a predatory lifestyle comes in the form  of a subadult T.rex tooth 

tha t was found embedded in a hadrosaur tail (DePalma et al., 2013). The wound had 

healed around the tooth indicating tha t the prey item escaped and so this was an active 

predation attem pt (DePalma et a!., 2013).

In this study we move away from  the polarised predator-scavenger debate and look 

at the possibility tha t T.rex underwent an ontogenetic dietary shift, increasing the pro­

portion of carrion in its diet as it aged. We hypothesise this to be the case on the 

basis o f increased availability of carrion through domination of interspecific com petitors 

at carcasses, by exploiting resources unavailable to its smaller com petitors and by having 

a larger capacity to store meat as it increased in size ontogenetically. This sh ift would 

not only see adult T.rex avoiding intraspecific com petition with younger conspecifics but 

also w ith interspecific carnivores o f the time. Among contemporary com petitors from  

the Late Maastrichtian Hell Creek form ation, the one tonne Albertosaurus may have been 

an immature T.rex and Troodon and other dromaeosaurids were wolf-sized creatures tha t 

would be easily dom inated by an adult T.rex (Horner et al., 2011; Carr and Williamson, 

2004; Farlow and Planka, 2002). Their small size also means they would leave much of 

the skeletal material o f prey/carcasses untouched. However, as alluded to earlier, the 

morphology of an adult T. rex skull suggests an ability to process bone which would be a 

great boon to a scavenging animal if it were capable of monopolising this resource. Direct 

evidence comes in the form  o f distinctive wear marks on its tooth apices (Farlow and
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Brinkman, 1994; Schubert and Ungar, 2005). The animal also had an enormous bite force, 

w ith one estim ate putting it at 57000 Newtons (Bates and Falkingham, 2012). This is noted 

as being powerful enough to break open skeletal material during feeding (Rayfield et al.. 

2001). A positive allom etric scaling relationship in bite performance during ontogeny has 

also been recorded (Bates and Falkingham, 2012). This is a sim ilar pattern to tha t observed 

in loggerhead sea tu rtles  (Caretta caretta) where the bite force exhibits positive a llom etry 

across ontogeny allowing adults access to hard benthic prey, a resource inaccessible to 

other durophagous com petitors (Marshall et al., 2012). Further, T. rex coprolites were 

discovered w ith bone fragments, prima facie evidence tha t it did consume bone (Chin 

et al., 2003). Osteophagy is known in extant taxa such as the Bearded Vulture (Gypaetus 

barbatus) and hyena species (Hone and Rauhut, 2010). Some fa t-rich  mammalian bones 

have an energy density (6.7 kj/g) comparable with tha t of muscle tissue (Margalida, 2008; 

Brown, 1989), making skeletal remains an enticing resource for any scavenger tha t could 

process them.

We use an energetics method based on a series o f scaling relationships to look at how 

the energy balance o f T.rex changed across ontogeny and test whether this could have 

pushed it towards obligate scavenging. We parameterise an agent-based model which 

better captures the impact of com petition than the numerical approaches o f previous 

studies.

5.3 Methods 

5.3.1 Model parameters

We took estim ated parameter values from  the literature for mass (kg), hip height (cm), 

detection distance (km), search tim e (fraction o f day), energy content o f bone (kj/kg), 

energy content o f flesh (kJ/kg), density o f carcasses (kg/km^/day), the size o f com petitors 

and the size o f carcasses etc. to estimate several scaling relationships describing theropod 

foraging behaviour including walking speed (m/s), basal metabolic rate (W) and cost of 

transport (J/m). This is basically an 'energy in’ minus 'energy out' calculation i.e. net 

energy gain (table 5.1).
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Table 5.1; Model parameters and the ir values for T.rex foraging models.

Parameter Values Reference

Transport cost (J) 90.284 X hip height (cm)~*''^^ (Pontzer et al., 2009)

Hip height (cm) Ref. lists hip heights (Pontzer et al., 2009)

Metabolic type Mesothermic (Grady et al., 2014)

Mass (kg) 100-10,000 (Henderson and Snively, 2004)

Walking speed (m/s) Froude’s no. = 0.25 (Pontzer et al., 2009)

Detection distance (m) 500 (Ruxton and Houston, 2003)

Search tim e (fraction of a day) 0.5 (Ruxton and Houston, 2003)

Bone energy (kj/kg) 6700 (Brown, 1989)

Resh energy (kJ/kg) 7000 (Brown, 1989)

Carrion density (kg/km^/day) 4.38 (Ruxton and Houston, 2003)

Scaling of skeletal to body mass (kg) 0.065=^massi°7i (Prange et al., 1979)

Gut capacity (kg) 0.075*mass°'^^ (Calder, 1996)

The daily costs o f theropods o f various masses were derived using the scaling re­

lationship o f mesotherm ic dinosaurs from  Grady et al. (2014) fo r basal metabolic rates. 

We used these for the T. rex ontogenetic stages. We then took the scaling relationships 

outlined in Pontzer et al. (2009) to calculate the cost of searching during foraging. This 

was estimated using the mass-specific locom otor cost o f transport tha t is based on the 

hip height o f the animal, its mass and its speed to calculate the cost o f searching over a 

12 hour day (table 5.1). Specifically, the cost o f transport, in joules, is the energy required 

to move 1 kg o f mass over 1 metre. From this we can calculate the cost fo r the whole 

animal: cost o f transport x mass x walking speed (table 5.3).

We used an estimate of energy density o f carrion from  the Serengeti as an analogue 

fo r terrestria l Mesozoic systems (Ruxton and Houston, 2003; Carbone et al., 2011). The 

am ount of food available is derived as a function o f the energetics o f the food source. 

The energy available from  the carcasses in flesh and bone was calculated using allometric 

scaling relationships (table 5.1). We used the size bins o f a previous study fo r both the 

body mass o f the prey items and the predators (table 5.2) (Carbone et al., 2011). So for 

example, 49.3% of carrion mass is packaged up in 75 kg carcasses. Carbone et al. (2011) 

use mass-abundance relationships (e.g. Damuth’s Law) to determ ine the actual population 

size o f the various species and we followed the ir approach here.
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Table 5.2: Mass categories fo r carcasses and allom etric scaling o f bone with body mass 
across carcass categories. The contribu tion  column defines the percentage o f carrion that 
is made up by a given species category.

Species Carcass mass (kg) Bone mass (kg) Contribution (%)

Thescelosaurus neglectus 75 6.62 49.3

Ornithomimus velox 216 20.56 36.8

Pachycephalosaurus wyomingensis 700 72.45 6

Edmontosaurus annectens 2500 283.21 6.7

Ankylosaurus magniventris 5000 594.99 0.6

Triceratops horridus 8500 1050.32 0.4

Alamosaurus sanjuanensis 25000 3335.09 0.2

Table 5.3: Mass categories, gut capacities, walking speeds and daily energetic cost fo r the 
ontogenetic stages o f T. rex and its com petitors as used in the individual-based model.

Species Mass (kg) Gut capacity (kg) Speed (km/hr) Cost (kj/day)

Tyrannosaurus.rex 100 6 4.8 28000

Tyrannosaurus.rex 500 26 6.2 110000

Tyrannosaurus.rex 1000 50 6.8 200000

Tyrannosaurus.rex 2000 95 7.6 370000

Tyrannosaurus.rex 4000 182 8.5 670000

Tyrannosaurus.rex 6000 267 9.1 960000

Tyrannosaurus.rex 10000 432 9.8 1500000

Dromaeosaurus albertensis 20 1.25 3.6 N/A

Troodon formosus 50 3 3.6 N/A

Albertosaurus sarcophagus 1100 54 6.8 N/A

5.3.2 Individual-based model

We created a spatially explicit agent-based model using the above calculated parameters 

to allow us better understand the e ffect o f com petition on the ontogenetic stages of 

T.rex if they were restricted to scavenging (table 5.2). Our model was designed in the 

program NetLogo (Tisue and Wilensky, 2004). The simulation space was a 50x50km  

square corresponding to a 2500km^ landscape. Unfortunately, it is not clear if there was 

a habitat partitioning across ontogeny in Tyrannosaurus which may have implications for 

factors such as transport costs (Ruxton and Wilkinson, 2014).

The model had a series o f mobile agent types which corresponded to T.rex ontogenetic 

stages and its com petitors (table 5.3). There was one T.rex ontogenetic stage per run e.g.
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a 100 kg individual. The initial state of the nnodel had all dinosaurs and carcasses located 

randomly in the environment. The dinosaurs then set o ff in a random direction at their 

assigned speed searching for carrion (table 5.3). They maintained the same walking speed 

for the duration of the model and had a constant turning rate. Upon finding a carcass in 

its visual field (500 m) the T.rex walked towards it and started to feed, extracting energy 

until sated as defined by its gut capacity (table 5.1) or until the carcass was consumed. 

The competitors behaved similarly only they were incapable of feeding on the bones of 

carcasses. If nothing remained for the animals to eat and they were not entirely sated they 

began to forage again. If they were full they moved away from the carcass and wandered 

until the next day whereupon their gut capacity went back to 0. The gut passage time 

of T.rex is difficult to ascertain but we know it was relatively quick given the state of 

consumed material in its coprolites (Chin et al., 1998, 2003). W ithout being fed upon, a 

carcass decayed down to bone and then to nothing because of mammalian scavengers, 

invertebrates, bacteria etc. (Sinclair and Norton-Griffiths, 1995). This process took seven 

days (Carbone et al., 2011). Competition in our model followed a simple, 'if bigger than 

me, then avoid’ rule, and applied to the interaction between the T.rex life stages and their 

competitors. A foraging day in our model was 12 hours. At the end of the day the 'energy 

in’ of the T.rex was subtracted from the ’energy out’ (table 5.3). We ran the model for 

200 days for each of the seven T.rex life stages.

5.4 Results

Our results show that under the conditions of our model T.rex was in negative energy 

balance if it were an obligate scavenger. We can see from figure 5.1 that, in contrast to 

our hypothesis, the net energy intake of T.rex from scavenging decreases with their body 

mass. The horizontal dashed line represents the point where the energy out is balanced 

by the energy in. Even the average of the smallest ontogenetic stage (a 100 kg individual), 

falls below this line.
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Figure 5.1: The energy balance o f the T.rex ontogenetic stages. The clashed horizonal 
line represents the point, below which, the animal has a negative energy balance. Each 
point in the figure is the mean of the 200 day model run fo r the given body size with its 
standard deviation.

5.5 Discussion

In order to be an effective terrestria l vertebrate scavenger an animal m ust be able to 

traverse huge distances at low cost (Ruxton and Houston, 2004b). This is why soaring 

flight allows vultures to occupy the obligate scavenger niche. The cost o f locomotion 

seems to be one of the main barriers precluding T.rex from  being an obligate scavenger.
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A lot o f energy would have been required to propel an eight tonne adult around its habitat 

in search o f a patchily distributed resource. The increasing variation in energy balance 

seen in figure 5.1 is a result of gut capacity and carcass size d istributions. The smaller 

individuals can fill the ir gut to capacity every tim e they encounter a carcass: by contrast 

the larger animals will only rarely encounter a carcass o f suffic ient mass to sate them 

entirely. As such it would be interesting to investigate the effect of d iffe rent carcass mass 

d istributions on T.rex scavenging behaviour. Our model is lim ited in depending on data 

from  long extinct ecosystems. Consequently there are many unknowns. We do not know 

how carrion was distributed fo r instance or if there was habitat partitioning across the 

ontogeny of T.rex. The costs o f m ovem ent fo r the T.rex stages are based on the most 

recent studies of dinosaur metabolism (Grady et a!., 2014) but it is unlikely tha t we will 

ever know the species level adaptations that some animals had such as the ability of 

vultures to decrease the ir metabolic rate at night (Ruxton and Houston, 2002). However, 

the model is flexible and sensitiv ity analyses can be readily performed to account fo r the 

large margin o f error when dealing w ith prehistoric systems. A development of the model 

could allow for differing detection radii and turn ing rates for example.

Ecologically, T.rex was unusual. Census records show it to have had a population 

higher than would be expected fo r a typical apex predator suggesting tha t its mode o f life 

was atypical with Horner and colleagues positing a hyena-like niche for the animal (Horner 

et al., 2011: Mills, 1984). The radical change in morphology with ontogeny would then appear 

to represent a dietary niche sh ift which has been suggested previously (Brusatte et al., 

2010). The change from  a gracile to robust form  may have allowed the animal to switch 

its targets from  small prey items to the huge armoured herbivores o f the tim e (table 5.2). 

Species such as Triceratops and Ankylosaurus would have made form idable opponents fo r 

a predaceous T.rex. To be able to dispatch such prey items quickly with its enormous bite 

force would be of great advantage. It has been suggested tha t an ambush strategy seems 

the m ost probable gambit it used to hunt (Krauss and Robinson, 2013). It could rush from  

cover and use its arms to hold a prey item while biting it (Krauss and Robinson, 2013). 

This is not to discount scavenging entirely. Such was its likely com petitive dominance 

T. rex may well have been an effective kleptoparasite. Spotted hyenas {Crocuta crocuta) 

can get over a quarter of the ir carcasses by stealing from  other predators (Curio, 1976). 

Although we have framed our study such tha t it focuses on T.rex, the same energetic 

barriers likely prevented other theropods in the m orphotype one category (Weishampel 

et al., 2004) from evolving into scavenging specialists.
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Discussion

6.1 How the environment selects for scavengers

The resource environm ent of a scavenger is a patchily distributed one. because it is 

d ifficu lt to predict both when and where a carcass is produced. As a result o f this, any 

animal existing as a scavenger m ust maximise its detection capabilities and minimise 

its locom otory costs. The ease with which natural selection pushes an animal towards 

these optima is dependent on the environment the species is in. Land-based scavengers 

can be thought of as existing in a 2-dimensional plane while foraging for carrion directly. 

The range at which they can detect carcasses is thus defined by the radius o f the ir 

sensory organs, usually the visual and olfactory senses which is fu rthe r modulated by the 

habitat type. By flying, vultures have effectively added an extra spatial dimension, i.e. the 

vertical component, to the ir sensory environment. This allows them  to look down on a 

landscape where they are unencumbered by obstacles that would obstruct the view o f 

a terrestria l scavenger. Interestingly, animals like hyenas can and do take advantage of 

the directed flight o f vultures because it indicates they have discovered a carcass (Sinclair 

and Norton-G riffiths, 1995). But this is an indirect method of detection and, as I showed 

in chapter 2, scrounging is also utilised by vultures. Vultures have a fu rthe r advantage 

in improving the ir encounter rate in term s o f cost of movement. In general, flight is 

a cheaper means o f locom otion than running (Tucker, 1975), but vultures extend this 

advantage fu rthe r by engaging in soaring instead o f flapping flight, which is even cheaper 

energetically (Hedenstrom, 1993). Thus, as we saw from  the results of chapter 1, they can 

cover huge distances over the course o f a day. something I showed was impossible for 

T.rex in chapter 4.

In ancient ecosystems, the volant pterosaurs have also been postulated as occupying 

a vulture-like niche (Witton and Naish, 2008). These animals could reach enormous sizes 

and look to have engaged in soaring flight (Witton and Naish, 2008). So they certainly 

existed in an environment tha t can support scavengers. However, the inflexib ility of their 

necks and straight, rather than hooked jaw morphology argues against the ir existing as 

obligate scavengers (Witton and Naish, 2008). As yet, no one has ever a ttem pted an
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energetics approach fo r this group. This is lil<ely due to the many uncertainties over their 

biology (W itton and Habib, 2010): which is even more d ifficu lt to predict than that o f the 

dinosaurs.

It is worth noting tha t the existence of an obligate scavenger in a marine setting also 

remains hypothetical (Britton and Morton, 1994; Ruxton and Houston, 2004a). Carrion in 

th is environm ent is produced by dead fish and marine mammals when the ir carcasses 

descend to the sea floor. This low-light environment means animals detect resources 

through chemo- and mechanoreception (Ruxton and Houston, 2004a). Detection dis­

tances are far lower than they would be in the air (< 100 m) as a result. However, water is 

a medium tha t is conducive to low-cost movement (Tucker, 1975) and so may be able to 

support a small obligate scavenging fish which would gain the fu rthe r benefit o f low-cost 

ectotherm ic metabolism (Ruxton and Houston, 2004a). Although, for the tim e being this 

remains conjectural.

In sum, it seems tha t aerial foraging allows for a better medium for locomotion and 

grants access to more inform ation on the location of resources. Natural selection has 

driven vultures to occupy a niche in which only the most specialised of species could 

exist.

6.2 All models are wrong

My thesis has a variety o f models, which focus on d ifferent biological scales, from  the 

individual to the population. I would like to discuss my philosophy o f modelling in light of 

these methods. Norgaard (1989) argues the case for methodological pluralism when we 

are dealing with complex systems. And this seems to me to be the right approach for 

ecology which is clearly a study of complexity. Of course no one person can be an expert 

in all methods but the collaborative nature o f science means this is easily compensated 

for. The statistician George Box wrote "essentially, all models are wrong, but some are 

useful" (Box and Draper, 1987), W hat he meant by this is when we model a system, we 

necessarily abstract and sim plify so we can get at the question we seek to address. A 

one to one representation of a system would be the system itself!

That we can address questions on the feeding ecology o f long extinct dinosaurs 

speaks to the advantages of modelling. By drawing sensible analogies to modern day 

systems and carrying out a sanity check on the model parameters we can come to a 

reasonable conclusion tha t T.rex was not an obligate scavenger. The complexity needed 

in a model is dependent on the hypothesis one is looking to explore. So the question
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of the necessity o f supplementary feeding fo r vultures in chapter 3 called fo r a relatively 

complex model because there is an applied relevance. That said, we should always invoke 

the principle o f parsimony when selecting the m ost suitable method fo r the question 

at hand. This is especially im portant fo r papers with an application outside of pure 

theoretical advancement o f the field, like in conservation, where we want as many people 

to understand the implications o f the research as possible (Kane, 2012).

6.3 The value of data

It still remains tha t a model is only as good as the data used to create it. ’Garbage in 

garbage ou t’ is worth remembering. This is an issue given some of the m ost fundamental 

biological data on scavengers are still missing such as their life expectancies or metabolic 

rates. In general, scavengers are often discounted from  descriptions o f ecosystems 

(DeVault et al., 2003) with Wilson and Wolkovich (2011) calculating a 16 fold underestimation 

o f scavenging in food-web research. Specific to this work, information on the life history 

o f many vulture species are still unknown (De Magalhaes and Costa, 2009) and there is 

a geographical bias in that most studies on vulture systems are based in Africa (Moleon 

et al., 2014). This has to be reversed if we are to have any success in conserving them. 

Indeed, in India there has been a move to build population viability models in order to 

determ ine if the Gyps species are recovering now that diclofenac has been prohibited 

(Baral et al., 2013). Yet, we do not have data on age-specific survival rates fo r the birds 

lim iting the scope of the models that have beeen created (Baral et al., 2013). The authors 

o f that study have called on others to establish vulture banding projects to improve on 

this deficiency (Baral et al., 2013).

I was fortunate that data of such quality were available to populate the models in 

chapter 3. The creation of similar models for threatened vulture populations would be 

a great boon to the ir conservation. The steady advance of technology does give us 

reason to be hopeful. Trackers can now record spatial data at a temporal and spatial 

scale impossible ten years ago. So, fo r example, it is now feasible to retrieve inform ation 

on the behaviour o f the animals remotely (Nathan et al., 2012; Tomkiewicz et al., 2010) 

allowing us to investigate interesting questions such as use o f supplementary feeding 

sites (Monsarrat et al., 2013). We can also m onitor biodiversity by means o f satellite 

remote sensing (Pettorelli et al., 2014). Though there is still plenty of room fo r field work 

to ground tru th  these observations. The digital age with its big data should see the gaps 

in our basic understanding of these species being filled.
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6.4 Conservation prospects

The identification and description of the producer-scrounger system in chapter 2 high­

lights the problem of focusing on one species in a study system. I would argue tha t this 

is a clear example o f why conservation needs to take place at the level of the ecosystem. 

We are dealing with systems whose individual components interact, creating an emergent 

complexity, A species does not exist in isolation and consequently the best way to sustain 

it is to maintain its environment. Of the 23 vulture species, 14 are in danger of extinction 

(Ogada et al., 2012b). Although there are many causes of the ir decline (Mundy et al., 1992), 

poisoning, both accidental and from  direct persecution, has been identified as the main 

agent responsible. It is the ir very nature tha t renders vultures particularly susceptible to 

poisoning given they forage and feed communally (Ogada et al., 2012b). A single poisoned 

carcass can wipe out over a 100 birds (Mundy et al., 1992). The clear cut case in India 

o f the e ffect o f diclofenac makes the recent authorisation of its use in Spain all the 

more exasperating (Margalida et al., 2014b). As I mentioned earlier the conservation of 

such a wide ranging species has to occur internationally but this is predicated on sensible 

national decisions. In addition to direct human-caused threats such as poisoning, climate 

change may add another threat to obligate scavengers. Of particular note is the increase in 

decomposition rate of carrion with tem perature which could result in a seasonal reduction 

of carrion availability given predicted warming trends (Moleon et al., 2014). Unfortunately 

the low reproductive rates of these birds means the ir populations are particularly sensitive 

to increased m orta lity  (Ogada et al., 2012b).

6.5 Future directions

The idea o f having a big picture also applies to the science o f scavenger ecology in general. 

Moleon et al. (2014) call a ttention to the inter-specific interactions linking predators, live 

prey, vultures and carrion production in terrestnal ecosystems. Such is the ir efficiency 

at consuming carrion, vultures may indirectly a ffect ungulate populations in forcing car­

nivores to hunt i.e. by denying them an easy meal. A relationship tha t was revealed 

in India only a fter the crash of its vulture population (Moleon et al., 2014). But vultures 

could also reduce pressure on potential prey items by acting as producers o f carcass 

location to mammalian scroungers. And yet, there has never been a quantita tive study 

examining the effect vultures have on ungulate numbers (Moleon et al., 2014; Elbroch and 

W ittmer, 2013). All o f this is to emphasise the connectedness of species interactions in 

an ecosystem from  which vultures are no exception.
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Supposing we can maintain their numbers, I want to expand here on one o f the 

m ost im portant questions in vulture behavioural ecology. That is how do vultures forage 

as a group? Because of their dependence on thermals fo r flight, vultures are often 

concentrated in relatively tight clusters around these hot air pockets (Xirouchakis and 

Andreou, 2009). This means one bird can track the descent o f another to a carcass i.e. 

a local enhancement effect is at play. However Houston (1974) argued tha t the directed 

movement of this second bird would cause a th ird to follow it and so on, causing a chain 

reaction that could pull in birds from  up to 35 km away. He suggested that this would 

explain the sudden arrival of so many individuals to the carcass in a short space o f time. 

By contrast Cortes-Avizanda et al. (2014) found the numbers of birds arriving at a carcass 

were better explained by the initial local enhancement effect. By tagging a large group 

o f the birds during their breeding season so they would forage from  the same location 

and tracking them at high resolution we could properly address how the birds find carrion. 

As Cortes-Avizanda et al. (2014) note these hypotheses have d ifferent implications for 

conservation management because if birds form  a chain they will be far more sensitive 

to population declines. Hopefully with the cost o f such technology decreasing this will be 

achievable in the near future. These studies focus on the highly social Gyps vultures but 

there is considerable variation in foraging behaviour outside o f this genus. A large scale 

comparative analysis of vulture foraging behaviour is lacking. In addition to improving 

our understanding of vultures a cross species comparison o f habitat use would mean 

we could more easily conserve these species. Behavioural differences within vultures are 

only recently being discovered but there does seem to be a significant variability in the 

search efficiencies o f species (Spiegel et al., 2013). Again, the conservation implications of 

this is significant. Notably, supplementary feeding will impact birds that intensely forage 

in relatively small areas (e.g. Lappet-faced Vultures) d ifferently to non-territoria l wide- 

ranging species (e.g. African White-backed Vultures) (Spiegel et al., 2013).

It seems to me that vultures are well-placed to benefit from  citizen science (Silvertown, 

2009). Public campaigns are often run in southern Africa to encourage people to report on 

resightings, creating data which can be used to ascertain the health o f the bird population 

(Monadjem et al., 2014). That some section o f the public are interested in supporting and 

being involved in science is beyond dispute. One need only look to the huge sums of 

money donated to crowd-sourcing initiatives where the incentive to donate is little more 

than pure interest in the study. Including an interested lay public in science has the effect 

o f promoting awareness about the species too. In the case of vultures this would be
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a tremendous boon for ,ha,r PR, often reviled as they are for the ^o s t superficial of
reasons.
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appendix a

Vultures acquire in fo rm a t ion  on carcass locat ion f rom  scavenging 

eagles - Supp lem en ta ry  in fo rm a t io n

Table a.1: Description o f parameters used in the game theory model

M odel va riab les D e fin itio n

No. of scrounger vultures

V p No. of producer vultures

r$ No. of scrounger raptors

' 'P No. of producer raptors

m v , v No. o f vultures found at a vulture-produced carcass

m v , r No. of raptors found at a vulture-produced carcass

m r , v No. of vultures found at a raptor-produced carcass

m r , r No. of raptors found at a raptor-produced carcass

n Rate of food consumption

d Steady state density of carcasses

a Finder’s fee

X The com petitive  ability of vultures compared to tha t of raptors

Ci Vulture m orta lity  rate

Raptor m orta lity  rate

7 Food gained by raptors through predation
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Vultures are recognized as the scroungers of die natural world, owing to their 
ecological role as obligate scavengers. While it is well known that vultures use 
intraspecific scxrial information as they torage, the possibility of inter-guild 
social information transfer and the resulting multi-species social dilemmas 
has not been explored. Here, we use data on arrival times at carcasses to 
show tiiat sudi social information transfer occurs, wdth raptors acting as produ­
cers of information and vultures acting as scroungers of information. We 
develop a game-theoretic model to show that competitive asymmetry, whereby 
vultures dominate raptors at carcasses, predicts this evolutic îiar>' outcome. 
We support this theoretical prediction using empirical data from competitive 
interactions at carcasses. Finally, we use an individual-based model to show 
that these producer-scrounger dynamics lead to vultures being vulnerable to 
declines in raptor populations. CXir results show’ that social information transfer 
can lead to important non-trophic interactions among species and highlight 
important potential links among social evolution, community ecology and 
consen^ation biolog5̂  With vulture populations suffering global declines, our 
study underscores the importance of ecosystem-based management for these 
endangered keystone spedes.
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1. Introduction
Animals base their decisions on bo^ personal and public information (1-4]. This 
is applicable to every facet of an animal's life, be it feeding, movement, mahng, 
etc., with high fidelity informahon allowing an individual to make decisions 
conducive to its surv'i\’al (1,5,6]. Public information can be separated into that 
wliich is gained from intraspecifics and tliat from interspecifics [1]. Intraspecific 
information transfer is essential for basic behavioural fimctioiis such as sexual 
reproduction or cooperative hunting [7]. But species overlap in the resources 
_ 'y ’ise [?.9] and llv  [̂ ,̂ 1, ŵ îch gives
of inter-guiW inft^rmation transfer [10-12].

Consider the social Gi/p? v'ultui'es, a group that is known to forage collectively 
for carrion. In flight, they appear to keep in visual contact with conspecifics [13]. 
Once one vulture discovers and descends to a carcass, the information is conveyed 
to others in the area; this activity can create a local enhancement effect (14). But 
such social behaviour renders vultures’ foraging efficiency susceptible to popu­
lation declines; with even,' individual lost, the network is less effective at 
detecting carrion (14j.

1 ^ *  Royal Society Publishing
©  2014 The Authors. Published by the Royal Society under the tenns of the Creative Commons Attribution 
License http ://aeativecom m ons.org /licenses^y/4.0/, which permits unrestricted use, provided the origmal 
author and source are aed ited.
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A lthough vultures are the most well-knovvTi group o f avian 
scavengers, there are a number o f other spedes w ith in  tlie 
fam ily Accipitridae, such as eagles (hereafter raptors), that take 
can ion as a significant proportion o f their diet [15]. Coexistence 
among all o f these spedes is possible by both temporal and 
resource niche partitioning [ 15,16]. But w ith  any shared resource, 
direct interactions betw'een them w ill result, and the possib ilit\’ 
o f sodal information transfer among spedes emerges. A  distinct 
pattern o f arrival o f avian scavengers to carrion has been 
h igh lig lited before [17-19]. Indeed, the African white-backed 
vu ltu re  has been noted in  using many other scavengers as a 
means o f local enhancement w hile  foraging [9]. Yet, these hetero- 
spedfic interactions and the ir potential for inform ation transfer 
have not been explored in  any detail [17]. G iven the current 
extreme declines in vulture populatio iis [20,21] and their key 
role in  many ecosystems as biomass rec\'clers [22,23], under­
standing vulture foraging ecology’ is also of applied relevance. 
Here, we provide evidence for producer-scrounger dynamics 
among scavenging vulture and raptor spedes by testing 
the hypotliesis that vultures scrounge informahon from raptors 
and explore its evolutionary’ underpinnings using a game- 
theoretic model. We condude by ou tlin ing the consequences of 
this system's properties fo r vulture conservation.

2. Test for producer-scrounger dynamics
To test fo r the occurrence of producer-scrounger dynamics 
between vultures and raptors, we observed arriva l times of 
a\’ian scavengers at a number o f carcasses placed out (see the 
electronic supplementary’ material). O ur observatioiv; were 
made on 46 videos recorded in the N4pala Research Centre in 
the La ik ip ia DLstrict o f Kenya w hich had scavenging avifauna 
(a subset o f the videos used in (22J). We focused on the closely 
related and morphologically s im ilar Gyps vultures, the African 
white-backed vulture (Gi/ps africanus) and the Ruppell's vulture 
{Gyps rucppeUii), as well as the congeneric taw'ny {Aquila rapax) 
and steppe eagles {Aijuila nipalensis). These fou r species were by 
far the most abundant in  the recordings (more than 95%) and 
formed ou r vulture and raptor groups, respectively [22].

For each video, we noted the arriva l time and species of 
every' animal. In itia llv , we compared the p robab ility  o f p rodu­
cing info rm ation on carcass location by looking at w hich o f the 
tw o  groups. Gyps vultures or raptors, landed at the carcass first. 
A  b inom ia l test on the 46 videos showed that the first b ird  to 
land at a carcass was s ignificantly more like ly  to  be a raptor 
than a vu ltu re  (binomial test, 38 successes, 46 tria ls, expected 
probability’ =  0.5, results in  observed probab ility  =  0.83, 95% 
C l 0.69-0.92, ;j-value <  0.001; figure 1).

We used randomization tests to test whether the birds were 
fo llow ing  each omer rath^**- than arriv ing  indenep-
dently bu t w 'ith different tim ing  to the carcasses. Where a 
raptor landed first, we generated a n u ll d is tribution o f arrival 
times fo r the first scrounger (a Gyps vulture) over the length 
of each recording by random izing the arriva l times of the 
birds. From this d istribution, we assessed w'hether the first 
scrounger followed more closely than expected under an 
assumption o f independent foraging. Then, in  order to make 
a population-level inference across perm utation tests, we 
used a b inom ia l test where the expected probability^ o f observ­
ing a s ignificant result by  chance is 0.05 (as per the de fin ition o f 
a ;vvalue, where at an a  o f 0.05, we w ou ld  expect 5% o f test 
results to be significant according to the nu ll model). Vultures
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F ig u re  1 . Recorded arrival tim es o f individual vultures and raptors at 
carrion across 46 videos. The grey lines are th e  raptors and the black are 
th e  vultures.

w'ere found to  fo llow  raptors more closely than expected by 
chance (i.e. w ith  p <  0.05) in  20 of the 38 videos (figure 2n), 
w hich is significantly more cases of \ ’ultures fo llow ing  
raptors than expected (b inom ial test w ith  20 successes, 38 
trials, expected probability’ =  0.05 results in an observed 
probab ility  =  0.53, 95% C l 0.36-0.69, ;r-value * 0.001).

S im ilarly, on six o f the eight occasions when vultures 
landed at the carcass first, raptors followed more closelv than 
expected by chance (figure 2h), w 'hich is s ignificantly more 
cases than expected (b inom ial test w it li six successes, eight 
trials, expected probabilitv’ =  0.05 results in  an observed 
probab ility  =  0.75, 95% C l 0.35-0.97, p va lu e  <  0.001).

3. P rod ucer-scro un g er model
W hile our analyses indicate that both raptors a iid  vultures 
fo llow  each other to carcasses, the h igher frequency o f raptors 
being the firs t to land at a carcass leads to raptors actiiig 
predom inantly  in  a producing  role. This can manifest by rap­
tors p ro v id in g  in fo rm ation on the location o f the resource or 
by engaging in carcass opening whereby the raptor uses its 
re iative!\’ stronger b ill to get through an ungulate I'lide [18], 
w ith  vu ltu res acting p redom inan tly  as scroungers. This 
result raises tlie  question o f how  d id  these divergent roles 
evolve? We hypothesized that com petitive a b ility  may have 
a strong effect on the strategy typ ica lly  adopted in  each 
species. I f  in d iv id ua ls  o f one species can com petitive ly  dom ­
inate those o f another, th is m ay favour scrounging by  the 
dom inant spedes: producers may ga in em exclusive share of 
the resource by  a rriv ing  firs t at the carcass (a 'finder's  fee'), 
but dom inant scroungers may' be able to effectively m on­
opolize the rem ainder o f the resource once they’ arrive, 
w h ile  also ga in ing in fo rm ation  available pub lica lly  on the 
locations o f carcasses.

iipb royalsocielypublishiiiq 
org 

Proc. R. 5or 
H 28V 

201410/2



Downloaded from http://rspb.royalsocietypublishing.org/ on January 3, 2015

UJ)

25 

20 

^  1 5 -

E
5 _

0 -

3.0 ■ 

2.5 - 

2 .0 - 

i  1.5-3"

1 .0 -

0.5-

( ) •

0.1
— I------------------ 1-------------------1—

0.2 0.3 0.4
p-va lues

1

I

I

I

0.5
— t 

0.6

0.02 0.04 0.06
/’•values

0.08 0.10
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and ib) the raptors were following the vultures. The vertical lines show 

the level of significance at p =  0.05.

We used the game-theoretic framew'ork of the producer- 
scrounger game to test the evolutionary' feasibility' of this 
prediction. In  a producer-scrounger game, an animal needs 
to either invest in producing some resource (typically iiifor- 
mation) or exploit the investment from another individual 
[24]. We consider a scenario where vultures and raptors 
forage in the same area. We assume that time spent feeding 
at a carcass is small relative to search time (15,25]. Ind ividual 
vultures and raptors can assume one of tw o strategies: produ­
cer or scrounger. Producers find carcasses at a rate proportional 
to the carcass density^ while  all scroungers iii a group w ill 
follow producers to the carcasses they find, but do not find  
carcasses for themselves (probabilLstic follow ing by scroungers 
cannot qualitatively affect our results). W hile, in realit\% v u l­
tures and raptors w ill likely use mixed strategies, this simple 
scenario allows us to abstract the essential elements of the 
evolutionary^ dynamics in a simple framework.

From our assumptions, we can write the numbers of 
vultures and raptors at a carcass found by a vulture as m,. v =  

1 - V ,  and r =  respectively, where z-v and are the 
numbers of vultures and raptore that are scroungers. Similarly, 
the numbers of vultures and raptors at a carcass found by a 

raptor are i n ,  y =  t'.s and m, r =  1 — respectively. We assume 
tliat new carcasses arrive in  the area and decay at fixed rates 
(both set at 1) and are consumed almost instantaneously 
when found. Assuming that carcass dynamics occur on a

faster timescale than the population dynamics of vultures and 
raptors, the steady-state der\sity^ of carcasses is then given as 
rf =  1 / ( 1 -h T p U p ) ,  where Up and Tp are the numbers of 
vultures and raptors that are producers. The rates of food 
consumption for p ro d u d r^  and scrounging vultures are

■ a - a ) -
.vm p.v -  nu

(3.1)

and

V I  -  Tp —  Vp )  \ x m v y  -r n iv ,  r  -  r f l r s J

(3.2)

Similariy^ the rates of food consumption for producing and 
scroungii"^ raptors are

1 \
- r ,p  =  (:j------------------------- )  (a -  (1 - a ) ---------  )

V I -  Tp -  I 'p /  V -  ^ v. tJ
(3.3)

and

( --------1-------- ' ) ( i  a)( -------- -----------  I  i  )
\1  • Tp ’ Vp  / \-Vnir,v • fJh.T H n i r j /

(3.4)

Here, a is the proportion of a carcass that is mcmopolized by  
the individual that finds it (the 'fiiider's fee'), and x  is the 
competitive ability' of vultures compared w ith  that of raptors, 
specifically the num ber of raptors that a vulture is equivalent 
to in terms of comp>etitive ability'. The propoition of the carcass 
remainiitg after the finder’s fee (1 -  a) is shared among all 
birds at the carcass proportionally to their relative comp>etitive 
ability. For example, at a carcass found by a raptor, a scrounging 
vulture’s s lw e w o u ld b e x /(.x m ,^  -  m ,,). The vulture is compe­
titively equivalent to x  raptors so gets a positive weighting of x 
in tlie numerator. As other vultures w ill have a sim ilar com- 
peritive ability, the number of vultures at the carcass (n/, v) is 
also weighted by x. This leads to each bird receiving a share 
proportional to its competitive ability relative to the other 
birds present at the carcass. The probability' that a vulture  
wins a one-on-one interaction w ith  a raptor is then defined as 
x j  (1 — a:). This process could then be seen as a series of competi­
tive interactions over small proportions of the carcass, leading 
to birds on average receiving a share proportional to their 
relative competitive ability'.

W hile the equilibrium  number of carcasses (1 /(1  • Pp))
available declines w ith  the densit\' o f producers of both species 

as more carcasses are found and consumed, the food acquisition 
rate of scroungers is also positively weighted by producer den­
sities as they are able to follow individuals to carcasses more 
frequently. This means tl-tat, while producers are only affected 
negatively^ bŷ  other producers (owing to reduction in carcass 
densities), scroiingers are affected both positively (ow ing to 
their increasing rate of follow ing to carcasses) and negatively 
(ow ing to reduction in carcass density) by producer density'.

W e w rite  the dynamics [26] of producers and scroungers 
in the vulture and raptor populations as

dvp
~dF

dUc

drp
~dt

(3.5)

(3 .6 )

(3.7)
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Figure 3. G am e th e o ry  resu lts. {a,c) P o p u la tio n  d e n s it ie s  for e a ch  sp e c ie s  (v u ltu res , so lid  lines: ra p to rs , d a s h e d  lines), a n d  {b,d) f re q u e n c ie s  o f  s c ro u n g e rs  in b o th  
th e  v u ltu re  an d  rap to r p o p u la tio n s . {aj>) R ap to rs  rely  s tro n g ly  o n  ca rcasses  ( -y  =  0 .0 5 ): (c,rf) th e y  rely  m o re  w /eakly o n  ca rcasses  ( y  =  0 .1 5 ). L in e  sh a d e s  in d ia t e  
d iffe ren t v a lu es  for th e  f in d er 's  fee  (b lack , a =  0 .0 5 : d a rk  grey , a =  0 .2 : lig h t grey, a =  0 .5 ). The x -ax is  is th e  p ro b ab ility  th a t  a  v u ltu re  'Wins a o n e -o n -o n e  
in te ra a io n ,  x / ( l  -  x ). M ortality  ra te s  a re  a =  0.1 a n d  fi =  0,1 for all p an e ls .

and  ^  r, j fi  ---------   ' j . (3.8)
d / V 1 • rp r , /

Here, a  and  /3 are the m ortality rates for vu ltu res an d  raptors, 
respectively. The additional term  y / ( l —f p - r r j  captures 
additional food intake by raptors ow’ing to their additional 
source of energ)' through predation. Here, w e assum e that 
some prev enters the area at rate y, dies at a fixed rate of 1 
and is foiond by raptors at rate 1 and then instantaneously 
consum ed. Again w e  assum e that the dynam ics of the prey 
population happen on a faster tim escale than  the raptor 
population dynam ics so that the steady-state density of 
prey can be used. V ar\'ing the param eter y  then  allows us 
to vary  raptor's relative reliance on carcasses as a food source.

Unfortunately, no analytical so lu tions are av'ailable for 
our m odel, so we examine the evolutionary  dynam ics of 
the producer-scrounger interaction using  num erical evalu­
ation of steady-state of equations (3.5)-(3.8). The results of 
the m odel displayed in figure 3 show  the im pact of com peti­
tive ability, finder's advantage an d  the availability of prey’ 
item s to raptors. N ote that in figure 3a,c, there Ls a transition 
from high raptor population densities to high vu ltu re  d en ­
sities as vultures become m ore dom inan t over raptors (the 
sw itch occurring w'hen the probability’ a vu ltu re  w ins is 
greater than  0.5). The availability of extra food from  predation  
in figure 3c allow's the raptors to persist at h igher population  
densities, suppressing the increasing vu ltu re  num bers relative 
to figure 3a. The effect of increasiiig relative com petitive abilit)’ 
is also realized in driving up  the proportion of b ird s scroun­
ging. The outcome of varying the size of the finder's fee is

eviden t as w e can see a low'er proportion  of scroungers 
w^hen the  am o u n t of food consum ed b v  the p ro d u ce r is high. 
A com petitively dom inan t species gam s a la rg e r  share of the 
resource. It follow's that any finder's fee is o f  less value to 
them  th an  it is to  the  com petitively inferior species. Thus the 
com petitively dom in an t species is m ore likely to forego a fin­
d e r 's  fee in o rder to benefit from  the increased  rate of 
inform ation  acquisition that can be  facilitated by scrounging.

4. Test of competitive ability
The results of o u r m odel dem or\strate the  po ten tia l im portance 
of com petitive asym m etry in the evolutiona:ry outcom e of 
inter-guild  p ro d u cer-sc ro u n g er dvTiamics. To test our model 
prediction  of com petitive dom inance by  vu ltu res, w e analysed 
com petitive interactions betw^een Gyps and  ra p to r  species at 
carcasses from  o u r videos. We follow ed Bam ford et al. [27] in 
ou r analysis of agonistic interactions betweein the birds. In 
each case of aggression, we noted  the in itia to r and the 
w inner. The loser w as defined as a b ird  spa'tially displaced 
by  the direct action of another individual.

There were 461 interactions in total. We u se d  a binomial 
generalized linear mixed m odel w'ith video as a random  effect 
to test the significance of the interactions (figure 4). In support 
of our theoretical predictions, w e found vnlltures are more 
likely to be the initiator of an  aggressive interaction (n =  274 
versus 187, figure 4a, p  = 0.7414, s.e. =  0.L987, p < 0.001, 
probability =  0.68, 95% Cl 0.59 -0.76); vu ltu re s are more likely 
to w'in w hen  they initiate the contest (?i =  265>/274, figure 4b,
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fi  =  3.6942, s.e. =  0.4134, p  ■' 0.001, probabiUt>’ -  0.98, 95% Cl 
0.95-0.99) an d  raptors are more likely to win w hen they inihate 
the contest (n =  170/187, p  =  2.4893, s.e. =  0.3473, p <  0.001, 
probability =  0.92, 95% Cl 0.86-0.96). The probability that a 
vulture w ins when it initiates a contest is also significantly 
greater th an  the probability’ that a raptor w ins when it is 
the inihator (fi =  1.2049, s.e. =  0.4685, p  =  0.0101). Finally, 
vultures are more likely to win overall (n = 282 versus 179, 
figure 4c, 0  =  0.9567, s.e. =  0.2303, p <  0,001, probability =  
0.72, 95% Cl 0.62-0.80).

5, Effects of raptor density on vulture foraging  
efficiency

Tlie p roducer-scrounger dvTiamics that w e have illustrated 
suggest a possible ecological interaction w hereby vultures are 
using raptors to locate carcasses. This w ould  imply that vul­
tures may be vulnerable to declines in raptor populations as 
their ability- to locate food will also decline. To examine this 
possibility, we created an individual-based model (IBM) in 
the program  N etLogo (28J to explore the effect of raptors on 
the foraging efficienc\' of the vultures. O ur m odel Ls a modified 
version of jackson et al. [14] and Derm ody et nl. [29], both 
of which exam ined vulture foraging behaviour. The main 
difference is that w e include raptors alongside vultures.

O ur video analysis suggests raptors can find carcasses 
before vultures. The question is w hat is it about their biologv' 
that allows them  to achieve this? A recent study found that 
lappet-faced vultures can discover carrion before white- 
backed vultures despite their sm aller population  size [301. 
We incorporate the changes they deem ed likely to im pact 
differential search efficiencies applicable to raptors, namely, 
visual acuity’ [31], flying height, roost departu re  time and 
dispersion of the birds at the start of the foraging day 
owing to different roost arrangem ents (see the electronic 
supplem entar\’ material).

At the beginning of the IBM. the raptors were random ly 
allocated in the sim ulation space that corresponds to a 
square of 100 x 100 km with periodic boundary’ conditions 
so that a bird that flies off the edge of the square will reappear 
on the opposite side. The vultures are located in a single 
patch wliich represents their roost. The raptors forage for

7 h and the vultures 3 h [30]. Tlie vultures change direction 
by 45 once every’ 8 min, wliich is based on the tim e they 
spend in therm als [32j; as raptors are less dependent on ther­
m als, they change direction at double this rate. Both have a 
constant speed as they attem pt to find a single random ly 
located carc'ass [29], Both vultures and  raptors can find the 
carrion by themselves. We varied the relative detection dis­
tances betw'een the groups such that they are equal; and 
then that raptors are two, three and four times better. For 
each of these, w e varied the num ber of raptors from 1 to 10 
relative to the 90 v'ultures present in the sim ulation (see the 
electronic supplementary- material, table S2).

In the m odel, vultures can detect carrion at 1 km  and can 
detect o ther scavengers on a carcass at 4 km [29], the increase 
in the latter owing to local enhancem ent [14]. In the version 
of the m odel w hereby raptors have double the detection d is­
tance they can detect carrion at 2 km, which gives a fourfold 
increase in search area. W hen a vulture discovers a carcass, it 
'feeds' on it, w ith the model calculating the average am ount 
of food eaten by the vultures at the end of the simulated 
foraging session. Each sim ulahon w as replicated 200 times. 
We square-root transform ed our data and analysed it using 
generalized linear m odels (GLMs).

O ur sim ulation results show a significant increase in vul­
ture foraging efficiency w ith rap tor density (figure 5), 
indicating that declines in raptor num bers may lead to 
declines in vulture populations because of a reduced ability 
to find or open carcasses.

6. Discussion
O ur results suggest that there is a p roducer-scrounger game 
occurring betw een GyjJS vultures and  scavenging raptors, 
w ith the com petitive dom inance of vultures favouring a 
scrounging strategy on their part.

The biolog}' of the tw o groups further lends itself to the 
evolution of p roducer-scrounger dynam ics. Gyps vultures 
are dependent on therm als to fly [33]. Flapping flight is far 
m ore energetically expensive than therm al soaring [34] and 
w ould  prevent vultures from exploring a sufficient area to 
be effective scavengers (33]. A lthough raptors do exploit ther­
m als as well, their relatively small size allows them  to use the
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Figure 5. M ean v u ltu re  fo o d  in ta k e  (a rb itra ry  un its}  a s  a  f u n a io n  o f  r a p to r  n u m b e r  fo r fo u r  s c e n a rio s  o f  d iffe rin g  re la tiv e  d e te c t io n  d ts ta n c e .  (a) E qual d is ta n c e  
(GLM, ^  =  0 .3 2 1 4 , s .e .  —  0 .1 2 3 2 , p  ~  0 .0 0 9 1 6 ), (6 ) tw ic e  d is ta n c e  (GLM, /3  —  0 .3 2 6 9 , s .e . —  0 .1 2 3 , p  =  0 .0 0 7 9 4 ), (c) t r ip le  d is ta n c e  (GLM, (B =  0 .5 0 4 7 , 
s .e . =  0 .1 1 9 8 , p  <  0 .0 0 1 ) a n d  {d) q u a d r u p le  d is ta n c e  (GLM, ^  =  0 .6 0 5 2 , s .e .  =  0 ,1 2 5 4 , p  <  0 .0 0 1 ).

w eaker eariy m orn ing  therm als com pared w ith  the  larger 
vu ltu res [35]. Thus they are likely to encounter carrion 
before the v'ultures. Kendall [18] found that, for their ab u n ­
dance, tawTiv eagles w'ere m ore likelv to discover a carcass 
th an  African w hite-backed vultures, an d  R uppell's vu ltu res 
w'ere never the first to arrive at a carcass, w hich is consis­
tent w ith  p ro d u ce r-sc ro u n g e r dvTiamics. She also reported  
several cases w herebv the African w hite-backed vu ltu res 
w ou ld  not feed at a carcass until a taw n y  eagle began  to 
eat. A s m enhoned earlier, this m ay  be an  instance of carcass 
open ing  |18J. The Gyps vu ltu re s can  then  dom inate  the  rap to r 
an d  feed on the prev iously  inaccessible flesh. This w ould  
certainly qualif}’ as a p ro d u c e r-sc ro u n g e r system.

The proposed dynam ics are no t th e  result of an ab u n ­
dance of raptors h appen ing  u p o n  carcasses m ore often than  
the vultures because rap to rs occur at m uch low er densihes. 
In the Masai M ara, for instance, G y p s  species w ere recorded 
at an average densit}' of 85.4 species p er 100 km  com pared 
w 'ith 7.4 for taw ny eagles [36].

In sum , w e show’ that foraging b ehav iou r in G y p s  vu ltu res 
is m ore complex than  prev iously  thought. Social inform ation

transfer flow s witlxin and am ong  the vu ltu re  and  rap tor 
species. In  conserv'ation term s, the resu ltan t non-trophic 
interactions [37] m ean that w e shou ld  sh ift o u r focus to eco- 
svstem -based m ajiagem ent [38,39] instead  of centring  our 
attention  o n  one species at a tim e. A s o u r IBM show s, scroun­
ging vu ltu re s w'ill fare poorly  w ith  a decline in p roducing  
raptors. W ith  rap to r p o pu la tions on th e  decline [40], this 
effect m ay  soon be realized. M ore generally , w e should  
explore o ther incidences of socially acquired  inform ation 
transfer betw’een species; inadverten t a s  it often is, th is will 
be no eas\" task.
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the electronic supplementary’ material.
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appendix b

Are v u l t u r e  r e s t a u r a n t s  neede d  to sus ta in  the  d e n s e s t  b r e e d in g  

p o p u la t i o n  o f  t h e  A f r i c an  W h i t e - b a c k e d  Vul ture? - S u p p l e m e n t a r y  

i n f o r m a t i o n

Table b.l: Life h is to ry  param eters fo r all o f the species in the co m m u n ity  unde r study, 
values are in years Brown (1991): Pennycuick (1976): Jones et al. (2009): M onadjem  et al. 
(2012): Piper et al. (1999): De Magalhaes and Costa (2009).

Species A d u lt age Fertile age End of fe r t ility Life e x p ec tan c y
Gyps africanus 1 5 19 20

Trigonoceps occipitalis 1 5 29 30
Torgos tracheliotos 1 5 39 40

Leptoptilos crum eniferus 1 5 24 25
Aquila rapax 1 5 15 16

Terathopius ecaudatus 1 5 29 30
Aepyceros m elam pus 1 1 17 17

Connochaetes taurinus 1 2 22 22
Equus burcheliii 1 2 40 40

Phacochoerus aethiopicus 1 1 19 19
Loxodonta africana 10 12 50 80

Tragelaphus strepsiceros 1 1 23 23
Ceratotherium  simum 5 6 50 50
G iraffa Camelopardalis 3 4 36 36

Tragelaphus angasii 1 2 16 16
Kobus ellipsiprym nus 3 4 20 20

Hippopotam us amphibius 4 5 55 55
Syncerus caffer 3 4 30 30
Taurotragus oryx 1 2 24 24

Tragelaphus scriptus 1 1 13 13
Sylvicapra grim m ia 1 1 14 14
Redunca arundinum 1 1 17 17

Hippotragus niger 1 2 22 22
Redunca fulvorufula 1 1 12 12
Hippotragus equinus 1 2 20 20
Damaliscus lunatus 1 2 18 18

Oreotragus oreotragus 1 1 17 17
Raphicerus cam pestris 1 1 14 14

Cephalophus natalensis 1 1 15 15
Ourebia ourebi 1 1 16 16
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a p p e n d i x  b

Table b.2: Reproductive param eters fo r species o f the avian scavenging guild (num ber of 
descendants corresponds to the num ber o f fledglings fo r the  following species) Mundy 
et al. (1992); Monadjem and Garceion (2005): Mundy and Group (1982); Margalida and 
Colom er (2012).

Species Proportion fem ale Fertility  ratio No. of descendants

Gyps africanus 0.7 0.8  1

Trigonoceps occipitalis 0.7 0.65 1

Torgos tracheliotos 0.7 0.7 1

Leptoptilos crumeniferus 0.7 0.7 1

Aquila rapax 0.7 0.7 1

Terathopius ecaudatus 0.7 0.7 1

Table b.3: M orta lity  values fo r adults o f the avian scavenging guild over a year Brown 
(1991): Pennycuick (1976): Monadjem et al. (2012): Piper et al. (1999): Monadjem et al. (2013).

Species July-Aug S ep t-O c t N ov-A pr May-June

Gyps africanus 0.0002 0 .0002 0.0005 0.0002

Trigonoceps occipitalis 0.0002 0 .0002 0.005 0.0002

Torgos tracheliotos 0.0002 0 .0002 0.005 0.0002

Leptoptilos crumeniferus 0.01333 0.01333 0.04 0.01333

Aquila rapax 0.0002 0.0002 0.005 0.0002

Terathopius ecaudatus 0.0002 0.0002 0.005 0.0002

Table b.4: M orta lity  values fo r im m atures of the avian scavenging guild over a year Brown 
(1991): Pennycuick (1976): Monadjem et al. (2012): Piper et al. (1999): Monadjem et al. (2013).

Species July-Aug S ep t-O c t N ov-A pr May-June

Gyps africanus 0.096 0.096 0.29 0.096

Trigonoceps occipitalis 0.1 0.1 0.3 0.1

Torgos tracheliotos 0.1 0.1 0.3 0.1

Leptoptilos crumeniferus 0.06 0.06 0.178 0.06

Aquila rapax 0.096 0.096 0.29 0.096

Terathopius ecaudatus 0.096 0.096 0.29 0.096
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Table b.5: Meat available fo r scavengers from  carrion providing species Jones e t al. (2009): 
S inclair and N o rton -G riffith s  (1995).

Species M ea t fro m  juveniles (kg) M eat fro m  adu lts  (kg)

Aepyceros m elam pus 14.7 19.6

Connochaetes taurinus 53.025 70.7

Equus burchellii 60.9 81.2

Phacochoerus aethiopicus 23.625 31.5

Loxodonta africana 1490.25 1987

Tragelaphus strepsiceros 53.55 71.4

Ceratotherium  simum 876.75 1169

Giraffa Camelopardalis 417 556

Tragelaphus angasii 24.675 32.9

Kobus ellipsiprym nus 56.7 75.6

Hippopotam us amphibius 650.25 867

Syncerus caffer 192.75 257

Taurotragus oryx 152.25 203

Tragelaphus scriptus 12.6 16.8

Sylvicapra grimm ia 4.2 5.6

Redunca arundinum 17.85 23.8

Hippotragus niger 56.7 75.6

Redunca fulvorufula 6.825 9.1

Hippotragus equinus 64.05 85.4

Damaliscus lunatus 28.875 38.5

Oreotragus oreotragus 3.15 4.2

Raphicerus campestris 3.15 4.2

Cephalophus natalensis 3.15 4.2

Ourebia ourebi 4.2 5.6
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Table b.6: Initial and m axim um  density o f all the  species considered in the  ecosystem / 
model. For the birds we calculated the  area potentia lly available to each species in 
Swaziland and then used recorded density estim ates to  determ ine the  m axim um  num ber 
we would expect in such an area. Initial is equiva lent to max density fo r the ungulates 
given our model assum ptions m entioned above. The birds are  in pairs, the ungulates are 
individuals (Monadjem et al., 2003).

Species In itia l d e n s ity M axim um  d ens ity
Gyps africanus 300 1000

Trigonoceps occip ita lis 6 20
Torgos trachelio tos 1 66

Leptop tiios  crum eniferus 19 100
Aquiia  rapax 1 20

Terathopius ecaudatus 15 30
Gyps coprotheres 15 15

Aepyceros melampus 16500 16500
Connochaetes taurinus 1700 1700

Equus burche llii 1500 1500
Phacochoerus aethiopicus 2300 2300

Loxodonta africana 40 40
Tragelaphus strepsiceros 1300 1300

Ceratotherium  simum 50 50
Giraffa Camelopardalis 80 80

Tragelaphus angasii 1000 1000
Kobus e llips iprym nus 260 260

Hippopotam us am phibius 25 25
Syncerus ca ffe r 40 40
Taurotragus o ryx 40 40

Tragelaphus scrip tus 250 250
Sylvicapra grim m ia 550 550
Redunca arundinum 120 120
Hippotragus niger 20 20

Redunca fu lvo ru fu la 200 200
Hippotragus equinus 7 7
Damaliscus lunatus 16 16

Oreotragus oreotragus 200 200
Raphicerus cam pestris 140 140
Cephalophus natalerjsis 80 80

Ourebia ourebi 50 50

1
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Table b.7: Daily Food Requirem ents fo r the avian scavenging guild. M arabou S to rk  food 
requirem ents are taken to  be the  same as the  sim ilarly sized Cape G riffo n  M undy et al. 
(1992); Mundy and Group (1982): Calder (1995).

Species Daily food  re q u ire m e n ts  (g)

Gyps africanus 400

Gyps coprotheres 520

Trigonoceps occip ita lis 350

Torgos tracheliotos 500

Leptop tiios  crum eniferus 520

Aquila  rapax 160

Teratbopius ecaudatus 160

Table b.8: A sum m ary o f the changes in ungulate m orta lity , vu ltu re  foo d  requ irem en ts  
and, foraging radius th roughou t the  year and according to  the  periods conside red.

M onth Season Young Food re qu irem en ts Foraging rad ius Period

Jan Wet N/A Low N/A 3

Feb Wet N/A Low N/A 3

Mar Wet N/A Low N/A 3

Apr Wet N/A Low N/A 3

May Dry Incubating Low Reduced 4

June Dry Incubating Low Reduced 4

July Dry Hatched High Reduced 1

Aug Dry Hatched High Reduced 1

Sept Wet Hatched High Reduced 2

Oct Wet Hatched High Reduced 2

Nov Wet N/A Low N/A 3

Dec Wet N/A Low N/A 3
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Table b.9: Parameters and defin itions used in the  model.

P a ra m e te r C o n c e p t

Si,2 Is equal 1 if the  species i is facu lta tive  o therw ise  it is equal 0.

gi,2 Age animals o f species i get to adu lt size.

8i,3 Age fem ales o f species i s ta rt to  be fe rtile .

giA Age fem ales o f species i end th e ir fe rtile  period.

Si,5 Life expectancy o f species i
P robability  o f death o f young animals o f species i in the  period c.

’^i,2,c Probability  of death o f adu lt animals o f species i in the  period c.

h i Sex ra tio  o f species i.

h 2 Probability to  rep roduce a fem ale  of species i.

f , k l Biomass (meat) o f young animals o f species i leave when they die.
Biomass (meat) o f adu lt anim als o f species i leave when they die.

“ /'I A m oun t o f usefu l biom ass o f young animals o f species i.

f ,  Ui,2 A m oun t o f usefu l b iom ass o f adu lt animals o f species i.

f J . U Necessary biomass fo r young animals o f species i in the period c.

f J a , Necessary biomass fo r adu lt animals o f species i in the  period c.

P‘,c Probability th a t animals o f species i m ove when the  resources are insu ffic ien t in period c
N um ber o f anim als o f species i and age j.

N„2 Floating popula tion  o f species i.
d, m axim um  population (carrying capacity) o f the  species i.
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append ix  b

PDP Model Com ponents

Following Colomer et al. (2013), there are four main com ponents to the model: 1) A set 

o f environm ents tha t are connected according to some prefixed relation, and which can 

be form ally described by a network: 2) a m embrane s tructure  tha t provides the hierarchy 

among the d iffe ren t membranes tha t constitu te  the cell contained in each environm ent: 

3) objects involved in the system under study (individuals, resources etc.) are represented 

by alphabetic characters: 4) A set o f rules tha t specify the behaviour o f the objects in the 

model and a set of rules fo r the model environm ents which define how individuals can 

move between the environm ents as well as generating values fo r the variables correlated 

between environm ents.
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PDP System s Full Model

M em brane structure

/ i = [ [  ] l [  ]2[ Is -  [ ]p]0

fi is th e  m em brane structure of the  model. Internal membranes of the  m em brane skin are 
associated with the  four periods considered. The p represents the  number of membranes.

Initial objects

^ 0  =  K ' ' .  1 <  i <  W, 1 <  ;• <  } U l < i <  CW k) U { c o , } .

Mi =  {« ], 1 <  1 <  P.

Each animal tha t  has its territory in the  ecosystem is associated with an object X i j ,  i and j  indicate 
the  species and the  age respectively, qi j is the  number of animals of the  species i and age j .  Each 
animal th a t  belongs to the  floating population is associated with an object XF^, N 1 2 , is the  number 
of floating animals of species i These floating species are animals tha t  normally live outside of the 
environment in question i.e. Swaziland but can interact with it by feeding on the  carrion resources 
there. In this instance the  Cape vulture is our important floating population. DFj is an object tha t 
controls the  maximum density of scavenger species (carrying capacity). CNY is the number of 
different species in the ecosystem. The population of the "prey" species has been assumed as 
constant.

The object coj, controls the  seasonality of the  model and the  object R \s a counter tha t allows 
synchronization of the  model.

Step 1

The m em brane is activated for the  period to simulate changing its polarization. 

ri = cOcl ] c ^ [  ]? ,  l < c < P .

Step 2

The counter R of the  activated m em brane begins to  evolve and this counter allows for 
synchronization of the  model.

r 2 = W t - ^ [ R i ] c  , l < c < P .

The objects associated with the  animals en ter  the  activated membrane

r-3 =Xi.j[ ] t  [Xi.j]^ , 0 < j <  5i,5. l < c < P . l < i < N -

The XF'i  com ponent is a copy of A'F,- necessary for the  next step.

U  = ^ P i [  ] ?  [ X P i . X F ' i l c  . 1  <  c <  P , 1  <  i <  C N Y .

# represents the  dissolution of the  objects in th e  model. This rule ensures tha t  any object with 100 in 
the second index disappears.

^5 ]c * [# ]c  , ^ ' ^ c < P , l < i < N .

I



There is an object DY fo r each species o f avian scavenger, these objects evolve, creating objects of 
type a and e tha t allow contro l o f the  maximum load o f each species. Objects a and the ir 
superscripts are used to  contro l the maximum load capacity whereas objects e and the ir 
superscripts are used to  generate randomness in the load o f the animals. The parameter d, 
represents the carrying capacity of species I.

re =DYi[  ]+  [DYi, , 1 <  c <  P, 1 <  t <  CNY.

Step 3

Evolution o f the counter and the object e allows small random variations in load.

7̂ =[^1  ̂^2]c . 1 ^  c < P.

r g  = | e , - - - - - - - > a j j  ,1 <  c <  P,1 <  i <  N.

r g  = | e i  » # J  ,1 <  c <  P,1 <  i  <  N.

The objects associated w ith  the animals start the reproduction process tha t is performed in period 1
(Membrane 1), can reproduce fe rtile  females (when these reach the age o f m aturity they are able to
have a first breeding attem pt) creating new objects.

Evolution o f the objects Y, j associated w ith  fe rtile  females tha t reproduce.

rio =[Xu n.y, .3̂ .3 < j  < 9iA. l < i < N .

Evolution o f the objects associated w ith  fe rtile  females tha t do not reproduce.

r  1 “  2 ’ ^ i  1 1

^11 ^ [ h j ------------------ * -5 i,3  ^  9 i A ’ 1 <  j <  Af.

Evolution o f the objects associated w ith  in fe rtile  adult animals.

Tn = [ h j  h j ] i  ' 9 iA '  < J  ^  9i.5> 1 <  i <  /V.

Evolution o f the objects associated w ith  in fe rtile  young animals.

^13 Yi j ]^  , 0 < j <  9i ,3.  l < i < N .

In the remaining periods no reproduction occurs, the re fore  the objects evolve but these do not 
generate new objects.

1̂4 H h j ^ ij] , . 0 ^  7 < 9i.S' 1 <  i < W, 2 <  c < P.

r i 5 =[XF^ YFilc  ,  1 <  ! <  CNY. 1 <  c <  P.

Step 4

1̂6 —[^2 * ^alc, 1 ^  c < P.



Begins the process of m ortality, the scavengers are separated from  other animals whose biomass is 
le ft in meat.

Young scavengers survive generating objects Zy.

r i 7 > h i ] ^ , 0 <  )  <  9i,2. 1 <  i <  CNY. l < c <  P.

Young scavengers die.

I TTlj 1 ^  1

Yij —̂  #J , 0 < y < 5i,2,1 < i < CNY, l < c < P .

Young animals tha t are not scavengers who survive

r i9 =[Vi,j > Z i j j  , 0 <  /  <  Si 2, CNY +  1 < i <  N ,1 <  c <  P .

young animals tha t are not scavengers who die leaving biomass. The model takes into account that 
the population o f animals tha t are not scavengers remains constant; therefore the object associated 
w ith  the animal evolves but does not disappear.

^20 = l y i j  , 0 < j <  9 i,2. C N Y + l < i < N , l < c < P .

Adult scavengers who survive.

2̂1 =[Yi.j  ,5^,2 <  j  < 9 i,s. 1 < ( <  CNY, 1 < c <  P .

Adult scavengers who die.

I TTlj 2 /- 1

Yij  — ^  #j^ ,gi2 < j <  9i,s. 1 < i < CNY, l < c < P  .

Adult animals tha t are not scavengers who survive.

2̂3 =  [y i . j~  >̂ij]̂ .̂ i,2 ^ j <  Qi.S'CNY + \ < i < N , l < c < P  .

Adult aninnals tha t are not scavengers who die.

^24 ,9a  <  } <  9,.5,CNY +  l < i < N , l < c < P .

Flotant population

^25 =[yFi  ZFj]<., 1 <  ( <  CNY, l < c < P .

The animals when they reach life expectancy w ill disappear from  the ecosystem; it is assumed tha t in 
each period 25% die.

r-26 —  c f , l < i < N , l < C < P .



s te p  5

r 2 8 = [ R 3 ] c  ~ ^ [ R ^ ] t l < c < P .

T h ere  are no lim itations on food fo r anim als th a t are  no t scavengers, th e re fo re  all evolve  

^29 = [ Z i . j ] ,  ^  H A l ’ 0 ^  <  9i,5.  C N Y + l < i < N , l < c < P .

Th ere  are prio rities fo r food availab le  to  scavengers in th e  s im ulator; species are e n te re d  according  

to  this crite rio n , so a fte r species 1 eats species 2 w/ill ea t and so on. This is achieved by Zn um ber  

(Z1,..Z7) and ZFnum ber (Z F l,... ZF7). Th e h ierarchy in our m odel is, in o rd e r o f arrival, 1) B ate leur, 2) 

Taw^ny Eagle, 3) W h ite -b acked  V u ltu re , 4 ) Lappet-faced V u ltu re , 5) W h ite -h ead ed  V u ltu re , 6) Cape 

V ulture , and 7) M a rab o u  Stork

^ 3 0  = [ ^ i . j ] ^  ^  <  5 i,s . 1 <  i <  C NY,  l < c < P .

^ 3 1  ^ [ Z F i \ c  [ Z F l i l t  1 <  t <  C N Y ,  l < c < P .

S tep  6

T32 = [ / ? 4  * 1 ^  C <  P.

If th e re  are suffic ient resources all th e  anim als o f species 1 vi/ill eat.

T3 3  = [ Z 1 , j . ^  0 ^  V <  5 i,3 . 1 <  c <  p .

^34 < j  <  5 i ,5 ,1  < C < P .

r-is < c < P .

The o ther objects associated w/ith th e  rem ain in g  species evolve Z2 typ e  objects. 

r 3 6  = [ Z l i j - ^ Z 2 y ] J , 0  < j  < S i , s . 2  <  i <  C N Y , 1  <  c <  P. 

f 3 7  = [ Z F l i ^ Z F 2 i ] + , 2  <  ( <  C N Y , 1  <  c <  P.

S tep 7

’'38 = [ ^ 5  * < 1 ^  c <  P.

If resources are le ft over anim als o f species 2 ea t.

^ 3 9  . 0 <  7  <  52 .3' 1 ^  c <  P.

U o = [ Z ^ 2 , j ’ ^ 2 > 92,3 -  i  — 32.51  ̂ ^  C <  P.

r4 i  = [ Z F 2 2 . M f f ^ ' ^ c  # ]^ ,  1 <  c <  P.

The rem aining anim als evolve

^4 2  = [ Z 2 i , j  Z 3 i j ] ^ ,  0 <  7 <  5 i,s, 3 <  i <  C N Y,  1 <  c <  P.

r4 3  = [Z F 2 i  - » Z F 3 J +  3 <  i <  C N Y ,  1 <  c <  P.



s te p  8

?44 = [ /? 6  * 1 S  C <  P .

If resources are le ft over, the  animals o f species 3 w ill eat.

?45 lV3j ] ^ ,  0 < j  <  5 3 3 , 1 <  c <  P.

^4 6  = [ ' ^ 3 3 J ,  t t 3 , — » W 3 j ] ^ , 5 3 , 3  <  /  <  5 3 ,5 , 1 <  C <  P.

r47 =[ZF33,M^^3,2,c ^  1 <  c <  p.

The rem ain ing animals evolve

r48 = [ Z 3 i j  ^  Z4i,^ ] 0 <  7 <  5 i,s, 4 <  i <  C iV r, 1 <  c <  P. 

r49 = [ Z F 3 i  Z F 4 J + , 4 <  i <  CWy, 1 <  c <  P.

Step 9

^50 = [^ 7  * RbI c ’ 1 ^  C 5  P-

If resources are le ft over, the animals o f species 4 w ill eat.

''51 - »  0 < j <  5 4 ,3 ,1  <  c <  P.

fs 2  = [^ 44 ,;. 0 4 , ^  54,3 <  /  <  54,5,1 <  c <  P.

rs3  = [Z F 44 ,M ^ /'« .^  -  # ]J , 1 <  c <  P.

The rem ain ing animals evolve

rs4 = [ Z 4 r i j  Z5y] 0 < 7 < g i  s, 5 < i < CWK, 1 < c < P.

rs 5 = [ Z F 4 i - ^ Z F 5 j+ , 5  <  i <  CNY, 1  <  c <  P.

Step 10

'”56 = [ ^ 8  * 1 S  C <  P.

If resources are le ft over, the animals o f species 5 w ill eat.

= [ Z 5 s j ,  _  Ws,,\]> 0 < j <  9s.z. 1 <  c <  P.

r-sa = [ 255, ; ,a5, M ^^ « , c_ ,W 5 . ]+^53  < j  <  555,1 <  c <  P. 

rs9 = [Z F55 ,M ^^ « ,c  ^  # ]^ , 1 <  c <  P.

The rem ain ing animals evolve

^60 = [ ^ 5 y - ^ Z 6 i , y ] J , 0  < j <  5 i,5 , 6  <  I <  CNY,  1 <  c <  P. 

r ^ i  = [ Z F 5 i- ^ Z F 6 i ]+ ,6  <  1 <  CNY, 1  < c <  P.



Step 11

6̂2 =[^9 * ^lolc' 1 S C <  P.

If resources are le ft over, th e  anim als o f species 6 w ill eat.

6̂3 =[266,;, 1^6,;]^ 0 <  7 <  56,3. 1 <  c <  P.

6̂4 = [ Z ( > 6 . j - a 6 . M ^ f ^ ' ^ ' ^ - > W s , j ] l , g 6 . 3  < j  <  56,5.1 <  C <  P. 

r e s  # ]J ,  1 <  c <  P.

The rem ain ing anim als evolve

= \ Z 6 ^ J  ^  Z7i,;]J, 0 <  ;  <  7 < i <  CNF, 1 < c <  P.

r 6 7  =[ZP6j ZP?i]+, 7 <  i  <  C A fK , 1 <  c <  P.

Step 12

^68 = [ R l o ] t ^ [ R l l ] c - ' ^  < C < P .

If resources are le ft over, th e  anim als o f species 7 w ill eat.

rs9 = [ Z 7 j j .  [ Wj j ] ~ .  0 < j <  5 7 ,3 ,1 <  c <  P.

'70 0 7 , [1^7,;]” .57,3 ^  ^  57,5. 1 <  C <  P.

T7 i =[ZF77, -  [ # ] ; ,  1 <  c <  p .

Step 13

’ '72 = l R n ] 7 ^ [ R ] c  < c < P .

The objects th a t are associated w ith  th e  flo a tin g  p opu la tion  disappear; th e  flo a tin g  popu la tion  

w ith o u t access to  food  resources goes to  a n o th e r area.

r74= [Z F 22 ]-^  [ # ] „ l < c < P .  

r 7 5 = [ Z F 3 3 ] - ^ [ # ] „ l < c < P .  

r 7 ( , = [ Z F A ^ ] - ^ m „ l < c < P .  

r7 7 = [Z F 5 5 ]j^  [ # ] c , l < c < P .  

r j ^ = [ Z F b e \ - c ^ m , . l < c < P .

7̂9 =  [ Z F 7 7 ] - ^  [ # ] c, 1 <  c  <  p.

Scavengers w ith  insu ffic ie n t fo o d  resources in th e  area, depending on th e  t im e  o f year can m ove to  

o th e r areas to  eat th e  necessary food  and re tu rn  to  th e ir  te rr ito ry . So ob jec ts  can evolve and not 
necessarily to  disappear. O bjects associated w ith  som e non fa cu lta tive  anim als =  0 ) can 

d isappear fro m  th e  ecosystem .



8̂0 = [ Z h j ] ~ - ^  X \ j [  ]„  0 <  7 <  51,3,1 <  c <  F -  1. 

rsi ] „ 0  <;• <  3 , 3 . 1  <  c <  P -  1 .

rs2 ] c , g i , 3 < j  <  51,5, 1  <  c  <  P  -  1.

rs3 =[ Zl ^ , j ,  a i ] ~ -  ]„5 i,3  <  j  <  1 <  c <  P  -  1.

rs4 = [ Z 2 2 . i ] ] ^ ^  X ' 2j [  ] ,̂0 < j  < 5 2 ,3 , \  < c < P -  1.

8̂5 = [ Z 2 2 , j ] ~ ^ - ^  X ' ^ y i  ]„  0 <  ;■ <  52,3, l < c < P - l .

^86 = [ Z 2 2 , j , a 2 ] ~ - ^  X2j[  ] „ 5 2 , 3  < /  <  5 2 ,5 , 1 <  C <  P -  1. 

rs7 = [ Z 22j . a 2] ' ^ -  ^X ^ ^ [  ] c 52,3 ^ 7  S  52,5.1 <  c <  P -  1.

8̂8 = [ Z 3 3 , ; ] ^ - ^  ;r'3,y [ ]„  0 <  y <  53,3, 1 <  C <  P -  1. 

rg, X ' l f [  ]„ 0  <  /  <  53,3,1 < c <  P -  1.

^90 = [ ^ 3 3 , y , a 3 ] ^ ------]c -5s .3  5 3 ,5 -1 < C < P -  1.

rgi =[Z33,^-,a3]~— ]c,53,3 5  /  < 53,5 .1  5  c <  P -  1.

9̂2 = [244, ; ] ^ - ^  ]„  0 < 7 <  5 „ ,  1 <  c <  P -  1.

9̂3 ^ Z A , j ] - ^ ^  ]„  0 <  7 < 54,3,1 <  c <  P -  1.

r94 ]e,54,3 < 7  < 54,5.1 <  C < P -  1.

rgs =[244,^,04]"—  > X ^ y [  ]„54,3 <  7 <  54,5,1 <  C < P -  1.

9̂6 ^ [ Z S s , ; ] ' - ^  X's,y[ ]„  0 <  /  <  55,3, 1 <  C <  P -  1. 

r , ,  = [ Z 5 5 , ; ] ; - ^ : ^ X ' f y [  ] „ 0  < 7  <  55,3-1 <  C <  P -  1.

Tgg =[ZS5j,a5]^ * ]c.5 s,3 -  7 -  5 s,5- 1 5  c <  P — 1.

rg, =[Z5s,y,a5]~—  ]^,55 3 <  j  <  1 <  c <  P -  1.



rioo = [ Z 6 e , j ] ~ - ^  X'e.j[ ] c  0 <  ; <  5e,3.1 <  c <  P -  1. 

r io i  = [ Z 6 e j ] ~ ^ ^ ^  X ' l y i  ], .  0 < j <  56 ,3 .1  <  c <  P  -  1.

^102 = [Z (> 6 . j '   ̂ ■^6j[ ] c -5 6 ,3  ^  j  ^  9 6 , S' 1 5  C <  P — 1.

^103 = [ '^ 6 6 J , [ ] c , g e ,3 — j  — 96,5'  1 S  c <  P  — 1.

''104 ]c> 0 <  j  <  ^ 7  3 , 1 <  C <  P  — 1.

rio s  ] „ 0  <;■ <  5 7 ,3 . 1  <  c <  P -  1.

^106 =[■^^7,;. ^ 7 ]^ * ^7 . j[  ]c.57,3 -  J — 9?,S' 1 S  C <  P  — 1.

^107 =[■^^7 ,7 . > X ^ y  [ ]c,57,3 -  j  — 97,5'  1 S  C <  P — 1.

In th e  last o f th e  fo u r periods, th e  seco n d  Index is Increased  by 1 (a y e a r has passed ), so th e  anim als 
will m ove Into th e  nex t year.

^108 = [ ^ l i . j ] p  * [ ] p .  0  <  J <  5 i ,3 ~  1-

^109 = [ '^ l l , j ] p  + — ] < 9 i ,3 ~  1-

^1 1 0  ]p' 9i , 3 ~ j  -  9i . s-

^111 — * X ^ y ^ [  ]c i5 i,3  — j  — 9 i ,s -

h l 2  = \ ^ ' ^ 2 , i \ p  * X ' 2  j  + i  [ ]p, 0 <  y <  ^2,3 “  1-

1̂13 =['^22,y]p ]p'0 — 7 < 92,3  ~  1-

r 1 “  P2 P
’'114  = [ Z ^ 2,j’ ^ 2 \p  * '’̂ 2 ,; + l [  ]p '5 2 ,3  — J — 92,S-

^115 - [^ 2 2 ,y ,a 2 ]^   ̂ lc .^2 ,3  -  J -  92.5-

’"lie — [ ^ ^ 3 , j ] p  * X ' ^ j - n  [ ]p, 0 <  7 <  53 3 — 1.

^117 =[ z ^3 , j ] p  ] p '0  ^  j  <  93.3 ~  1-

’'118 = [ ^ ^ 3 J ,  0 3 ]^ >'^3,; + l [  ]p .53 ,3  — j  — 93,5-



^119 -[^ 3 3 ^,0 3 ]̂  ]c’93.3 -  i  -  93,5-

^120 ^[■^'^4j]p * ^ \ . j + l [  ]p -0  ^ 7  <  54,3 ~  !•

^121 =[■^^4,/]^ ' '̂̂ y+l [ ]p< 0 -  7 <  54,3 “  1-

^ 1 2 2  = [ ^ 4 4 ^ ,0 4 ]^  * '’̂ 4,; + l [  ]p<54,3 — j  — 54,5-

^123 = [ ^ 4 - 4 j ,a 4 ] ^  * ^ 4J + 1^  ]c>54,3 -  j  - 9 4 , 5 -

^124 — [■^^5,/]p ^ ^ '5 , ; + l [  ] P '0  -  7 <  9 s .3 ~  1-

^125 = [ ^ 5 5 ,y ] p -------------------------------------------- -  7 <  9 s .3 ~  1-

r I Ps P
^126 = [ ^ ^S . j ' 0 - 5 \ p  *'’̂ 5 ,y+l[ ]p '95,3  - 7  — 55.5-

^127 = [ ^ 5 5 ^ , 0 5 ]^ *'^s!) + J  I c '5 5 ,3  - 7  ^  9 s .5-

^128 —[Z66,;']p * 6,; + l l  ] p '0 S  7 <  56,3 ~

^129 = [ ^ 6 g j ] p  ]p ’ ® -  7 <  56,3 ~  1-

^130 =  [ ^ ^ 6 , j i ‘̂ 6 ] p  *-^6,7 + 1 [ ]p '56 ,3  —7 — 56,5-

’"131 = [ ^ 6 6 j ,a 6 ] ^  + J  ] c'56,3 -  7 -  56,5-

^132 —[■^^7,y]p * '^ ’7 ,/+ l[ ]p -0  — 7 <  57,3 “  1-

^133 =['^^7,7]p * ^ ' l Y + l l  ] p '0  — 7 <  57,3 “  1-

^134 =[-^^7,y< ^^7]p * ^ 7 , j  + l [  ]p>57.3 —7 — 57,5-

^135 =[■^^7,;’ “ 7 ]^ ]c '57,3 - 7  -  57,5-

Young animals are recorded individually, w/hile adults in pairs, as they reach their reproductive age, 
new  breeding pairs are generated from tw o young individuals.

^ 1 3 6  = [ ^ l i , g i , 3 - i ' “ i ] p  I / ’ -



r i 3 8  = [ Z 2 l g ^ ^ _ - ^ , a 2 ] ^  ] p -

^139 = [ ^ ^ i a : i . 3 - l ’ °-2]p ' ' ’‘’2̂ 52,3 ^

r i4 o  = [ Z 3 l g ^ ^ ^ i , a ^ ] ^  ' ' ’‘’3 ,53,3 [ Ip -

r i 4 i  = [ Z 3 § , ^ 3 ^ _ i , a 3 ] p  ]p -

r i4 2  = [^ 4 ^ ,3 4 ,^ - ! .  « 4 ]p  * ■’‘’4,54,3 [ ]p -

^143 = [ ^ 4 | f l_ ^ ^ _ i ,a 4 ]p  '^ ^ f l4 ,3 [  ]p -

r j4 4  = [ z 5 | g ^ ^ _ i , a 5 j ^  ̂ ' ’‘’5 ,55.3 [

''145 = [^ ^ 5 , f ls , 3 - l ’ “ 5 ]p  ]p -

r i4 6  = [ Z 6 l g ^ ^ _ i , a 6 ] p  ̂ ' ’^6,56,3 [ ]p -

r , 4 . = [ Z 6 l , „ . „ a e ] ; - ^ < ; : j  ] p .

''148 =  [ ^ ’7^57,3-1- ' ' ’^7,fl7,3[ ]p '

]p .

Finally the objects associated with aninnals that have had enough food resources evolve, the young 
to -Y'and adults to X .

r i s o  = [ W i . j ] ~ --------- > X \ j [  ]c.  0 <  7  <  5 i , 3 , 1 <  ( <  CNY,  1 <  c <  P -  1.

» 'i5 i  ]c -5 i,3  ^  9i,s. 1 <  i  <  CNY,  1 <  c <  P -  1.

^152 = [ '^ i , y ] p  * ^ ' i , A  ] p ' 0 ^  7 <  5 i ,3 - 1 ^  i  ^  C N Y .

r i 5 3  = [ l ^ 4 i , 3 - i '  “ ‘ ]p ]p ’ l  -  ' -

^154 ---------* ^ i j + i [  ]p<5 i,3  - j -  5 i ,s > l -  ‘  -  CNY.

ris5 = [ W i . i \ ] --------» X^j [  ] „  0 <  7 <  5i,s, C N Y + l < i < N , l < c < P .

The objects associated with uneaten food are dissolved. 

r i 5 6 = [ M ] 7 -------- > [  ] c - l ^ c < P .

C; object stores information about the food generated by each of the species, these objects go out 
into the skin membrane, which dissolve after being registered In the model.



r i 5 7 = [ C i ] c  ] c A < i < N , l < c < P .

ui le ft over objects are dissolved.

 * [  ]c - l < i < W, 1 <  c < P.

Dy"object evolves to object OF.When the above rules have been executed the period is completed 
and the object co,must record the new period in its index.

ri59 =[DY' i \ - ------> DYil ] c , l < i < N , l < c < P .

^160 = [cO i];------ > COi+i[ ]c, 1 <  1 < 3,1 <  c < P.

r ib \= [ co^ ]c  >C0i[ ] c , l < c < P .

r i 62 = [ X F \ ] : ------ » ] c - 1 < j <  CNY, 1 <  c < P.

Stepl = Step 14

Registered resources provided by each o f the species in the simulated period, objects dissolve.

r - i 6 3 = [ Q ----------- » # ] o , l < i < N .

Young animals evolve to  restart a new  ̂ loop.

ri64 = [ X ' u --------> , 0 <  7 <  5 i,3 .1 <  < < CNY.

Dissolve the objects tha t have not evolved.

^165 ' 9 i .3 ^  )  S 5 i . 5 , 1  <  c  <  p.

^166 — .52,3 ^  52,5.1 <  C <  P.

^167 — [Z^3,j - ^ # ]^ .5 3 ,3  ^ 7  ^5 3 ,5 .1  ^ C < P .

^168 — .54,3 5  54,5-1 <  C <  P.

^169 — # ]^  .55,3 ^  7 ^  55,5. 1 <  C <  P.

^170 - ^ # ]^ .5 6 ,3  5 ; S  C /6 ,5 .1 ^ C < P .

^171 -[■^^7J ’ . 57,3 — j  — 57,5. 1 ^  C <  P.
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A bstract
As obligate scavengers, vultures arc entirely dependent on carrion resources. In 
this study, we model the carrion ecology o f an ecosystem in Swaziland which is 
home to the densest breeding population o f the African white-backcd vulture Gyps 
africanus. We collected data on life-history parameters o f the avian scavenging 
guild o f the area as well as the potential food available from the ungulate fauna. 
Using novel Population Dynamics P-Systems. wc show that carrion provided by 
wild ungulates biomass is currently enough to sustain this vulture spccies. 
However, in light o f the forecasted population increases, food will bccome a 
lim iimg factor. We discuss the significance of mass closure o f supplementary 
feeding stations in Swaziland w'hich now forces these birds to forage farther afield 
endangering them to poisoning events. We put these results in the context o f 
biomass management and suggest conservation actions to secure the viability o f 
vulture populations and the important ecosystem services they provide.

do i:10.1111 /acv.l2169

In troduction

Carrion ecology examines the link between the organic 
material provided by animal carcasses and ecosystem func­
tioning (Barton et al.. 2013). Carcasses are an ephemeral 
resource and among members o f the scavenger community, 
avian scavengers are probably the group with the most 
evident adaptive traits to utilize it (DeVault, Rhodes & 
Shivik. 2003; Wilson &  Wolkovich. 2011). Indeed, the Gyps 
vultures arc entirely dependent on dead animal biomass 
(Mundy ei al., 1992). Given the patchincss o f carrion, vul­
tures are under selection pressures to be as energetically 
conservative as possible in order to exploit such an unpre­
dictable food (Ruxlon &  Houston, 2002, 2004).

In sub-Saharan Africa, alongside poisoning, food reduc­
tion and habitat loss arc the key threats to the avian scav­
enging guild (Monadjem et al.. 2003). Thus, the practice of 
providing supplementary resources is a common conserva­

tion tool (Piper. Boshoff &  Scott. 1999: Piper. 2005). As 
these ‘vulture restaurants’ or ‘feeding stations* can make 
carrion more predictable in space and lime (Oro eta!.. 
2008). there arc implications for the ecosystem services and 
foraging behaviour o f the species affected (Dcygout ei a i. 
2010; Margalida et aL. 2013; Monsarrat el a i,  2013). 
Although these issues have important management and con­
servation implications, studies focuscd on the effects o f food 
shortage on vulture species have not been documented until 
rccent times (Piper. 2005; Camina &  Montelio. 2006: 
Zuberogoitia et a i.  2010).

The African white-backed vulture (AW BV) population 
o f Swaziland is an interesting case study for examining the 
cffect o f potential fluctuating food availability given that, at 
an estimated 300 pairs, it represents the densest nesting 
population o f the birds in the world (Monadjem & 
Garcelon. 2005). Historical data show that this AW BV 
population has increased during the latter part o f the 20th
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century (Monadjem ei al.. 2003). In one conservation area 
(Mkhaya). the species founded a nesting population in the 
1980s which grew to 15 pairs in the late 1990s (Monadjem 
et a i,  2003). Supplementary feeding sites have also been 
established in the country, but o f seven vulture restaurants 
that were operational in Swaziland at the turn o f the 
century only one is currently operational. These sites 
would have provided the vultures with a significant 
proportion (40%) o f their annual food requirements 
(Monadjem. 2003). This represents an apparent paradox 
because the population of vultures has not declined in the 
face o f this reduction in available food (Monadjem & 
Garcelon, 2005). Thus, we hypothesized that there are 
enough carcasses from wild fauna to sustain the AWBV 
population o f Swaziland. Our aim was to determine the 
cnerg>’ balance for these birds and use this information to 
inform conservation measures.

In order to address this question, we needed to determine 
where the birds forage, how much carrion they require and 
how much naturally occurring food is available to them. To 
achieve this, we assessed the potential foraging movements 
o f the AWBV population, estimated food availability for 
the population in Swaziland and modelled whether current 
trophic resources are theoretically sufficient to maintain 
their population.

M aterials and methods 

S tudy area and species

The Hlane-Mlawula-Mbuluzi reserve network in Swaziland 
contains the majority (at least 202 nests) o f the counir>‘s 
AWBV breeding population (Monadjem & Garcelon. 2005) 
(Fig. 1}. Located in the east o f Swaziland, the area is char­
acterized as lowveld savanna (Acocks. 1988) with Acacia 
providing suitable nesting trees for the vultures present 
(Monadjem &  Garcelon. 2005). The rest o f the nesting birds 
are known from other non-contiguous conservation areas 
(c. 12 nests at Mkhaya) and protected cattle ranches (19 
nests at the Big Bend Conserv’ancy and six at Inyoni nyoni 
Yami Swaziland Irrigation Scheme) (Monadjem & 
Garcelon, 2005). AWBVs appear to actively avoid unpro­
tected government ranches in the country, but their reason 
for doing so is unclear (Monadjem &. Garcelon, 2005). In 
total. Swaziland is home to six avian scavenger species (obli­
gate and facultative) which lake a considerable portion of 
their diet as carrion. The majority o f the large ungulates in 
Swaziland also live in this Hlane-Mlawula-Mbuluzi reserve 
(Monadjem et al.. 2003) (Table 1).

M odel param eters fo r avian scavengers  
and ungulate carrion

We first determined the potential foraging range o f the vul­
tures to see which habitats harbouring natural fauna are 
available to the birds. We used an extension o f the central 
place forager theor>' known as the foraging radius concept

which was developed by Pennycuick (Sinclair 
Norton-Griffiths. 1995). The concept states that every 
animal is energetically constrained in terms o f the spatial 
range they can cover while foraging (Sinclair & 
Norton-Griffiths. 1995). Factors such as cost of movement, 
basal metabolic rale, presence o f dependent young, ctc.. 
contribute to the overall cost o f foraging (Ruxton & 
Houston. 2002). Many animals must return to a site after 
they forage every day (as central place foragers). The idea is 
especially applicable to birds during the breeding season 
where the origin from which they range is the nest. After 
foraging, the adults must return to incubate the egg. relieve 
their mate or feed their young. The following is a model 
describing the energy budget o f the closely related Ruppell’s 
vulture Gyps rueppellii which was used to estimate the for­
aging radius o f that species (Ruxton & Houston. 2002):

We employed the same model and applied values from our 
focal species, the AWBV. where available. Q is the energv 
density of the carrion (5.2 x 10"̂  J) (Ruxton & Houston. 
2002), c is the bird's crop capacity (1.2 kg) (Houston & 
Cooper. 1975). fl'is the digestion rate (0.055 kg h"‘ ) (Ruxton 
k  Houston. 2002). T is the foraging cycle (48 h)and refers to 
the fact that the parents take turns to forage with one 
remaining on the nest each day (Mundy ei a i.  1992). k is ihc 
flight cost (2.0 J m"') (Pennycuick. 1972). T is the flight 
speed (45 km h“ ‘ ) (Pennycuick. 1972; Tucker. 1988) and r is 
the foraging radius. I f  values for the AWBV were not avail­
able, we used other Gyps species as a close approximation, 
in this case for t. the foraging time (8 h) (Xirouchakis. 2007);

and £„,< are the adult and chick's metabolic rate respec­
tively (24 and 42 W) (Houston. 1976; Sinclair & 
Norton-Griffiths. 1995). The energy requirements were cal­
culated using hand-reared individuals but Houston (1976) 
argues the costs between wild and captive birds are similar 
owing to the low energies that are required for flight.

The food requirements o f individual AW BV have been 
described before (Houston. 1976; Mundy et al., 1992). We 
compiled data on both the adult and nestling energetic 
requirements for Swaziland using these studies and followed 
the same approach for the other species in the Swaziland 
avian scavenging guild. We also collected data on relevant 
life-history traits such as age at sexual maturity and longev­
ity (sec Supporting Information Table Sl.A-F) (Pennycuick. 
1976; Mundy. 1982; Brown. 1991; Mundy et a i,  1992; 
Monadjem et al.. 2003. 2012).

To determine carrion availability, we collected the most 
recent ungulate population data covering all o f Swaziland 
(Monadjem eta!.. 2003). life-history values from the 
PanTHERIA database (Jones el al.. 2009) and estimates of 
adult and infant mortality (Sinclair & Norton-Griffiths. 
1995). (More details can be found in the Supporting Infor­
mation -  ‘Details o f Model Assumptions'.)
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Kruger

SOUTH AFRICA
Mawewe Cattle/Game Project

MOZAMBIQUE

llawulaSWAZILAND Hlane

Mlilwane Ucuati
Maputo

Mkhaya
Big Bend
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Figure 1 Foraging radius (45 km) o f African white-backed vu ltures w h en  they have dependants on the  nest The points represent recorded 

nesting s ites w ith  Hlane as the origin o f the  circles. Som e major national parks are h ighlighted. The inset show s the  possib le feed ing  range 

(260 km) w hen  there  are no young but the  b ird is s till nesting in Swaziland.

Animal Conservation •• (2014) ©  2014 The Zoological Society o f London 3



Suppiementary feeding and vulture conservation

Table 1 Identity, number of species and average carrion provided per year of the ungulate population of Swaziland

A. Kane et al.

Species Initial population size (individuals) Average carrion per year (kg) Percentage of total carrion

Aepyceros melampus 16 500 48 233,35 32,92
Connochaefes taunnus 1700 18 666.35 12.74
Equus burchelli 1500 13 276.95 9,06
Phacochoerus aethiopicus 2300 12 791.8 8.73
Loxodonta afncana 40 11 439.45 7.81
Tragelaphus suepsiceros 1300 10 039,95 6,85
Ceratothenum simum 50 8570.25 5 85
Giraffa Camelopardalis 80 4909.35 3,35
Tragelaphus angasii 1000 4231.5 2,89
Kobus ellipsiprymnus 260 4174.25 2.85
Hippopotamus amphibius 25 3976,75 2.71
Syncerus caffer 40 1478 4 1.01
Taurotragus oryx 40 1284.95 0,88
Tragelaphus scnptus 250 700.9 0 48
Sylvicapra grimmia 550 563.65 0.38
Redunca arundinum 120 480.3 0.33
Hippotragus niger 20 4194 0.29
Redunca fulvorufula 200 364 65 0.25
Hippotragus equinus 7 364.5 0.25
Damaliscus lur)atus 16 208.55 0.14
Oreotragus oreotragus 200 122 85 0 08
Raphicerus campestris 140 95.15 0,06
Cephalophus natalensis 80 55.05 0.04
Ourebia ourebi 50 51.9 0.04

Population  dynam ics P system  m odel

Using this in form ation , wc developed a population 
dynamics P system (PDP) model (Colom er, M argalida &  
Perez-Jimenez. 2013). This integrated data on food avail­
ability , food requirements and population dynamics o f the 
avian scavenging guild and the ungulate populations o f 
Swaziland (Fig. 1 and Supporting In fo rm ation) to  deter­
mine i f  carcass availab ility  could meet the demands o f the 
A W B V  population over a 20-year period [AW BVs have 
been recorded as liv ing  fo r 20 years (F lower, 1938)]. PDP 
models are com putational methods that are analogous to 
the machinery o f cells (Colom er et al.. 2013). The analogy 
o f a PDP system to a real ecosystem has been drawn 
before (Colomer ei a!.. 2011. 2013; M argalida. Colom er &  
Sanuy, 2011) and serves well to illustrate the in tu ition  
behind this relatively new method. The cells o f the model 
correspond to the physical spacc o f the environment. 
Anim als (which along w ith  things such as resources, are 
represented by model 'objects’ ) w ill feed, reproduce, 
develop, etc.. w ith in  an environment which is accounted 
fo r by a set o f mathematical rules describing these behav­
iours in the model. Just as animals can move between d if­
ferent areas when circumstances become unfavourable (e.g. 
food shortages), their simulated counterparts can migrate 
between the different spatial environments o f  the model 
(e.g. between South A frica  and Swaziland). The mem­
branes w ithin the cells o f  an environment separate out spe­
cific processes that are applied to the objects in the model 
(e.g. the different rules associated w ith  d ifferent seasons) 
(sec Supporting In fo rm ation  ‘PDP Model Components').

The advantage o f this approach is that PDP models can 
integrate a large volume o f  in form ation  and compute the 
om put o f a large number o f species in parallel and in a 
relatively short time. In addition. PDP models have been 
developed and applied to  sim ilar ecosystems before 
(M argalida &  Colomer. 2012).

There are two environments in our model delim ited by 
the foraging radius o f the birds when they are on the nest as 
defined in our foraging radius calculations. So when the 
reduced foraging radius o f the birds is no longer applicable, 
the birds are able to  forage in the new environment where 
food is not lim iting  (Fig. 1). This restricts the birds to  game 
reserves in Swaziland when they have a reduced foraging 
potential. A  b ird  outside o f the breeding season could range 
hundreds o f kilometres on a single foraging trip . A  year in 
the model was divided in to  fo u r temporal periods: Period 
1 = Ju ly-A ugust. Period 2 = Septembcr-October. Period 
3 = N ovem ber-A pril and Period 4 = M ay-June. These 
periods reflected differences in food availability , foraging 
ranges and food requirements (this is described in Table S3 
in the Supporting In fo rm ation).

Results 

Foraging radius

D uring  the period o f nestling dependency, the foraging 
radius o f the breeding vultures is estimated at 45 km 
(Fig. 2). I f  we remove the cost o f  provisioning the chick, i l 
gives a value o f  approxim ately 260 km. Thus, the foraging
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Figure 2 Flow diagram representing the 

changes in the  status of the  avian scaven­

gers through tim e  (Periods 1-4). The ita li­

cized tex t show  conditionals fo r food 

availability w h ich  dete rm ine  the  path the 

birds can take. If w e  start a t the  'Reproduc­

tio n ' stage, at the  upper le ft hand side, this 

represents the  point at w h ich  the birds 

have the ir young on the  nest. They w ill 

undergo 'Natural m orta lity ' dunng this 

period and 'Feeding'. If there is enough 

food  during th is  tim e, they can progress to  

period 2: o the rw ise  they perish and so on 

through the  year until they reproduce again. 

The 'M o ve m e n t' stages indicate points 

w hereby  the  birds can leave Swaziland 

because they are not constra ined by the 

presence o f young

radius the vultures have during the lime o f nestling depend­
ence restricts them to foraging in the national parks o f 
Swaziland.

PD P m odel

According to our model, most o f the biomass available to 
the scavengers is provided by impala Aepyceros melampus 
(33‘V!i), blue wildebeest Connochaetes laurinus (13%) and 
zebra Equus burchelli (9%) with the remaining 21 species 
contributing the remaining carrion (Tabic 1). Initia lly, only 
period 3 (from November-April) has insufficient food for 
the scavenging guild but eventually as the scavenger popu­
lations grow periods 1 (July-August) and 2 (September- 
October) see a net food deficit at year 5 and 13 respectively. 
Period 4 (May-June) also develops a decline, although at a 
shallower rate (see Fig. 3). Period 3. which never sees 
enough carrion to sustain the scavengers, is a time when the 
birds can forage outside o f Swaziland. In general, the avian 
scavengers see an increase in their number over the 20-year 
run o f the model (although note that stochastic effects see 
the single pair o f Lappet-faced vultures go extinct in the 
system) (Fig. 4).

Discussion
The key prediction from our model is that the carrion o f 
Swaziland is sufficient to cover the energetic requirements o f

the current AW BV population and most o f the other scav­
enging avifauna (Fig. 4). but only for the time being (Fig. 3). 
The trend o f the energy balance makes it clear that, as 
vulture numbers rise, food will soon become a lim iting 
factor. There is already a predicted net deficit in energy 
balancc for six months o f the year, from November to April 
(Fig. 4). Fortunately, this is a period during which the birds 
can forage outside o f Swaziland. However, this reduction in 
available food could force the birds to spend more time 
foraging outside of protected areas, increasing the risk of 
non-natural mortality factors, such as poisoning, with 
important consequences on population dynamics i f  adult 
survival is affectcd (Monadjem et a!., 2013).

The radius we obtained for the vulture foraging move­
ments is consistent with values reported from the literature. 
For instance, the average movement recorded in the 
Serengeti was 51 km and in Kruger 34 km (Mundy et al., 
1992). A more recent study o f immature AW BV showed a 
mean distance travelled per day o f 33.39 km (Phipps et al., 
2013). It has been noted that, while nesting without a chick, 
the birds can fly over 240 km between the nest and a carcass 
and this is consistent with our value o f 260 km (Houston &. 
Cooper. 1975). Kruger National Park is almost 100 km 
from Hlanc. the main site o f the nesting birds, and smaller 
reserves such as Mawewe Cattle/Game Project are all in 
exccss o f the radius.

These findings suggest further intervention and modifica­
tion o f existing strategies w ill be required. Vulture

Animal Conservation •• (2014) © 2014 The Zoological Soctety of London 5



Supplem entary  feeding and vulture conservation A. Kane e t  al.
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3 Novem ber-Apnl 
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Avian scavenger population trends

Lappet-faced vulture

—  Tawny eagle

—  Bateleur

Year

F ig u re  3 C arrion b a la n c e  a c ro s s  t im e  m th e  d iffe ren t p e r io d s  of th e  

y ea r T he ho rizo n ta l b a r re p re s e n ts  th e  poin t a t w h ich  th e  d e m a n d s  of 

th e  av ian  sc a v e n g in g  guild a re  n o  lo n g er m e t  by  th e  ca rn o n  p rov ided  

by w ildlife m S w az iland . P e rio d s  1 a n d  2 a re  th e  life s ta g e s  w h e n  

v o u n g  a re  p r e s e n t  a n d  fo o d  re q u ir e m e n ts  a re  h ig h er a s  a  re su lt

re s ta u ra n ts  cou ld  be estab lished  and  stocked  m ore fre­
q uen tly  d u rin g  tim es o f  food  deficiency. A lth o u g h  there  are 
a n u m b e r o f  p rob lem s associa ted  w ith supp ly ing  supp le­
m en ta ry  food  to  wild p o p u la tio n s , such as a cond itioned  
d ependence  on supp lem en ta l food  (R o b b  ei a!.. 2008), a 
w ell-m anaged v u ltu re  re s ta u ra n t cou ld  m inim ize these 
issues w hile m axim izing  the  benefits. F o r  instance. 
M o n sa rra t a  al. (2013), in the ir s tudy  o f  G yps fu lvus. 
show ed th a t “feeding s ta tio n s  w ere particu la rly  used when 
resources w ere scarcc (sum m er) o r  w hen flight cond itions  
w ere p o o r (w in te r), lim iting  long -rang ing  m ovem ents'. S up ­
p lem entary  feeding  can  m inim ize the  risk o f  poison ing  
(increasing  surv ival) th a t follow s from  species forag ing  
ou ts ide  o f  p ro te c ted  areas  w hich  has  been d o cum en ted  in 
o th e r v u ltu re  spccies (O ro  ei al.. 2008). A lth o u g h  o u r  m odel 
suggests th a t A W B V s in Sw aziland will see an  increase in 
ih e ir  p o p u la tio n  fo r a w’hile. the tem poral food  shortages 
identified cou ld  reduce th e ir  b reed ing  o u tp u t d u rin g  this 
p eriod  o f  g ro w th . In E u rope , fo r exam ple, a fte r  the o u t­
b reak  o f  bov ine  spong ifo rm  encep h a lo p a th y  in 2001. car* 
casscs w ere d estroyed  in au th o rized  p lan ts  w hich reduced 
the am o u n t o f  food  ava ilab le  to  the  vultu res (M argalida  
ei al.. 2010). A  long-term  s tudy  on bearded  vultu res 
G ypaeius barbatus  show ed th is reduction  p rovoked  a delay 
in laying d ales , a regressive trend  in clu tch  size, breeding  
success and  survival fo llow ing th is policy change 
(M arg a lid a . C o lo m er & O ro , 2014).

Y ear

F ig u re  4 N u m b e r of p a irs  o f av ian  s c a v e n g e r s  living in S w az iland  

a c ro s s  tim e . All sp e c ie s , e x c e p t  th e  L ap p e t-fa ced  v u ltu re , s e e  a 

p o p u la tio n  in c re a s e  b e c a u s e  of th e  a m o u n t of w ild ca rrion  availab le 

T he o n e  ex tin c tio n  o c c u rs  o w in g  to  u s  tiny initial po p u la tio n  size. T h e  

b o tto m  p an e l s h o w s  th e  A frican w h ite -b a c k e d  v u ltu re  tre n d  s e p a ­

ra te ly  fo r r e a s o n s  of clarity  b e c a u s e  of its  m u ch  large r popu la tion  

size.

S w aziland seem s well p laced  to  act as a h ab ita t fo r a 
g rea te r n u m b e r o f  A W B V s than  th a t o f  the  cu rren t p o p u ­
la tion . W ith  the  species on the declinc globally , it is in cu m ­
bent on us to  secure th is  va luab le  p o p u la tion . By ensuring  
th a t th e re  is n o  deficit o f  ca rrio n  at any  stage o f  the yea r 
(F ig . 3), we w ould  give the  b irds the  best chance to  flourish 
in th is area . Indeed , it cou ld  act as a source p o p u la tio n  fo r 
o th e r su itab le  areas in the  region as u s  p o p u la tio n  increases.

T h e re  is a n o th e r  ad v a n tag e  to  crea ting  a long-term  
v u ltu re  re s ta u ra n t in th a t it w ou ld  crea te the  o p p o rtu n ity  to  
ca p tu re  and  la g  these b irds. H igh reso lu tion  d a ta  on the 
fo ragm g  behav io u r o f  th is pop u la tio n  specifically and  
A W B V s in genera l a rc  lacking . W e know  little o f  th e ir  agc- 
class s tru c tu re  and w h e th e r o th e r v ag ran t p o p u la tio n s  visit 
S w aziland w ith o u t nesting  in the  coun ty  (M o n ad jem  et al.. 
2003). T ra ck in g  d a ta  w ould  im prove o u r  know ledge ab o u t 
these issues a llow ing m anagers  an d  po licym akers to  ad o p t 
m ore objective decisions based on  the evidence.

T he value o f  theo re tica l m odelling, such as the  P O P  P 
system s, is a lso  u n dersco red  by the  results genera ted  in th is  
s tudy  and  o th e rs  like it (M arg a lid a  ei al.. 2 011: M arg a lid a  & 
C o lom er. 2012). W e shou ld  n o te  th a t any  m odel is only  as 
good  as the d a ta  used to  param ete rize  it. C onsequen tly , 
basic an d  up to  date  bio logical d a ta  arc  o f  u tm ost im p o r­
tance if we a re  to  derive accu ra te  p red ic tions. T hese
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m eth o d s  arc a n o th e r  to o l fo r s tak e h o ld ers  to  use in id en ti­
fy ing  th reats  an d  so lu tio n s  to  co nserv ing  the  ta rg e t species.

T h e  conservation  im p lica tions o b ta in ed  w ith  th is th e o ­
re tica l ap p ro ach  is th a t the  ca rry in g  capacity  o f  A W B V  in 
S w aziland  is reach ing  m ax im um  values acco rd ing  to  n a tu ra l 
fo o d  provided by the  ecosystem . T h e  dependence  o f  the 
b ird s  on  food resources p ro v id ed  by n e ig h b o u rin g  areas 
show s the  im p o rtan ce  o f  in te rn a tio n a l ag reem en ts  fo r co n ­
se rv a tio n  and  the  co o rd in a tio n  o f  m an ag em en t ac tions 
(L am bcrtucci ei al., 2014). T h e  es tab lish m en t o f  well- 
m anaged  vu ltu re res ta u ra n ts  in Sw aziland  sho u ld  be seri­
o usly  considered.
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A suggestion on improving 
mathematically heavy papers

C. p. Snow spoke o f the split o f the “ two cultures”  o f science and 
art, bemoaning the lack of crosstalk between the two. It seems 
that something similar has happened between the worlds of 
theoretical and empirical biology, and mathematics is the barrier. 
The findings of Fawcett and Higginson are a cause for concern 
(1), but they offer up a number o f potential solutions. The 
authors note the risks o f moving the majority o f the equations to 
an appendix, where they are more likely to be skipped over. Con­
tinuity is hugely important when trying to grasp a new idea. 
Certainly, jumping to a new page in search of further explanation 
is jarring. I would suggest the adoption o f an in-text drop-down 
box whereby a reader can reveal more o f the detail as (s)he 
reads the paper if  (s)he chooses. These text boxes could contain

the information in the appendix with perhaps some more ex­
planation o f the derivations. Surely, in the age of Web 2.0, this 
would be something trivially easy to implement. It would also 
remove the problem o f limited journal space. A  link to the ap­
pendix that opens in-text while you are reading adds nothing 
more to the word count, and, importantly, there is no disruption 
to the flow o f the text. I believe this would cater to all readers; for 
instance, mathematically fluent readers simply do not click on 
the extra explanation. Every effort should be made to create 
papers that can be understood by as wide an audience as pos,sible.

Adam Kane^
Theoretical Ecology Research Group. School o f Natural Science. 
Trinity College Dublin. Dublin 2. Ireland

1. Fawcett TW, Higginson AD (2012) Heavy use o f equations impedes communication 
among biologists. Proc Natl Acad Sci USA 109:11735-11739.

A uthor contributions: A.K. w ro te  the paper. 

The author declares no conflict o f interest. 

'E-mail: kanead@tcd.ie.

E3056 I PNAS | Novem ber 6 ,2012  | vo l. 109 | no. 45 wrtAAn/.pndS.or9/cgi/doi/10,1073/pnas.1212310109



OPEN 3  ACCESS Freely available online PLOS!

Survival and Population Dynamics of the Marabou Stork 
in an Isolated Population, Swaziland
Ara M onadjem '*, Adam Kane^, Andre Botha^, Desire Dalton^'^, Antoinette Kotze^'^
1 All Out Africa Research Unit, Department o f Biological Sciences, University o f Swaziland, Kwaluseni, Swaziland, 2 Departm ent o f Zoology, School o f Natural Sciences, 

T rin ity  College Dublin, Dublin, Ireland, 3 Birds o f Prey Programme, Endangered W ildlife Trust. M odderfontein, South Africa, 4  National Zoological Gardens o f South Africa. 

Pretoria, South Africa, 5  Genetics Department, University o f  the Free State, B loemfontein, South Afnca

Abstract
Investigating the ecology of long lived birds is particularly challenging owing to  the tim e scales involved. Here an analysis is 
presented of a long term study of the survival and population dynamics of the marabou stork {Leptoptilos crumeniferus), a 
wide ranging scavenging bird from Sub-Saharan Africa. Using resightings data of tagged nestlings and free flying birds we 
show that the stork population can be divided into three general life stages with unique survival probabilities and 
fecundities. Fecundity o f the storks is inversely related to rainfall during their breeding season. Corroborative evidence for a 
metapopulation structure is discussed highlighting the impact of the Swaziland birds on the ecology of the species in the 
broader region. The importance of tag loss or illegibility over tim e is highlighted. Clearly, any attem pt at conserving a 
species will require a detailed understanding of its population structure, of the sort examined here.
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power, notably p robab ilin ’ o f  survival and fccundirs' rates [16]. 
M o re o \’cr. in most species these parameters w ill change as they 
age; a first year marabou stork, fo r instance, is not going to be 
involved in reproduction [17]. I 'liis  is the .shortcoming o f 
exponential o r geometric decay models o f {x jpu la iion grow ih 
which treat all life stages equally, resulting in a serious 
oversim plification [18], A n extensive know-lcdge o f  the breeding 
ecolog>’ and demographics o f  marabou storks is therefore 
necessarv before such population d \iiam ics  m odelling can be 
conducted.

'I'he aim o f  this paper is to elucidate the population ecolog)' o f 
the m arabou stork in southern ,\frica . It is hypothesized that 
sur\nval is age dependent and that tliLs species has a positive 
population grow th rate. The objectives o f  this paper are to:

1) Relate fecundity o f  marabou storks breeding in Swaziland
o \’er a nine year period w ith  clim atic conditions,

2) Estimate sur\’ival rates based on resightings o f  tagged
nestlings and free-flying m araljou storks in southern Africa.

3) Use the breeding data and survi\’ai estimates o f  the breeding 
population in Swaziland to model the population dynamics o f 
this species.

Materials and Methods

S tudy area
The collection o f  breeding data and the lagging o f  nesdings was 

conducted in the 16 000 ha H lane National Park (31 '53 'S . 
26*^18'E). Swaziland. I 'h e  vegetation is dom inated by knobthorn 
Acacia tiigrescetts woodland interspersed w ith  riverine forest. The

Introduction

S u n ’ival estimates are critica l parameters fo r various ecological 
models, particu larly population dynamics, w’hich in tu rn  in form  
conservation [IJ. I'his is particu larly im portant fo r long-lived 
vertebrates which may take several years to m ature into breeding 
adults [2], [3J. However. su r\'i\a l estimates are often not available 
fo r long-li\’ed birds such as storks; the only spK-xies fo r wh ich robust 
estimates o f both subadults and adults are available is the white 
stork Ciconia ciconia [4]. [5 ]. [6J. Surv’ival in the m arabou stork 
Leptoptilos cTumeiiiJmis has been crudely estimated by com paring the 
p ropon ion  o f im m ature to adult birds [7 ]. however robust 
estimates o f survival must be based on fo llow ing marked 
individuals through tim e [8].

'I'he marabou stork is a widespread scavenging b ird  occurring  in 
savanna habitats throughout sub-Saharan A frica  [9]. Despite its 
extensive d istribu tional range, this species breeds at a rather 
lim ited  num ber o f  localities [lOJ. For example, despite having 
been recorded across most o f eastern, central and northern South 
A frica, it has not yet successfully bred it i that countn- [11]. In  fact, 
in all o f soutliern A frica, this species breeds at jus t one site in 
Swaziland [12] (Figure 1), one site in Botswana [13] and less than 
a dozen scattered sites in Zim babwe [14]. Hence this species has a 
m etapopulauon structure [15] w'ith breeding birds concentrated in 
discrete colonies (Figure 2).This raises the possibility' that the 
breeding populations act as sources fo r the South A frican  sink. 
Dispersing birds can cover extensive distances o f  up to 1500 km 
thus allow ing fo r dynamics o f this .sort to occur [10].

One way to in fer a metapopulation structure for this species 
w ould be through a population dynamics model. Such models 
require a num ber o f  parameters for them to have any predictive

PLOS ONE I www.plosone.org 1 September 2012 | Volume 7 | Issue 9 | e46434
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Figure 1. M ap showing the distribution of marabou stork nests 
(black circles) at Hlane National Park. The fnset shows the location 
of Hlane National Park within Swaziland. 
doi:l 0.1371/journal.pone.0046434.g001

climatc is .subtropical [see [12 j. [19 j fo r more details on 
topoj^raphy and clim ate]. I 'h c  m arabou stork breeding season 
covers the austral w inter: 2 3 eggs are laid in M ay o r June: egg.s 
hatch after approxim ately 30 d incubation, usually in June o r ju ly .  
w h ic li is the coldest time o f  vear: and the chicks fledge in October 
[20], [10], [19], [21],

Free-flying m arabou storks were capturcd and tagged at the 
M oholohoio W ild life  Rehaljilita tion C^cntre (24 30'S: 30 54'IC, 
600 m above sea level), north-eastern South Africa. 'I'lie  site is 
situated in low -ly ing savainia. to the west o f the K ruger National 
Park.

'Fhere is no Kthics Com m ittee at the l'n iv c rs ir \' o f Swaziland to 
oversee the compliance o f biological studies. However, the current 
study was conducted under a perm it from  the Swaziland National 
Trust C^ommission to Ara M onadjem . As outlined in our methods, 
the only contact we had w ith  the study animal.*; was tagging 210 
birds based on a standard technique applicable throughout the 
W orld. Furthermore, we did not harm or compromise the health 
o f  any species during  this study.

Patagial tagging was implemented as the preferred method o f 
colour-m arking fo r large raptors, vultures and storks by the Bird.s 
o f  Prev Programme o f  the lindangered W ild life  T rust in 2006. An 
extensive re\ iew and assessment process o f  a range o f  methods was 
conducted over a period o f  18 months before the members and 
associates o f  the Programme agreed on and approved the tagging 
protocol for the use o f  this method at its Annual Conference [22J. 
Fhe review included a c lin ica l assessment o f the cond ition o f 
capti\’e and recaptured free-flying tagged birds by independent

Figure 2. Map showing the distribution of marabou stork 
nesting colonies known to be active since 1990 in southern 
Africa (south of the Zambezi and Cunene rivers). The nesting 
colonies are represented by black circles and are as follows; (A) Hlane 
National Park, Swaziland [12j; (B) Gonarezhou National Park, Zimbabwe 
[14]; (C) Imbgwa Farm, Zimbabwe (141; (D) Carswell Farm, Zimbabwe 
(14]; (E) Matusadona National Park, Zimbabwe (14]; (F) Binga, Zimbabwe 
(14]; (G) Okavango Delta, Botswana. The hatching represents all areas 
within 1500 km of these nesting colonies and therefore within dispersal 
distance of recently fledged chicks (see Discussion). 
doi:l 0.1371/journal.pone.0046434.g002

veterinarians after lagging and no signs o f  infection o r other 
potentia lly  negative symptoms resulting from  the tagging ha\’e to 
date been found [22j. Ba.sed on the results o f  the surv ival and 
mox ements o f  tagged birds, the method al.so does not seem to have 
a detrim ental effcct on the m ob ilit\' and foraging abiliCN' o f  other 
large birds e.g. \Tjltures [23J.

Data collection
Breeding m arabou storks were m onitored regularly betv\een 

2003 and 2011 at H lane National Paik. O rig ina lly  nests were 
located on foot, but from  2008 we used a m icro light to scarch for 
nests from  the air once per year in July. Activc nests (a nest on 
w h ic li eggs were found o r adult activ it\’ was observed) were visited 
twice weekly un til the chicks hatched o r the nest failed. Hedging 
date was taken as the date o f  tlie last visit on which the chick was 
still on the nest. Fhe mass and w ing length was measured during  
each visit.

Free-flying birds were captured in a specially designed walk-in 
rrap fo r sultures [24J, [25J that was erected alongside the \ailture 
restaurant at M oholoho io  VN'ildlife Rehabilitation Centre. Cap- 
m red bird.s were aged and had their mass and w ing length 
measured. Ageing was based on plumage characteristics [26] and 
birds were assigned to one of three age classes: Juvenile (1*‘ year 
bird), subadult (2—4̂ years old) and five years old or older. Kach 
b ird  was fitted w ith  a metal ring  issued by .\F R IN G  (Animal 
D em ography U n it. Universirv' o f  Cape Fown) and a patagial lag. 
Patagial tags were fitted according to the standard protocol 
adopted fo r this practice in southern .Africa [22]. h involved the 
use o f  a double set o f  standard cattle lags engraved w ith  a unique 
num ber which was fitted lo  the patagial area on cach w ing o f  each 
b ird  using a tag applicator. 'Fhis method was extensively assessed
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prior to this study and found not to bv detrim ental to the birds' 
licaltli o r inhibiting their abihtv’ to forage [22J. All tagged m arabou 
storks were released unharm ed and within 120 min o f capture.

A dedicated resightings program m e was established using radio 
and television broadcasts, newspaper and magazine articles, and 
posters in K ruger National Park rest camps. A significant 
proportion of rcsightings was submitted by tlie staff at M oholoholo 
who kept a daily watch at the xoilture restaurant, at which the 
marabou storks were frequently obser\’ed. Resightings were also 
reported inter alia by m anagers of other \oilture restaurants, game 
ranchers, farmers and tourists.

Sexing
O nly nestlings were sexed. DNA extraction was conducted 

using the Q iagenD K eas\’® Blood and Tissue Kit. T he extraction 
protocol as outlined in the m anufacturer protocol was followed. 
C H D l gene amplification was conducted using the 2550F /2718R
[27] prim er set at the National Zoological G ardens of South 
Africa. Amplification was carried out using 25 )il reaction volume 
and polymerase chain reaction was conducted with PromegaGo- 
'I'acj® Flexi DNA poKTnerase (Promega C orporation) which has a 
1 X buffer containing 10 milli molar (mM) Tris®-HCl (pH 9.0), 
50 mM potassium chloride (KGI) and 0.1% Triton® X-100. T he 
final reaction conditions were as follows: 1 X  PGR buffer. 1.5 mM 
MgG12. 200 micro molar (|iM) o f  each 2 ’-dcoxv’nuclcotide 
triphosphate (dN'FP), 5 picomol (pmol) o f each o f tlie forward 
and reverse prim er. 0.25 unit (U) T aq  D NA polvTnerase and 10- 
20 nano gram (ng) gcnomic DNA template. A no tem plate control 
as well as positi\’e controls for a male and  female bird o f  know'n sex 
was included. 'Fhe conditions for PGR amplification were as 
follows: 2 min at 95*^G initial denaturation. 30 cyclcs for 30 s at 
95 ‘̂ G. 30 s at 50°C and 2 min at 72 'G . followed by extension at 
72'‘C for 10 min. 'Fhe PC’R reaction was carried out in the 
BOPX’O  TG -P R O  Therm al Gycler. PGR products mixed with 
tracking dye were separated by electrophoresis in a 2% agarose gel 
for 45 min at 100 in I x Tri.s-borate- ED TA  buffer.

D ata analysis
Fecundit\’ is a measure of reproductive success and was defined 

as the numlx;r of fledglings successfully raised per pair per annum
[28]. A Pearson's correlation was used to test w hether fecundits' 
was related to rainfall in the preceding sum m er {October to 
M arch, inclusive) and rainfall during die w inter breeding season 
(May to September), as these variables had previously been show-n 
to be im portant for marabou stork breeding [19].

T he program  M ARK  was used to estimate surv’ival and 
recapture o f m arabou storks using the standard Gormack-Jolly- 
Seber model [29], [30]. A variet\’ o f  models tha t included time 
dependence, sex and age were developed. M odels were ranked 
using .Akaike's hiform ation Griterion corrected for small sample 
size (AlGc) [3 lj. T he model with the lowest AlGc was deem ed the 
best model: where A.AIGr for any two (or more) models was < 2 .0 , 
they were both deemed to be equally good.

S um val was estimated separately for the birds tagged as 
nestlings from those tagged as free-flying. A subset (n = 100, tagged 
between 2008 and 2011) o f  those tagged as nesdings were sexed, 
and were used to test for the role o f  sex in sur\’ival o f m arabou 
storks. Models which included sex perform ed poorly com pared 
with those that did not (AAIGc>2.9) and hence sex was rem oved 
as a factor. Subsequently, the data for the sexes of tlie nestlings 
w’ere pooled and only age and time dependence were included.

T o  test for violations o f the assumptions o f homogeneity of 
su n ’ival and recaptures. G O F  (goodness o f fit) tests were 
conducted in the program  Release [32J. Test 2 tests the

assumption o f equal catchabilit>- (in our case, resightings) of 
marked individuals. 'Fest 3 tests the assumption that all individuals 
have equal probabilirv' o f surs'ival independent o f when they were 
marked.

M odel Building
I>eslie M atrices are used to chart the development of a 

population over time by separating the given group into distinct 
age classes, widi m atrix elements representing probabilirv' of 
sur\nval and fecundity’ of these classes [33]. A variation of a Leslie 
M atrix was developed to investigate the population dynamics o f a 
marabou stork population. Fhe model used information from 
females only as diey are responsible for reproduction in the 
population [34] and assumes that the above param eters arc 
constant for each age class. The num ber o f females in each class is 
given by a column vector N, such diat die num ber determ ined at 
time t+1 is given b\ N (.^ |= L N i, where L represents the I>eslie 
Matrix. This process is repeated for each time step. In this case t 
represents one year. 'Fhis gives the following general equation:

■ « ] ( '+ 1 ) ' ■/i / :  ■ / * ! ' i u ( l )

« ; ( / + ! ) 51 0  ■ ■ 0 « ’ ( 2 )

0 0

. 0  0 5 a- -1 0

w here 'T ' is fecundit>' and “s" is the probability' of survival from 
one age class to the next. Fhe dom inant eigenvalue o f the matrix is 
the X value and represents the growth rate of the population. If 
? .> l, the population is growing. 0 < X < 1 . it is decreasing and 
X = I. the population is stable. T he right eigenvector o f a given 
matrix represents the stable age distri\)ution of the group i.e. the 
proportion o f birds in each stage. This is a measure o f the 
cojuribution the life stages have to overall population growth [35]. 
So although juveniles do not reproduce they still make a 
contribution here.

A variation o f the l-.c.slie M atrix known as the Ixrfkovich M atrix 
was used in order to separate the storks into distinct life stages [16]: 
juveniles, subadults and adults.

' P i  F .  F ,  F , '

Gi P2 0 0

0 G2 P i 0
0 0 Gy Pa 
0 0 0 G4 _

Gx (on the subdiagonal) is die probability of sunnving for a year 
and moving into the next stage; Px (on the diagonal) is the 
probability o f surviving for a year and rem aining in the same stage: 
Fx represents fecundity. The model did not take into account 
density dependent effects. T he m atrix was created in MS Excel 
using a variation o f a template developed by Spangenberg and 
Jungck [33] (see results section for tlie values used to param eterize 
the model). Seeing as subadult and adult birds can rem ain in their 
respective stages for m ore than a single year this was corrected for 
accordingly widi die following equations,

[ i - t e Y ' - ' l  
P'=  ,
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S w aziland  d u rin j; the early  1960s [37j. H ow ever, seein g  th at 
nesting  sites can  easily be  overlooked  by  observ’crs o n  the  g ro u n d  
we also ran  the m odel w ith a sta rtin g  p o p u latio n  o f  u p  to  10 
fem ales.

I'he probability’ o f  rem a in in g  in an  age class at next y ea r is given 
by  p, an d  q, is the  probabilit>’ o f  m oving  u p  an  age class at next 
year. S, is the surx’ivor ra te  for i*'’ y ea r a n d  d, is the leng th  o f  tim e 
spen t in this i'*’ stage (taken from  [16J).

I’he below  m atrix  was developed  using  the  values from  o u r 
resu lts  w hich  co rrec ted  the  orig inal p a ra m e te rs  for stage d u ra tio n  
an d  fecu n d it\\

0 0 0.525 0

0.644 0 .587 0 0

0 0 .205 0.865 0

0 0 0.008 0

riiis  m atrix  has the th ree  defined  age classes i.e. d ie  co lum ns 
(there is a small n o n -zero  p ro b ab ility  th a t the  b irds will live past 
the  th ird  stage an d  fall in to  a fo u rth  ca tegory  b u t an y  indiv iduals 
here  have zero  p ro b ab ility  o f  su r\ iving to the next tim e step). 
S u b ad u lt b irds spend  years r%vo to  four in th e ir  stage an d  adults 
spend from  age five to  25 i!i th e ir  stage. I'his assum es a  life 
expectancy  o f  25 years for wild m arab o u  storks [36], [11J. I'he 
fecundity  value show n h ere  was taken  as an  average from  2003 
2011 isee Figure 3). riu* m odel was ru n  with a v ary ing  sta rting  
po p u latio n  o f  th ree  to 10 adult fem ales; the lower n u m b er  
rep resen ts a m in im u m  estim ate  o f  the nesting  p o p u latio n  in

1200

Results

B etw een 19 a n d  31 p a irs  o f  m ara b o u  storks b red  a n n u a lly  at 
H la n e  N a tio n a l Park  th a t fledged betw een  11 an d  43  chicks. I 'h e  
fecundity- o f  m ara b o u  storks b reed in g  at H lan e  N a tio n a l Fark 
differed  g reatly  betw een  years (F igure 3), w ith a  m ea n  o f  1.05 
fledged offspring  p e r p a ir  p e r  a n n u m . There w as n o  co rre la tio n  
berv\'een fecund ity  a n d  rainfall in the prev ious su m m er (r =  0 .401, 
d f = 7 ,  P =  0 .284), how ever, there  wa.s a  significant im 'erse 
co rre la tio n  w ith rainfall d u r in g  the b reed in g  season ( r = —0.785, 
d f = 9 ,  F =  0 .012).

A to tal o f  193 nesdings a n d  17 free-flying m ara b o u  storks have 
b een  tagged  since 2005 a n d  w hich  have been  resigh ted  811 an d  
834 tim es, respectively. O n  fledging, m ale m ara b o u  storks had  
significantly  larg er m ean  ( ±  SE) w ing  lengths (663.1 ± 4 .6 3  m m  vs 
596.1 ± 5 .8 5  m m : t =  8 .98 . P < 0 .0 0 0 1 , U F =  98; and  h e av ie r  m ean  
(±  SE) m asses (7437 ±  110 g  vs 6 1 5 5 ±  114 g: t =  8 .09 . P < 0 .0 0 0 1 , 
1)F  =  98  th an  fem ales. Free-fly ing  birds had  m ean  ( ±  SE) w ing 
length  o f  7 0 0 .7 ± 7 .8 8  m m  (n =  17), a n d  m ean  (±  SE) m ass o f  
5 0 3 8 ± 2 9 l  m ni (n = 1 3 ) .

In  the nesd ing  ar.alysis cov erin g  the  seven years lx :tw ecn 2005 
an d  2011. su r\’ival o f  nesdings post-fledging  was a g e -d ep en d en t. 
I 'he  best m odel for su r\‘ival h ad  th ree  age classes. T ' y e a r  birds. 
2 ‘“^-4 '’‘ y ea r b irds and  ^ 5 '* ‘y e a r  b irds ,T a b le  I). The nex t m odel 
h ad  A.‘\ i C j < 2  c o m p a re d  w ith  the best m odel, an d  h ad  survival 
s ep ara ted  in to  five age classes. F or b o tli o f  these m odels rec a p tu re  
ra tes  w ere  age an d  tim e in d ep e n d e n t r i'a b le  1). I'he next th ree
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Figure 3. The relationship betw een fecundity of marabou storks and rainfall betw een 2003 and 2011 in Swaziland.
doi:10.1371/journal.pone.0046434.g003
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Table 1. The candidate models used to  estimate survival in 
nestling marabou storks tagged in Swaziland between 2005 
and 2011, and resighted across southern Africa.

M o d e l A lC c D e lta  A lCc
A lC c
W e ig h ts N

phi(age1, 2-4, > 5 ) p(.) 489.751 0 0.13917 4

phi(age1, 2, 3, 4, >5) p(.) 490.1439 0.3928 0.11435 5

ph i(age l, 2. 3, 4, > 5 ) p(age1, 
2 2 )

492.1082 2.3572 0.04282 6

phKagel, 2, 3. 4, >5) p(t) 494.1198 4.3688 0.01566 10

phi(age1, £2 ) p(.) 494J246 4.5736 0.01414 3

phi(t) p{.) 495.4601 5.7091 0.00801 7

ph i(age l, 2, > 3 ) p(.) 496.0157 6.2647 0.00607 4

phi(t) p(t) 496.0794 6.3284 0.00588 10

phKagel, ^ 2 )  p (agel, >2) 496.2424 6.4914 0.00542 4

ph i(age l, 2, 3, 4, >5) p(.) 497.811 8.0600 0.00247 5

phi(age1, s2 + t) p(.) 500.4836 10.7326 0.00065 11

phK age l-2 , & 3+ t) p(.) 502.8863 13.1353 0.0002 11

ph i(age l, 2, £ 3 + t) p(.) 505.8063 16.0553 0.00005 15

M o d e l A lC c
D e lta
AlCc

A lC c
W e ig h ts n

phi(age1, > 2) p(age1, > 2) 52.0191 0 0.29804 3

phKagel, 2, > 3 ) p(age1, 2, £3) 52.554 0.5349 0.22810 4

phKagel, 2, >3) p(age1, £ 2 ) 52.5604 0.5413 0.22737 4

phi(age1, 2, S3) p(.) 53.2647 1.2456 0.15988 4

phi(age1, 2. S3) p(t) 59.7627 7.7436 0.00621 6

ph i(age l, 2, >3+t) p (agel, 2, >3+ t) 66.2284 14.2093 0.00024 8

ph i(age l, 2, S 3  *t) p (age l, 2, S 3  *t) 79.696 27.6769 0 11

Estimates o f survival (phi) and recapture (p) were modeled w ith  tim e (t), and/or 
age class o f the birds (age). A ge l refers to  age classes o f 1** year birds, age2 to 
subadults (2"^ to  4*^ year birds) and age3 to  adults (25*^ year birds). The 
inclusion or exclusion o f in te raa ions in the models are symbolized by (*) or {+), 
respeaively. The num ber o f parameters is indicated by "n". The models are 
arranged from  best (top o f table) to  worst (bottom ). 
doi:10.1371/Journal.pone.0046434.t002

Table 3. Survival and recapture (resightings) rates of 
marabou storks tagged as nestlings and free-flying adults in 
South Africa between 2005 and 2011.

A na lys is E s tim a te d  p a ra m e te r ra te SD

Nestlings Survival o f year birds 0.6440 0.0765

Nestlings Survival o f 2 ''‘“-4 '^  year birds 0.7917 0.0597

Nestlings Survival o f > 5 *  year birds 0.2193 0.1459

Nestlings Recapture rate 0.4226 0.0523

Free-flying Survival o f 1** year birds 0.2500 02165

Free-flying Survival o f 2  subadult birds 0.8727 0.2483

Free-flying Recapture o f 1** year birds 0.9999 O.CKXM

Free-flying Recapture o f s  subadult birds 0.2545 0.1559

Estimates o f survival (phi) and recapture (p) were modelled w ith  tim e (t). and/or 
age class o f the birds (age). A g e l-5  refers to  age classes o f 1”  year birds 
th rough to  5*^ year birds. The num ber o f parameters is indicated by "n". The 
models are arranged from  best (top o f table) to  worst (bottom ). 
doi;10.1371/journal.pone.0046434.t001

models all had survival being age dependent. The first model to 
have surNnval independent o f  age had a A.'\IC<->5 fFable 1). .^1 
the test 2 and test 3 results were statistically not significant (chi- 
square lest. P>0.05), showing that the assumptions tested had not 
been violated.

In  tlie  analysis o f  the free-flying birds, the best model had 
sun iva l separated in to two age classes f l  able 2). In  this model, the 
two age classes were 1“  year birds, and subadult/adu lt birds (i.e. 
no difference in sun iva l o f  subadults and adults). The next three 
best models all had A.‘\ IC (.< 2 , suggesting that they were not 
statistically distinguishable from  the best model. In  all three o f

Table 2. The candidate models used to  estimate survival in 
free-flying marabou storks tagged in South Africa between 
2007 and 2011, and resighted across southern Africa.

The analysis refers to  the specific dataset used for the estimates: nestlings = all 
nestlings tagged and resighted between 2005 and 2011; free-flying = all free- 
flying birds tagged and resighted between 2007 and 2011. See Methods for 
further details.
doi:10.1371/journal.pone.0046434,t003

these models sun iva l was separated in to three age classes. In  the 
top tliree models, recapture rates were age dependent, whereas in 
the fourth best model recaptures were independent o f  both age 
and time (Table 2). Again, the test 2 and test 3 results were 
statistically not significant (chi-square test. P>0.05). showing that 
the assumptions tested had not been violated.

The sun iva l rates o f  marabou storks varied cojisiderably 
between age clas.ses and the datasets analysed fFable 3). T \p ica lly . 
first year sun iva l was lower than that o f older birds. Based on the 
analysis o f birds tagged as nestlings, sun iva l to the end o f  the first 
year was 0.G440. However. ba.sed on the analysis o f  free-flying 
birds, the sun iva l o f 1*' year birds was only 0.2500. S u n iva l o f 
o lder age classes (subadults and adults) was generally high ranging 
from  0.7917 to 0.8727 (Table 4;. The only exception was ^ 5 '* ' 
year birds ta ^ e d  as nesdings where sun iva l dropped to 0.2193. 
suggesting loss o r fading o f tags.

'Fhe resulting k value was 1.0212 indicating a population 
increase over time (see Figure 4l. 'Fhe population in this model 
developed from  exclusi\’ely adults to an age .structure which 
stabilizes at 43.8% adults. 33.4% subadults and 22.5% juveniles 
(Table 5). Fhe reproductive value increases w ith  age in marabou 
storks w ith  the adult stage being the highest (sec Fable 5).

Fhe final population in the model is clearly dependent on the 
in itia l num ber o f  founding individuals and the fecundit>‘ o f the 
storks. Starting w ith  tiiree females a total population o f 26 birds is 
produced over the 50 year time frame; 10 females resulted in 86 
birds (Figure 4). I 'h e  total number o f adult females wa.s six and 19 
re.spectively (Figure 4).

Table 4. Parameters used in matrix.

S tage Px Gx

Juveniles

Subadults

Adults

0

0

0J25

0

0.587

0.865

0.644

0.205

0.008

Fx= Fecundity; Px = Probability o f remaining in age class at ne>ct year; 
Gx =  Probability o f moving up an age class at next year. 
doi:10.1371/journal.pone.0046434.t004
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Figure 4. Graph showing the growth of the total population and each component stage over a 50 year period commencing in 1962.
The initial population was set to 10 females in this case. >.= 1.0212. 
doi:'10.1371/Journal.pone.0046434.g004

Discussion

This studv presents the first estimates o f  sur\'ival for tlie 
m arabou stork based on resightings o f tagged in d i\ iduals that also 
accounts fo r recapture iresightings) probabilirv'. A  previous study 
estimated the survival o f marabou storks based on the propon ion 
o f  im m ature birds to adult birds, yie lding sur\ ival rates o f  28°o for 
first year birds. 72% for subadults and 92% fo r adults [7], [38j. 
O u r estimates are lower than these for adults but higher for 
juvenile  and subadult birds. O u r estimate fo r sub*adult survi\ al 
mentioned above aLso matches those fo r the wood stork. Mvcleria 
ammcana [39]. From the lagging o f nestlings, our estimate o f T ' 
year mean sun ’ival is 64%. This is higher than sur\’ival rates for 1’’' 
year w liite  storks estimated at 47% [40J. 48“/o [4J and 33-42%  
[41J. and fo r P ' year wood storks at 44% [42j. 'Fhis is not 
surprising since the marabou stork is larger than these two species 
and sur\’ival rates are d irectly related to size [38]. However, the 
estimate o f  T ' year sur\’ival based on the tagging o f free-flying

Table 5. Values for the stable age distribution and the 
reproductive value of the life stages as given by the right and 
left eigenvectors of the matrix respectively.

S tage S ta b le  A g e  D is tr ib u t io n  R e p ro d u c tiv e  V a lu e

Juveniles 0.2251 1.00

Subadults 0.3337 1.59

Adults 0.4378 336

doi:10-1371/jOurnal.pone.0046434.t005

birds was exceptionally low  (25°o), lower than that reported for t}ie 
white o r wood storks. Undoubtedly, this estimate suffers from  
.small sample sizes as on ly  four free-flying 1”  year birds were 
captured and tagged compared w ith  193 nesdings.

A du lt survival was higher, but the specific \a lue  depended on 
the data.set that was used. Based on the frec*flying birds the 
sun’ival rate was 87% and apparently did not d iffer between 
subadulLs and adults. Subadult (2"‘^-4‘ '̂ year birds) mean sur\’i\ ‘al 
rates ba.sed on resightings o f tagged nesdings was 79®/o, w ith  adult 

vear birds) sur\’ival rate dropping to 22%. This clearly is not 
an accurate reflection o f  adult sun’ival. where captive marabou 
storks may live to 31 years [11], but m ay be related to tag loss (see 
below). 'I ’he annual sun'ival o f  adult white storks in Europe 
exhibited considerable in ter-annual variation over a 19-year 
period ranging from  a low  o f  about 70% to almost 100% [41]. 
By contrast, mean annual sun'ival rates in declin ing populations o f 
white storks in Europe ranged between .58% and 75% [4J.

Sun'ival rates o f the m arabou stork were not time-dependent. In 
contra.st. the variation in sun ’ival rates o f  the white stork has been 
linked to rainfall in  the Sahel where this species migrates to in the 
northern w in ter [40]. The marabou stork is not a m igrant [11] 
which may explain the lack o f  time-dependencc in this species. 
The lack o f  time-dependent sun ’ival. howe\’er. is still surprising in 
the marabou stork, especially since reproductive success o f  this 
species is strongly related to ra infa ll [19J. Fhe current study 
corroborated the findings o f  a previous study [19] showing 
fecunditx' to be negatively related to rainfall during  the breeding 
season. The reasons for this ha\'c previously been argued to be 
related to food availabilirv' and foraging efficiency’ o f  the parents 
[19] rather than due to the inability’ o f  the chicks to thermoreg-
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ulatc ill cold and cloudy conditions [43j. M arabou storks art* 
scavengers feeding on a wide range o f food resources including 
carrion from large mam m al carcasses, aquatic vertebrates and 
hum an waste [7], [17], [44]. 'I'he exact nature of the relationship 
between rainfall, food and m arabou stork fecundity remains 
unclear, but we suggest the following. Since rainfall is necessarily 
linked vvith cloud cover, increa.sed rainfall during the breeding 
season repre.senLs increased cloud cover during this period o f  food 
stress when parents need to fend for themselves as well as growing 
chicks. However, m arabou storks require thermals for foraging 
[17]. which are only available on sunny days, and hcnce increased 
cloud cover may result in less soaring time and less efTicient 
foraging.

I 'here are a num ber o f h\potheses that have been put forward 
to explain tlie relationship between rainfall and breeding success. 
O ne suggestion is that high rainfall impedes the formation of 
thermals on which the M arabous soar while they forage [19]. 
A nother is that rainfall impacts on breeding success indirecdy by 
influencing food availabilit\' for the storks. D uring the breeding 
season freshwater fishes make up a significant portion of the storks' 
diet [44]. Indeed the nesdings were observed to regurgitate fish on 
which they had recently been fed [19J. Low rainfall would grant 
the birds easier access to fish stocks as they wade through rivers 
and streams with lower w ater levels [19].

Tliere was no apparent difference in the surs'ival o f male and 
female marabou storks. A similar result has been reported for the 
white stork [4]. However, female wood stork fledglings had 
survival rates o f up to five times higher than in the larger males 
[41]. In line with a previous study [21]. male m arabou storks had 
larger mas.ses and wing lengths than female storks. Larger size may 
be correlated with larger monalitA. especially under difficult 
environmem al conditions [45]. I'his, however, was not the case in 
this study.

Tag loss o r fading is a serious \nolation o f the assumptions of 
capture-m ark-recapture studies [46], [47]. In our study, tag loss 
seems to have been a factor in the older age classes (S 5^‘ yeai 
birds;. A similar resightings study o f African white-backed \Tjlrures 
fitted with the same tags showed that they were fading and become 
illegible from alxiut 5 -6  years o f age and older [23]. In diis study, 
we repon  a sudden and significant drop in sur\'i\’al rate from the 
age o f 5 years and above, suggesting that the same fate Ijefell these 
tags. Hence our su n ’ival estimates are only applicable up to the 5̂ '̂ 
year o f a bird c a rn ’ing the tags. We suggest that future studies 
investigate tlie possibilit\' o f using more durable tags for tagging of 
marabou storks.

Pastor [18] proposes that source and sink dvTiamics could be 
explored using stage-structured models like the one used here. If 
tw’o subpopulations are linked one would expect opposite lam bda 
values because one population is supplying the other. Given the 
proposal here that Swaziland is the source, an investigation o f the 
K ruger population could confirm this hypothesis. T he fact that 
marabou storks have yet to breed successfully within the K ruger 
area [48] supports this statem ent. A positive correlation between 
breeding success and colony size for m arabou storks has been 
reported [17]. Birds that bred successfully were tvpically in close 
proximity to o ther breeding pairs, often in tlie same tree [17]. So 
there may be Allee effects [49] at play in m arabou nesting sites.
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Space Partitioning Without 
Territoriality in Gannets
Ewan D. W akefie ld /*f Thomas W. Bodey,^*t Stuart Bearhop,^* ]ez Blackburn,^
Kendrew Colhoun/ Rachel Davies,' Ross 6. Dwyer,^ Jonathan A. Green,^ David Gremillet,*'^ 
Andrew L  Jackson,® Mark j. Jessopp,’  Adam Kane,® Rowena H. W. Langston,^®
Amelie Lescroel,**'^ Stuart Murray,'^ Melanie Le Nuz,'^ Samantha C. Patrick,
Clara Peron,^ Louise M. Soanes,^ Sarah Wanless,'^ Stephen C. Votier,^^* Keith C. Hamer^*

Colonial breeding is widespread among animals. Some, such as eusocial insects, may use 
agonistic behavior to partition available foraging habitat into mutually exclusive territories; 
others, such as breeding seabirds, do not. We found that northern gannets, satellite-tracked from 
12 neighboring colonies, nonetheless forage in largely mutually exclusive areas and that these 
colony-specific home ranges are determined by density-dependent competition. This segregation 
may be enhanced by individual-level pubhc information transfer, leading to cultural evolution 
and divergence among colonies.

Colonial animals are constrained by their 
colony locations, which are ultimately lim­
ited by resource availability (/). However, 

within species, potential colony home ranges 
ofien overij^). implying that competition among 
colonies may also be limiting (2). In eusocial 
central-place foragers, the spatial effects o f di­
rect competition among colonies are well under­
stood {2). By contrast, the spatial influences of 
mdirect competition and information transfer on 
noniemtonal species (e.g.. seals, swallows, and 
seabirds), where levels o f relatedness are much 
lower, remain conjectural. For example, the hinter­
land model ( i)  predicts that breeding seabirds 
segregate along colonial lines, because o f in­
equalities in travel costs from each colony. Pre­
dicted home ranges therefore compnse Voronoi
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polygons (Fig, lA ). as seen in some teiritorial 
animals (2). Food availability is assumed to be 
proportional to polygon area, limiting colony 
size. An altemative model proposes that density- 
dependent comperition among colony members 
is limiting (4). As colonies grow, local prey de­
pletion or disturbance requires birds to travel 
further to provision their young. However, this 
model (‘’Ashmole's halo” ) does not consider in- 
teracuons among colonies and tacitly assumes 
that adjacent colonies' home ranges overlap (5).

Indirect evidence exists to support both mod­
els ( i. 6. 7). and recent tracking studies suggest 
that seabirds and pinnipeds segregate along co­
lonial lines {&-I2). However, these studies proved 
inconclusive on the causes and ubiquit>' o f seg­
regation. largely because few colonies were sam­
pled or trackmg resolution w’as low. Here we used 
high-resolution satellite tracks o f the foraging 
movements o f 184 chick-rearing northern gan­
nets. Monts bassanus (hereafter gannets). from 
12 of the 26 colonies fnnging the British Isles 
(median 17 birds/colony), representing ~80% of 
the area s breeding population (Fig. lA  and table 
S I). to test whether among-colony segregation o c ­

c u r  in a model colonial nonterritorial central-place 
forager. We then used population- and individual- 
level models to explore potential mechanisms 
underlying spatial segregation.

Gannets are wide-ranging (maximum forag­
ing range -700 km) pelagic seabirds that forage 
in patches o f enhanced production, primarily on 
shoaling, mesotrophic fish and to a lesser extent 
fisheries discards {13-15). In almost all cases, 
we tracked birds from adjacent colonies simul­
taneously (16). Individual gannet tracks (Fig. IB 
and fig. SI) and percentage utilization distribu­
tions (UDs) (Fig. 2A and fig. S2) showed a dis­
tinctive pattern o f between-colony variation and 
spatial segregation, within and across years (fig. 
S3). The size o f 95% foraging UDs was strongly 
dependent (F,.* = 149.7. P < 0.001. = 0.94;
fig. S4) on square-root colony size (A'). Likewise, 
maximum foraging range and trip duration were 
dependent on [linear mixed-effects (LME)

models. P = 0.002 and < 0.001: tables S2 and 
S3]. Birds fix)m colonies of all sizes divided their 
time equally between foraging and chick atten­
dance (LM E P = 0.191; table S4). and the number 
of foraging trips per day was negarively depen­
dent on (LME. P = 0.024; table S5). Prey 
delivery rate, for which we assume trips per day 
is a proxy, is therefore negatively dependent on 

supporting the prediction that colony size 
is limited by density-dependent competition {4. 6). 
Contrary to the hinterland model ( i) , we found 
no relationship between colony Voronoi polygon 
area and colony size < 0.01. P = 0.699. ^  < 
0.01: fig. S5).'

Using empirical relationships between colony 
size and foraging area, we devised a population- 
level null model o f the distribution o f foraging 
gannets. assuming negligible competition between 
birds fi’om neighboring colonies (75). This suc­
cessfully explains among-colony segregadon when 
colonies are far apart but predicts extensive over­
lap between several study colonies, particularly 
in the Celtic Sea (Fig, 2A). However, observed 
UDs were largely munially exclusive (fig. S2). 
overlapping markedly less than predicted (fig. 
S6). For example, the null population overlap 
index (POl) [the number o f potential pairwise 
interactions between birds fix)m adjacent colonies 
{16)] for Little Skellig and Bull Rock (popula­
tions -29.700 and 3700 pairs: separation distance 
27 km) was 105.000. whereas the empirical esti­
mate was 6000. largely because foraging tnps 
were directed away from closely neighboring 
colonies (Fig. IB), This pattern differs from the 
hinterland model in two key respects; Segrega­
tion was not absolute, and divisions between the 
UDs of unequally sized colonies were not equi­
distant between the two (Fig. IB  and fig. S2) 
but typically occurred closer to the smaller colony, 
a phenomenon also observed in penguins (9). 
Hence, the predictive performance o f the hinter­
land model (log-likelihotxl. L = -0.54, AIC 
3691; table S6) was poor in comparison to that 
o f the null model [L -  -0.30, Akaike informa­
tion criterion (AIC) = 2231].

Given the inability o f existing models to ex­
plain gannet distriburion when colonies are close 
together, we propose a multicolony extension of 
Ashmole's halo {4). which we term the density- 
dependent hinterland (DDH) model. As adjacent 
colonies grow, foraging ranges increase as a re­
sult o f prev' depletion or disturbance (5) until their 
home ranges overly. At low densities, birds fk)m 
different colonies may forage together, but as pre>' 
availabilit}’ decreases, popularions respond by 
spreading down conspecific density gradients 
to the nearest areas subject to a lower rate of ex­
ploitation (6). As a first approximation, we as­
sume a simple inverse relationship between the 
exploitation by conspecifics from adjacent col­
onies and the likelihood o f new birds foraging 
in an area {16). However, the trade-off between 
transport and competition costs means that birds 
favor areas close to their own colonies, so den- 
sit>' declines with colony distance d {10). Hence.

68 5 JULY 2013 VOL 341 SCIENCE www.sciencemag.org
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I
when colonies are large or close together, segre­
gation between home ranges may become abso­
lute. Using these assumptions, we modeled the 
development o f spatial segregation as colonies 
grow {16). We aim to replicate colony growth at 
the onset o f the breeding season (9) but note that 
historical colony growth patterns may also in­
fluence spatial segregation (6) and that colony 
sizes are unlikely to be in equilibrium (6. 14). 
initial comparisons with our tracking data showed 
that weighting the relative rate o f exploitation by 

improved this model, implying a decline in 
competitive fimess with distance. The DDH model

proved a better fit to the tracking data {L -  -0.58. 
AIC = 25440) than the null ( I  = -0.61. AIC = 
27015; table S7; compare Fig. 2, A  and B). Fur- 
themx)re. unlike the null, the DDH model success­
fully predicted the POl (fig. S6) and the angular 
displacement o f the center o f gravity o f the 75% 
UDs from their colonies {circular correlation, ob­
served versus predicted directions, null model, r  = 
0.214. P = 0.463. n = 12; DDH nKxieL r = 0.761. 
P = 0.020. « = 12). The shapes o f the UDs pre­
dicted by the DDH model were closer to those 
observed (Dice's similarity coefficient s = 0.57. 
table S8) than the null model's predictions ( j  =

0.45) {16). The DDH model's greater predictive 
strength was most marked for colonies with close 
neighbors (Fig. 2 and table S8). Notably, the DDH 
model predicts greater foraging ranges than the 
null model (paired t test, square-root mean dis­
tance t2A = 4.542, P < 0.001), which implies that 
indirect competition fi’om neighboring colonies 
diminishes chick provisioning rates, limiting col­
ony size (5).

Like Ashmole's halo and the hinterland 
model, the DDH model assumes that gannets 
are ideal free foragers. However, seabird prey 
occurs in widely dispersed, partially predictable

Fig. 1. Gannet colony foraging 
ranges. (A) Gannets tracked 
from colonies around the British 
isles forage in largely mutually 
exclusive areas, despite their po­
tential home ranges overlapping 
(red, study colonies; yellow, others). 
Home ranges predicted by the hin­
terland model (?) form Voronoi 
polygons, bounded by lines of 
equidistance between colonies 
(biack lines). (B) Satellite tracks 
from 184 individuals show that 
foraging binJs direct their move­
ments away from neighboring 
colonies (colors correspond to 
different colonies). Data were 
collected in 2011, except for 
St Kilda (SK), which were col­
lected in 2010. Gray bnes, 200- 
and 1000-m isobaths; IS, Little 
Skellig; TB, Bull Rock (mentioned 
in the text; see table SI for co­
lony details).

Colony size | 
(1000 pairs) i

< 1 - 2  '

2 -  

4 - 
8 -  

16
16 
- 3 2  

3 2 - 6 4
! • ,
SK^

' S ' - '  

-  •

LS -■  
•  -

TB

0 200 400 km

Fig. 2. Density*dependent 
competition and colony seg­
regation. Density-dependent 
competition within and between 
(xlonies explains laige^cale among- 
colony segregation. (A) Observed 
colony utilization distributions 
(colored polygons plus 95, 75, 
50, and 25% UD contours) are 
largely mutually exclusive. This 
is at odds with the null model 
(predkted 75 and 95% UDs, soHd 
and dashed lines), whkh assumes 
density-dependent competition 
only within colonies, predicting 
broad overlap between some UDs. 
(B) The density-dependent hin­
terland (DDH) model additionally 
assumes competitkKi between col­
onies, providing a better fit to 
the tracking data.

400 km

Observed plus 
null model DDH model
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I
patches (17). Thus, seabirds may not base forag­
ing decisions on personal information (memory) 
alone but may also exploit public information 
{8. 18), gained by observing conspecifics at the 
colony (19-21) or at sea (22, 23). although em­
pirical evidence remains limited (24). To examine 
these hypotheses, we developed a range o f two- 
dimensional individual-based models o f gannets 
foraging from two colonies (30 and 300 individ­
uals). constrained by energy reserv'es (Table 1). 
to detenmine whether segregation emerges through 
information shanng (J6). Only one model incor­
porating memory and public information transfer 
at sea and at the colony, produced a significant 
reduction in overlap between colony UDs (Fig. 3 
and fig. S7). Between-colony segregation rapidly 
became established and then persisted (fig. S8). 
a pattern consistent at multiple food patch den­
sities and most marked when colonies were close 
(figs. S9 and SIO).

Public information is probably transmitted 
unintentionally, as in other colonial species 
(IS. 21. 23. 25. 26). Several traits make this like­
ly: Specifically, on arrival and deparmre from 
the nest, gannets signal visually and audibK’. Be­
fore beginning foraging trips they land on the 
sea. near the colony, frequently departing in groups 
(14). These behaviors may allow conspecifics to

follow or copy successful birds (20. 21). chan­
neling information friom the population to the 
individual, thereby allowing birds to efficiently 
select foraging locations where they are com­
petitively advantaged over conspecifics from other 
colonies. Although these mechanisms are likely 
to operate over temporal scales o f minutes to 
weeks, gannets have overlapping generations 
and a long prebreeding period (>4 years), dur­
ing which they attend colonies with increas­
ing regularity (N . 27). This is thought to allow 
young birds to learn about prey distribution. 
I f  this involves public information acquisition, 
the preconditions exist for cultural evolution of 
foraging behavior over much longer time scales 
(S. 28).

Our results suggest that density-dependent 
competition, rather than territorialit>. causes spa­
tial segregation in a model colonial central-place 
forager. .Although the mechanisms remain unclear, 
there is increasing recognition that nontemtorial 
colonial central-place foragere utilize public infor­
mation to inform decisions (IS, 21. 23. 25. 26. 28). 
Contrary to the prevailing view, we predict that 
between-colony segregation is the norm when 
aggrcgatioas of animals such as bats, seals, bum­
blebees. and birds occur at high densities (i.e., 
when colonies are clustered or large), forcing a

Table 1. Rules governing information use in individual-based models of foraging gannets 
(see table SIO for details).

Foraging rules Description

Null
Memory (ME)
Local enhancement 

(ME + LE) 
Information centre 

(ME + 10 
All sources combined 

(ME + LE + 10

Birds forage randomly during each trip
Birds return to previously successful locations (private information) 
ME -f uninformed birds may follow informed birds at sea (private 

and public information)
ME + uninformed birds may follow informed birds from their 

colony (private and public information)
ME + uninformed birds may follow informed birds from the colony 

and at sea (public and private information)

N u ll M odel M em ory  Loca l E n ha nce m e n t

M e n io ry  + 
In fo m ia tio n  C en ter

A ll In to fin a lio n  
S ources

ME ME+IC ME»LE ME+LE-IC

Behavioral rules

Fig. 3. Utilization distribution overlaps. Individual-based simulations show that overlap between 
the utilization distributions (UDs) of two hypothetical colonies (A) (solid lines/blue circle, large colony; 
dashed lines/red circle, small colony) reduces (B) only when birds use private information and gain 
public information before departure and during foraging trips (see Table 1 for model rules). Isopleths: 
50, 75, and 95% UDs. Results shown for 25 prey patches. Error bars show 95% confidence intervals.

reexamination o f  our understating o f  their forag­
ing ecolog)'.
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M axim um  lifespan in  b ird s anci m am m als varies strongly w ith  body  m ass 
such that large specnes tend  to live longer than  sm aller species. Hovk^ever, 
m any species live far longer than  expected given their body m ass. This m ay 
reflect interspecific \'ariation  in extrinsic mortality, as life-histor\’ theor\' p re ­
dicts investm ent in long-term  sun 'iva l is u n d er positive selection w hen 
extrinsic m ortality is reduced. Here, we investigate how  m ultiple ecological 
and mode-of-life traits that should reduce extrinsic m ortality (including 
volancy (flight capability'), activity' pericxl, foraging environm ent and  fossori- 
ality), sim ultaneously influence lifespan across endotherm s. U sing novel 
phylogenetic com parative analyses and  to our know ledge, the m ost species 
analysed to date (n =  1368), w e show that, over and  above the effect of 
body m ass, the m ost im portan t factor enabling longer lifespan is the ability' 
to fl\'. W ithin volant sp>ecies, lifespan depended  upo n  w hen (day, night, 
dusk o r daw n), bu t not v/here fin the air, in trees or on the ground), species 
are active. However, the opposite w as true for non-volant species, w here 
lifespan correlated positively w ith bo th  aiboreality  and  fossoriality. (3ur 
results highlight that w hen  studying  the m olecular basis behind cellular 
processes such as those im derlving lifespan, it is im portant to consider the 
ecological selection pressures that shaped them  over evolutionary time.

1. Introduction
Lifespan, or longevity*, is a fundam ental life-l\istory' trait that exhibits con­
siderable variation bo th  w ith in  an d  am ong species. M axim um  lifespan in 
vertebrates, for exam ple, ranges from  u p  to  211 years in the bow head  w hale 
(Balaena mysHcetus; [1]), dow n  to just eight w eeks in the pygm y goby {Eviota 
si^illata; [2]). Like m ost o ther lite-history traits, lifespan varies strongly 
w ith  bod y  size such that large species tend  to live longer than  sm aller species 
(3-6]. However, m any species have far longer, or indeed shorter, lives tlian 
expected given their body m ass (figure 1). U nderstand ing  the m echanism s 
underly ing  these deviations from predicted  lifespan m ay reveal the  secrets to 
treating and com bating hum an  ageing [7,8].

O ne explanation for species living longer than  expected, given their body 
size, is that low extrinsic m ortality  (i.e. low risk of death ow ing to external 
causes such as disease, predation , food shortages o r accidents) will, on  average, 
select for longer lifespans than  w hen  extrinsic mortality' is high  [9,10]. This is 
because w hen  unrim ely death  is m ore likely, investm ent in early  and  frequent 
reproduction  is favoured ra th e r than  investm ent in long-term  m aintenance and 
survival. Therefore, species w ith  adap tations tha t reduce the risks of extriraic 
m ortality  should live longer than  expected, given their body m ass [11]. These 
ideas have led to m yriad , taxon-specific hypotheses abou t traits that may 
reduce extrinsic m ortality  and  result in increased lifespan (review ed in [7]). 
H ow ever, there is little consensus abou t the general drivers of increased 
lifespan across clades.
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Figure 1. Relationships betw een body m ass and m axim um  lifespan in birds 
and m am m als. Silhouettes highlight a seleaion  of species with m uch longer 
or shorter lifespans than  ex p eaed  given their body size. These species are 
(A) Myotis brandtii, Brandt's bat; (B) Heterocephalus glober, naked m ole rat: 
(C) Vultur gryphus, Andean condor: (D) Loxodonta Africana, African elephant: 
(E) Dromoius novaehollandiae, em u; (F) Oorcopsulus mackayi, Papuan forest- 
wallaby; (G) Ceryle rudis, pied kingfisher and (H) Myosorex varius, forest 
shrew. Blue points and line represent volant birds and m am m als (n =  662: 
slope =  0.25, intercept =  0.73). Red points and line represent non-volant 
birds and m am m als (n =  706; slope =  0.13, intercept =  0.89). Blue triangles 
represent bat species and red triangles represent non-volant bird species. Esti­
m ates of slopes and intercepts represent back transform ed values from m ean 
centred values given in tab le  1. (Online version in colour.)

The abilit)' to fly, and thus more easily escape predation 
and unfavourable conditions, is perhaps the most effective 
wav a terrestrial species can evolve to reduce its extrinsic 
mortality’ and increase its lifespan 111-13). This is supported 
strongly by striking differences in the lifespan of volant 
(flying) and non-volant (non-flying) vertebrates; on average, 
bats live 3.5 times longer than similar-sized non-volant pla­
cental mammals (14,15], whereas birds live up to four times 
longer than similar-sized mammals [3,16], However, flight 
may not be the only route to reducing extrinsic mortality 
and thereby increasing lifespan. Ecological factors may also 
be important. Previous studies have investigated the relation­
ship between lifespan and various ecological variables, but 
most only investigated select groups of species and few 
considered multiple traits simultaneously (e.g. [17]).

Here, we investigate how multiple ecological and mode- 
of-life traits simultaneously influence maximum lifespan 
across birds and mammals. We generate clear, testable 
hypotheses (see below) about the relationships among life­
span and ecological and mode-of-life traits know'n to 
influence extrinsic m ortalit\’ risk; including flight capability 
{volant or non-volant), activ’itv’ period (diurnal, crepuscular 
(i.e, active at daw'n and dusk), nocturnal or cathemeral 
(i.e. active both day and night)), foraging environment (ter­
restrial, semi-arboreal, arboreal, aerial or aquatic) and 
fossoriality (i.e. living in burrow’s; fossorial, semi-fossorial, 
non-fossorial). We then test these hypotheses across birds 
and mammals using, to our knowledge, the largest 
num ber of species to date (n =  589 birds and 779 mammals) 
and state-of-the-art phylogenetic comparative analyses 
(including using a distribution of 500 combined bird and 
mammal phylogenies) to control for the phylogenetic auto­
correlation introduced by shared ancestry [18] and body 
mass [3]. Together, these novel features of our anaK’ses

allow unprecedented testing of these ke%- hypotheses tliat 
underpin life-historv’ evolution in endotherms.

We predict that, after controlling for body mass: (i) volant 
species will live longer than non-volant species, because they’ 
can more easily evade predators and unfavourable conditiorLs 
[11-13]; (ii) noctunial, crepuscular or cathemeral species will 
live longer than diurnal species, because species that are 
active at night or dusk are likely to be harder for predators 
to detect [12,19]; (iii) species w’hich forage in non-terrestrial 
environments (i.e. species which feed in trees, water or aeri­
ally) w’ill live longer than terrestrial foragers, because the\’ 
will be more capable of escaping from predators than species 
that feed on tl^e ground [13,17,20]; and (iv) fossorial 
(i.e. species that live in permanent burrows) and semi-fossor- 
iai species will live longer than purely terrestrial species, 
because they possess means to escape predation and 
unfavourable conditions through refuge [21].

We expect that the ecological factors which influence life­
span will vary’ among volant and non-volant species, because 
sources of extrinsic mortality’ will differ in these two groups. 
We therefore split species into volant (most birds and all 
bats) and non-volant (some birds and most mammals) sub­
groups, to discover general, broad-scale correlates of lifespan 
in endotherms, rather than separate correlates for birds and 
mammals. We then tested our hypotheses on volant and 
non-volant species separately. We find that, as predicted, 
after controlling for body mass and phylogeny, the most 
important factor enabling longer lifespan is the ability to flv. 
In addition, ecological correlates of lifespan varied among 
volant and non-volant species such that the longest lived 
volant species are nocturnal, cathemeral or diurnal, whereas 
the longest lived non-volant species are arboreal or fossorial.

2, Material and methods 
(a) Data
We used maximum longevity as our measiu’e of lifespan as it is 
thought to be the best available estimator of a species' ageing 
rate [5[ and because of the amount of high-qualit}' longevitv' 
data available. We obtained data on maximum longevit\- 
(vears) and adult body mass (g) from the AnAge database 
[1,22]. In our main analysis, we excluded species with maximum 
longevity estimates based on fewer than 10 longevity' records, or 
with low or questionable data quality as defined in the AnAge 
database [5]. As maximum values are dependent on sample 
size, we also ran a sensitivity analysis excluding species with 
maximum longevit\' estimated from fewer than 100 longevity’ 
records. This should show w'hether data quantit}' has a strong 
influence on our results, though it is worth remembering that 
data quality' in a database such as AnAge is highly hetero­
geneous, and increasing sample size n\ay not necessarilv 
correlate with increased data quality. Note that longevitv 
records for non-volant mammals tend to come from captive 
individuals, whereas data for bats and birds tend to come 
from wild caught individuals. Although we expect capHve indi­
viduals to live longer than wild individuals, on average 
maximum longevity tends to remain unchanged between cap­
tive and wild populations [23|. Further, given that bats and 
birds live longer than non-volant mammals, this should make 
our analyses more conservative.

To test our hypotheses concerning the relatioaships betw'een 
lifespan, mode-of-life and ecological traits, we collected data on 
the flight capabilit\' (volant or non-volant), activity period (diur­
nal, crepuscular, nocturnal or cathemeral), foraging environment
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Table 1. Relationship between maximum longevity (years), body mass (g) and flig lit capability (volant or non-volant) in 1368 birds and mammals. (Estimates 
are modal estimates from 500 models, l o r n  Cl =  lower 95% confidence inten/al from 500 models. Upper Cl =  upper 95% confidence interval from 500 
models. Posterior distribution =  distribution of estimates from 500 models. Body mass: flight capability =  interaaion between body mass and flight capability. 
Notes: 24 000 000 iterations with 4 000 000 burn-in and thinning interval of 10 000.)

l [ l l [ [ l [ [ l [ l l l l [ l [ l l l [ l l l ^ ^

fixed terms 0 . ;

intercept -0 .1 4 5 -1 ,5 4 4 1.260 oica3=>
body mass 0,554 0,467 0.639 «

flight capability volant 0,507 0.033 0.981 a t l ls

body mass: flight capability 0,456 0,302 0.613

random terms

residual variance 0,107 0,090 0.127 1
phylogenetic variance 1,542 1,264 1.871 not]

(terrestrial, semi-arboreal, arboreal, aerial or aquatic) and fossori- 
alit}^ (fossorial, senii-fossorial or non-fossorial) of each species 
using Waiker's Mammals of the VJorld [24], the Handbook of Birds 
of the VJorld series I25J, the Handbook of the Birds of Eurcf})c, the 
M idd le  East and North Africa series [26] and some additional 
sources (electronic supplementary- material, appendix 1, 
[27-291). These categories are described in  detail in the electronic 
supplementar\' material, appendix I. We used the taxonomy of 
W ilson Reeder [30] tor mammals and jetz et al. 131] for birds. 
We excluded purely aquatic mammals (Cetacea and Sirenia) 
from  the analyses, because we expect selection pressures to be 
ver\- different in these groups. We also excluded g lid ing  mam­
mals, because there were too few species (n =  9) to run a 
separate analysis and because thLs group could equally fit into 
either the volant or non-volant subgroups.

Rather than basing our analyses on ju.st a single phylogenetic 
tree and assuming this tree was known w ithou t error, we instead 
used a distribution of trees. We extracted 500 bird trees from the 
posterior distribution of a recent bird phvlogeny generated 
im der a Bayesian inference framework [31], and used the 
10 000 mammal trees constructed by Kuhn et al. [32]. Each ind i­
v idua l mammal tree comprises one resolution of the polytomies 
of a previously published supertree [33]. We treat these as equiv­
alent to a Bayesian posterior d istribution of trees, because no 
such tree analysis exists for all mammals. As we needed a d istri­
bution of phylogenies containing both birds and mammals, we 
random ly selected one b ird  tree and one mammal tree (w ithout 
replacement) and bound them to make a combined tree. The 
trees were bound w ith  a root age of 315 m illion  years, corre­
sponding to the fossil calibration for all amniotes, i.e. 
Archerpeton anthmco5 (electronic supplementary material, appen­
d ix  1; [34]). We repeated this procedure 500 times to generate a 
d istribution of 500 combined b ird  and mammal trees.

M any studies on vertebrate ageing have noted a strong corre­
lation between maximum longevity' and metabolic rate. Opinion 
is d ivided as to whether this is a causative relationship or merely 
confounded w ith  the strong correlation between body mass and 
metabolic rate [7]. To determine whether our conclusions hold 
when we include metabolic rate in our models, we also compiled 
mass-specific basal metabolic rate (BMR; W g” ’ ) data (see the 
electronic supplementar}' material, appendix 1).

In  total, our analyses used data from 589 birds (579 volant and 10 
non-volant) and 779 mammals (83 volant and 6% non-volant; see 
the electronic supplementary' material, appendix 3: table A l  for 
more details arui appendix 2 for the complete dataset). This was 
reduced to 112 birds and 330 mammals when we include BMR in 
our models, and 474 birds and 435 mammals in the sensitivity 
analysis using only species w ith  100 or more longevity' records.

(b ) Analyses
To test our hypotheses, we fitted the fo llow ing  three models, 
w 'ith m aximum longevit\' and body mass incorporated as con­
tinuous variables; flight capability, foraging environment, activity 
period and fossoriality as factors and w ith  body m ass: fligh t 
capability representing the interaction between body mass and 
fligh t capability.

(1) For ail species (n =  1368):
maximum longevity =  f  (body mass — fligh t capability' — body 
mass; fligh t capability').

(2) For volant species only (« =  6b2):
maximum lor^ev ity  — /(body mass • foraging envirorunent 
activity period).

(3) For non-volant species only {« -  706):
maximum longe\'it\' =  f  (body mass -  foraging environment -  
fossoriality' -  activity period).

A ll analyses were carried out in  R v. 3.0.2 [35]. M axim um  
longevity' and body mass (and BMR, see below) were logn, trans­
formed to correct inherent skewness before being mean centred 
and expressed in im its of standard deviation.

We fitted our models using Bayesian phylogenetic mixed 
models from the M CMCgbnm package [36], to account for non­
independence in species traits introduced as a result of common 
ancestrv’ [18]. M CM Cglm m  uses a Markov chain Monte Carlo 
(MCMC) estimation approach and accounts for non-indep>endence 
among closely related species by including the phylogenetic 
relationships among species as a random variable. We determined 
the number of iterations, thirm ing and the bum -in  period for each 
model run across all trees using diagnostics in  the coda package
[37] and we checked for convergence between model chains 
using the Gelman-Rubin statistic, the potential scale reduction 
factor (PSR), w ith  all models required to have a PSR below 1.1
[38]. Following the recommendations of Hadfield [36], we used 
an uninformative inverse-Wishart d istribution (w ith  variance, V, 
set to 0.5 and belief parameter, nu, set to 0.002) and a parameter 
expanded prior, w ith  a half-Cauchy d istribution (described by 
the parameters V =  0.5, nu =  1, the prio r mean alpha.mu =  0, 
and alpha. V =  10", which represents the p rio r standard deviation 
w ith  a scale of 10), for the random factor to improve m ixing  and 
decrease autocorrelation among iterations.

As noted earlier, rather than using one phylogeneHc tree and 
assuming this tree was error free, we instead used a distribution 
of 500 combined b ird  and mammal trees and fitted each of our 
models to each of these trees. We then combined the resulting 
model outputs to give model esfimates w hich incorporate the
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Table 2. R ela tionsh ip  b e tw e e n  m ax im u m  lo n g ev ity  (y ears), b o d y  m ass (g ) , fo rag in g  e n v iro n m e n t a n d  a ttiv ity  pe rio d  in 662 v o la n t b ird s  a n d  m a m m a ls . 
(E s tim a tes  a re  m o d a l e s tim a te s  from  50 0  m o d e ls , C o lu irn  h e a d s  e x p la in ed  s a m e  a s  g iven  in ta b le  1. N otes: 12 0 0 0  0 00  ite ra tio n s  w ith  2 0 0 0  0 0 0  b u rn -in  a n d  
th in n in g  in terv a l o f  500 0.)

fixed te rm s  

in te rc e p t 

b o d y  m ass

fo ra g in g  e n v iro n m e n t 

aeria l 

arb o rea l 

sem i-a rb o rea l 

a q u a tic  

a r tiv ity  period  

c a th em era l 

crep u scu lar 

noctu rn al 

ra n d o m  te rm s  

re sid u a l variance 

p h y lo g e n e tic  variance

estnnate (/3)

0.668

1.035

0 .1 1 6

0 .0 6 8

0.1 24

- 0 .1 6 6

0 .085

- 0 .4 7 9

- 0 .1 3 1

0 .1 84

1.155

posterior distribution

- 0 .6 6 4

0 .8 99

- 0 .1 1 9

- 0 .1 1 9

- 0 .0 5 6

- 0 .3 8 3

- 0 .0 8 8

- 0 .7 7 2

- 0 .3 8 5

0.151

0 .789

2 .028

1.172

0 .3 54

0 .2 58

0.301

0 .0 49

0.261

- 0 .1 8 2

0.122

0 .2 23

1.693

aBt

ign

qgn
U0J

aEtc

e rro r across the 500 trees. As the posterior o u tp u ts  of M CMC 
m ode ls  are  com binable, coefficient d istribu tions w ere created 
by  am algam ating  each coefficient posterior.

Finally- to  determ ine w hether ou r conclusions held w hen we 
excluded species w ith  few er than  100 longevity  records o r w^hen 
m etabolic rate w as included in our m odels, w e repeated m odels 
1 - 3  w ith  either the  reduced  dataset of species w ith  100 or m ore 
longevity  records or w'ith BMR as an  add itional linear covariate. 
We also repeated  m odels 2 and  3 for b ird s and  m am m als (rather 
than  vo lan t and  non-voLant species) separately  to ensure tha t differ­
ences betw een the volant and  non-volant subg roups w ere ow'ing to 
differences in  flight capability  and  w ere n o t sim ply representing  the 
difference betw een m am m als and birds. We calculated the 
deviance iiiform ation criteria (DlC), a hierarchical generalization 
of the A kaike inform ation criteria, for each b ird  and  m am m al 
paired  m odels and  com pared  it to the paired  volant and  non-volant 
m odels to com pare m odel 'fit' of each approach.

3, Results
W e fo u n d  th a t v o la n t species live lo n g e r th a n  no n -v o lan t 

species  o f a  s im ila r b o d y  m ass  (tab le  1 a n d  fig u re  1). In  ad d itio n , 

fo r a g iv en  inc rease  in  b o d y  m ass, th e  lifesp an s  o f v o la n t species 
(m o d a l s lo p e  es tim ate  (after co n v e rtin g  from  m ean -cen tred  

v a lu es) =  0.25; tab le  1) inc rease  s ign ifican tly  m o re  th a n  th e  life­

sp a n s  of n o n -v o la n t species (m oda l s lo p e  es tim ate  (after 
co n v e rtin g  fro m  m ean -cen tred  values) =  0.13; tab le  1).

T he re la tio n sh ip s  am o n g  o u r  ecological v a riab les  an d  life­
sp a n  d iffe red  b e tw e en  the  v o lan t an d  n o n -v o la n t su b g roups. 

W ith in  vo lan t taxa, c rep u scu la r species (i.e. those  active at 

d u s k  a n d  dav^-n) h a d  sig iiificantlv  sh o rte r  lifespans  th a n  bo th  
d iu rn a l a n d  n o c tu rn a l species (table 2). By con trast, a c tiv it\’ 
p e rio d  w a s  n o t associa ted  w ith  lifespan  in  n o n -v o la n t species 
(tab le 3). F orag ing  en v iro n m en t d id  n o t in fluence  lifespan  s ig ­

n ifican tly  in  vo lan t species; b a ts  a n d  b ird s  th a t forage on  the  
g ro u n d  d o  n o t h ave  sh o rte r  lifespans th a n  species th a t forage 
in  th e  a ir  o r  in  trees (table 2). W ith in  n o n -v o la n t species,

h o w ev er, th o se  fo rag in g  arb o rea lly  h a v e  lo n g e r lifesp an s  
tlian  th o se  fo rag ing  te rrestria lly , a n d  fossorial (i.e. b u rro w in g )  
species live lo n g e r th a n  non-fossoriaJ o n es  (tab le  3).

In  th e  su p p le m e n ta r\-  an a ly s is  w ith  m a x im u m  lo n g e \'it) ' 
e s tim a te s  b a se d  o n  100 o r  m o re  reco rd s , th e  m o d e ls  sh o w e d  
q u a lita tiv e ly  c o m p a ra b le  re su lts  to  th e  f in d in g s  in  th e  m a in  

an a ly s is  (electro iiic  s u p p le m e n ta ry  m a te ria l, a p p e n d ix  3: 
ta b le s  A 2 -A 4 ) . W h e n  w e  in c lu d e d  BM R a s  a n  a d d itio n a l 
l in e a r  co v a ria te  in to  m o d e ls  1 - 3 ,  th e  resu lts  sh o w e d  s im ila r  
g en e ra l t re n d s  as  th o se  w ith o u t BM R ex c ep t w ith  n o  s ig n ifican t 

effec t o f crepuscularit}^' in  v o la n t species, n o  effect o f sem i- 
a rbo rea lit} ' in n o n -v o la n t sp ec ies  a n d  a n e g a tiv e  co rre la tio n  
b e tw e e n  BM R a n d  lo n g e v ity  in  n o n -v o la n t sp ec ies  (electro iiic  
su p p lem en ta ry ’ m a te ria l, a p p e n d ix  3: tab les  A 5 -A 7 ) . W e 

a lso  re p e a te d  m o d e ls  2 a n d  3 fo r b ird s  a n d  m a m m a ls  ( ra th e r  
th a n  v o la n t a n d  n o n -v o la n t species) sep a ra te ly . T he re su lts  
w e re  q u a lita tiv e ly  id e n tic a l a p a r t  from  a p re d ic ta b le  re d u c t io n  

'm  th e  p h y lo g e n e tic  re s id u a l te rm  a n d  a lso  a lo w e r c o m b in ed  
D ie  v a lu e  fo r m o d e ls  2 a n d  3 (m o d a l v o la n t a n d  n o n -v o la n t 
D ie  — 1184) in  c o m p a r is o n  to  a ta x o n o m ic a lly  sp lit m o d e l 
(m o d a l b ird s  a n d  m a m m a ls  D IC  =  1227) (e lec tron ic  s u p ­
p le m en ta ry ’ m a te ria l, a p p e n d ix  3: tab les  A 8 -A 9 ) . T h e  
p h y lo g e n e tic  re s id u a l te rm  w as  h ig h  in ail o f  o u r  m o d e ls  

(m o d e l 1: 1.342; m o d e l 2: 1.555; m o d e l 3: 1.627; ta b le s  1 -3 )  

b u t  w as  m u c h  lo w er in  th e  ta x o n o m ic a lly  s p lit b ird  a n d  
m a m m a l m o d e ls , as  ex p e c te d  g iv e n  th e ir  m o re  re s tr ic ted  p h y ­

lo g en e tic  s co p e  (b irds: 0.371; m a m m a ls : 0.936; e lec tro n ic  

s u p p lem en ta ry ' m a te ria l, a p p e n d ix  3: ta b le  AlO).

4. Discussion
A s p re d ic te d , w e  fo u n d  th a t v o la n t spec ies  live  lo n g e r  th a n  
n o n -v o la n t sp ec ies  o f a s im ila r  b o d y  m a ss  a f te r  a c c o u n tin g  
fo r p h y lo g e n e tic  re la ted n e ss . H o w e v e r, th e  effec ts  o f b o d y  
m a ss  o n  life sp an  in  th e  tw o  g ro u p s  d iffe red ; s im ila r  in c reases  

in b o d y  m a ss  re su lte d  in  d is p ro p o r tio n a te ly  g re a te r  in c reases
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T ab le  3 . Relationship b etw een  maxinnum longevity' (years), body m ass (g), foraging env ironm ent, fossoriality and artiviry period in 706 non-volant birds and 
m am m als. (Estimates are m odal estim ates from  500 m odels. Column h ead s  explained sam e as given In tab le  1. Notes: 24 000 000 iterations w ith  4 000 000 
burn-in  and thinning Interval of 10 000.)

fixed term s 

in tercep t 
body m ass 

foraging environm ent 
arboreal 

sem i-arboreal 
aquatic 

fossoriality 

fossorlal 
seml-fossorial 

aflivity  period 

cathem eral 
crepuscular 

nocturnal 
random  term s 

residual variance 
phylogenetic variance

estiinatc (^)

0.013
0.531

0.213

0.148
0.064

0.437

0.035

0.060
-0 .0 5 0

0.038

0.042
1.627

-1 .4 3 3
0.449

0.070

0.022
-0 2 2 0

0.088
- 0 0 8 1

-0 .0 5 6
-0 .1 9 4

-0 .0 7 5

0.031
1.319

1.467
0.614

0.358
0.274

0.341

0.785
0.149

0.173
0 .0%

0.153

0.059
1.985

posterior distribution

clQti

cQTJti

qgjD

ill lifespan for volaiit com pared w ith  non-volant species. 
A dditionally, after accounting for phylogeny and  body size, 
the  lifespans of volant species depended  upon  w^hen sp ed es  
are active but not w here that activitv’ occurs, w hereas the 
opposite  was true for non-volant species. Thus, the longest- 
lived volant birds and  m am m als tended  to be either d iu rnal 
o r nocturnal, and  the longest-lived non-volant species tended  
to be arboreal, sem i-arboreal or fossorial.

The link betw een flight and long lifespan in vertebrates 
is well known. A m ong birds, fliglitless or w eakly flying 
species fi.e. game bii'ds) have the shortest lifespans (6,11,14]. 
A m ong mammals, bats live far longer than  similar-sized non­
volant m ammals and  gliding species also have greater lifespans 
than  expected given their body m ass [12j. This probably reflects 
the ability of flying species to escape sources of extrinsic m or­
tality such as predation and unfavourable conditions, allowing 
g reater investment in increased lifespan (11-13),

The relationships am ong ou r ecological variables and  life­
s p an  differed betw’een the volant and  non-volant subgroups, 
as expected given the different sources of extrinsic m ortality  
th e \’ experience. A ctivity period  w as im portan t in volant 
species, w ith crepuscular species possessing  the shortest life­
spans, This suggests that being crepuscular is a p o o r strategy^ 
for volant species, perhaps because they are exposed to both 
d iun ia l and nocturnal predators, resulhng in liigher extrinsic 
m ortalit)’. The scarcity of crepuscular volant species (» =  16) 
in ou r dataset also suggests that specialization to be active 
betw een  nocturnal and  d iu rna l periods is a relatively unsuc­
cessful strategy*. How’ever, acHvity period  w as no t related to 
lifespan in non-volant species, counter to our initial pred ic­
tion  that nocturnal, crepuscular and cathem eral species 
w o u ld  be more long-lived, w hich  assum ed  that d iu rna l 
species would be easier for p redato rs  to detect. H ow ever, 
there  are many addirional w ays to avoid p reda tion  (see

below ) and  m any  alternative reasons for becom ing nocturnal, 
crepuscular or cathem eral. For exam ple, m any large m am ­
m als are crepuscular or cathem eral in order to avoid the 
intense heat of the day in tropical areas, w hile species such  
as w olves and  hyenas m ay have becom e noctu rna l to 
access m ore prey. Consequently , although  noctun \ality  m ay 
decrease extrinsic m ortalit)' for som e species, it m av actually 
increase it for others.

Foraging envirorunent did  not influence lifespan signifi­
cantly in volant species, bu t it w as im portant in  non-volant 
species w here ai*boreal, sem i-arboreal and  fossorial species 
had  longer lifespans than  terrestrial species. The re lationship 
betw een arborealit)' and extended lifespan in m am m als has 
b een  show'n previously  [\7\, b u t to the best of o u r know ledge 
this is the first com parative analysis of lifespan in fossorial 
versus non-fossorial species. O u r results m ay, therefore, 
offer a partia l explanation  for the exceptional longevity  of 
naked m ole rats {Hetewcephalus glaber) w hich are com pletely 
fossorial and  live 10 tim es longer than  expected, given their 
b o d y  size [21].

Across all ou r m odels, bod y  size w as correlated strongly 
w ith  lifespan, w hich is consistent w ith  p rev ious studies 
(e.g. [3,5,6]). How ever, o u r s tudy  is the first, to o u r know ledge, 
to dem onstrate the general im portance of body  size in bo th  
volant and  non-volant species concurrently (as o pposed to tra­
ditional taxonom ic g roupings of birds, bats an d  terrestrial 
m am m als separately). Large species are expected to live 
longer th a n  sm all species, in p art, because they shou ld  experi­
ence low er rates of extrinsic m ortality  and  therefore invest m ore 
in  long-term  m aintenance and  survival. For exam ple, large 
species are expected to suffer low er p redation  risk, and  be 
be tte r able to cope w ith  tem porary  food shortages, climatic 
fluctuations and extrem e w eather com pared w ith  sm aller 
species [15,39]. A lso following from  Peto 's paradox , that
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cancer incidence does not correlate w ith  body size despite the 
larger number of cells from which it can potentially develop 
(40), the increased lifespan afforded through decreased extrin­
sic m orta lity in  large species can increase selection for 
molecular controls on senescence related diseases [ l l j .

Previous studies generated similar slopes for the relationship 
betw'een log lifespan and log body mass in birds (slope =  0.20) 
and mammals (slope =  0.22), but the bird slope had a much 
higher intercept [3,39]. By contrast, we found that, for a given 
increase in body mass, the lifespans of volant species (modal 
slope estimate (after converting from mean-centred values) =
0.25) increase significantly more than the lifespans of non­
volant species (modal slope estimate (after converting from 
mean-centred values) =  0.13). This suggests that the similarities 
in b ird and mammal slopes seen previously may have been the 
result of splitting species into taxonomic rather than ecological 
groups. The explanation for the steeper slope in volant species 
is unclear. However, we suggest that increasing body mass in 
volaiit species reduces their extrinsic mortality much more mark­
edly than it does in non-volant species, favouring greater 
investment in long-term sur\'iv’ai. Alternatively, this mav reflect 
constraints on life-historv optimization, particularly in  bats, 
where the energetic and biomechanical requirements of flight 
restrict females to raising small litters (24j. This leaves few' 
options for the optimization of life liLstory' in bats other than 
increasing lifespan, thereby increasing lifetime opportunities 
for reproduction.

For birds and mammals, the most important factor in redu­
cing extrinsic mortality,’ and allow'ing investment in a longer 
lifespan, after controlling for body size and phylogeny, is tlie abil­
ity' to flv. This effect is so strong tliat it overshadows all other 
ecological variables explaining litespan variation in volant 
species. However, there Ls still residual variation in all of our 
models. Much of this is related to phvlogeny, particularly in 
volant species because this group contains a fairly even 
number of mammals (bats) and birds. On the other hand, 
owing to the paudt\’ of lifespan data resulting in so few- non­
volant birds in our dataset (w =  10), the phylogenetic residuals 
in the non-volant model are unlikely to be attributed to tlie 
inclusion of birds species in the mammal dominated non­
volant models. But even accounting for phylogenv (as we do 
in all our models), there is still substantial unexplained variation 
in the model for volant species (residual error =  0.18 in the 
model for volant species compared w ith  0.042 in the model for 
non-volant species; tables 2 and 3). We anticipated such unex* 
plained variation would be related to bats because of their

reputed extreme lifepans [14), yet, of tlie 32 species w ith  the D 
top 5% of residuals in our models of maximum lifespan against 
body size, foraging environment and activit}^ period, less than 
half are bats. Instead, flying foxes (Pteropodidae) are scattered 
among tlie birds and fit the volant species regression line well, 
as do most mioDdiiropteran bats. This sugg«5ts tliat the pro­
longed lifespans of most bats are not exceptional, given their 
volant mode-of-life. In our models, the exceptionally long-lived 
bats are mostly Vespertilionidae {Barbastella barhastellus, Myotis 
blythii, Myotis bmncttii, Myotis danbentonii, Myotis cmtis, Myotia 
ludfugus. Myotis mwHs. Myotis mystaciims. Myotis uattereri,
Myotis w lam , Plecotus auritus and P/t’cofi<s awsfnacjis) plus Dcsino- 
dus rotuudus, Rhinolophus ferrumcquinum and Khijwlophiis 
hipposideros. Howev'er, the species in the top 5% of residuals 
also include pelagic seabirds {Alca torda, U iia aalge, Pelecanus ery- 

throrhynchos, Pelecanus occideiitalis, Pelecmius onocwtalus, 
Diomedea epoinaphora, Diomcdea exulans, Phoelvistria immutabilis, 
Phoebastria nigiipes, Thalnssarche chrysostotna. Thalassardie inela- 

naphrys, Fubmrus glacialis, Piiffimi$ piiffiuus, Fregata minor and 
Haliaeetus albicilla), parrots (Cacatiia leadbeaterf), flamingos {Phoe- 

mcoptmis roseus), swans {Cygnus olor) and e\'en diving ducks 
(A ythw  fuUgida). The mechanisms underlying the exceptional 
lifespans of these species are likely to be idios\Ticratic, given 
the broad array of ecologies these birds exhibit. Thus, if  w-e 
want to uncover the secrets of long life, we may need to 
expaiid our seardi beyond bats and iiaked mole rats (8,41J.
When studying the molecular basis behind cellular processes 
such as those underlying longev'ity, it Is important to consider 
the selection pressures that shaped them over evolutionary' time.
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A bstract
The rehabilitation o f injured or poisoned birds, including raptors, is widely prac­
ticed even though its conservation value is not well understood. In this study, 
the survival rale o f rehabilitated Cape vultures (Gyps coprotheres) released back 
into the wild was com pared with that of wild-caught birds at a breeding colony 
in South Africa. The program  M ARK was used to model survival based on age. 
sex and whether they were rehabilitated or wild-caught for 405 individual birds. 
Despite receiving treatm ent, rehabilitated birds suffered significantly lower sur­
vival rates when compared with wild conspecifics o f identical age. Annual sur­
vival rates ( i  S E) of rehabilitated and wild-caught birds were 74.8% ( i  8.1%) 
and 91.3% (±  6.3%). respectively, in addition, a population dynamics model 
was developed to predict future trends based on varying proportions of reha­
bilitated and wild-caught birds. The population growth rate (A) for a wild popu­
lation (i.e. w ithout any rehabilitated individuals) was greater than one or 
increasing, whereas that for an entirely rehabilitated population was less than 
one or dccUning. . \  stable growth raie, a =  \ . occurred \\hen approximately SOVo 
o f the adults were rehabilitated. Together, our results underscore the im portance 
o f tackling the causes o f these injuries to Cape vultures before rehabilitation 
becomes necessary.

Introduction

The num ber o f bird species facing the threat o f extinction 
has been increasing in the past few decades (Butchart et al.. 
2010). placing pressure on successful implementation of 
conservation activities. A m ajor problem is that the efTec- 
tiveness o f many conservation actions has yet to be assessed. 
One such conservation activity that is particularly widely 
practiced for birds is rehabilitation o f injured, poisoned or 
otherwise harmed birds, which are then released back into 
the wild. Although rehabilitation o f compromised birds as 
a conservation tool may be appealing (N aidoo et a i .  2011: 
Finkelstein ei a i .  2012). few studies have actually tested the 
efficacy o f the technique. After all. if rehabilitated birds are 
unable to survive in the wild, then the technique can hardly 
be called a conservation tool (Sharp. 1996).

The impact of rehabilitation on birds has best been exam ­
ined in oiled seabirds, where survival o f rehabilitated birds 
typically is significantly lower than that o f non-oiled birds 
(Anderson. Gress & Fry. 1996; Sharp. 1996: Goldsworthy 
e! a i .  2000: Golightly ei a i .  2002). N otable exceptions arc 
African penguins {Spheniscus demersus: Underhill el a i.

1999. W hittington. 1999) and Cape gannets {Mor m capen- 
sis: Altwegg ei a i .  2008). In contrast, very few studies have 
compared survival rates o f rehabilitated raptors with wild 
(non-rehabilitated) birds (Sweeney. Redig & Tordoff. 1997).

Captive-bred M auritius kestrels [Falco puuciatus) had 
similar survival rates compared with wild-bred birds (Nicoll. 
Jones & N orris. 2004). Similarly, survival of captive-bred 
adult GrifTon \u\iurcs {Gypsfulvus) after 1 year post-release 
was similar to that of w ild-bom  adults (Sarrazin ei a i .  
1994). However, in general, captive-bred birds will not have 
experienced a traum atic o r injurious event, in contrast to 
rehabilitated birds. The effects o f rehabilitation on rap to r 
survival are poorly understood and the handful o f existing 
studies either suffer from very small sample size (e.g. 
H am ilton. Zwank & Olsen. 1988) and/or did not conduct 
robust survival analysis (e.g. Sweeney ei a i .  1997: Fajardo. 
Babiloni & M iranda. 2000) where recaptures and survival 
arc separately estimated such as is done in the program  
M AR K  (White & Burnham. 1999).

M any vulture and raptor populations have experienced 
serious declines (Thiollay. 2007; Pain ei a i .  2008; Virani 
ei a i .  2011) and most Old W orld vulture species are now
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listed on the lU C N  Red List (lU C N . 2012). Factors con­
tributing to these declines include poisoning, electrocution, 
persecution and collision with power lines, and bush 
encroachment affecting their foraging ability (Anderson, 
2000; Piper, 2005; Bamford. Monadjem & Hardy. 2009a). 
The Cape vulture (G. coprotheres) is a southern African 
endemic that has been declining in range (Robertson et a i.  
1998; Boshoff. Piper & Michael, 2009) as well as numbers 
o f breeding pairs (Benson, 2004), and is currently consid­
ered ’endangered* (lUC N. 2012) owing to the above 
causes. Individual birds range over large areas (Bamford 
ei al.. 2007). making them susceptible to deliberate 
(Ogada. Keesing &  Virani, 2012), indirect [notably from 
consumption o f lead ammunition (Finkelstein ei al.. 
2012)] and accidental (e.g. see Swarup ei a i .  2007) poison­
ing. even i f  the poisons are used at only a few localhies 
(Green et a i ,  2004). Poisoned and injured birds regularly 
show up at rehabilitation centers in South Africa (Naidoo 
et a i.  2011). where they receive medical attention and, if  
they recover, may be released. Previously, the efficacy of 
such treatments has been quantified on whether the birds 
have recovered from the injury or poisoning (Naidoo 
et a i .  2011). However, the longer term efTects on the sur­
vival o f these rehabilitated individuals have not been 
assessed.

This study aims to compare the survival rates o f rehabili­
tated Cape vultures with wild-captured individuals in the 
Magaliesberg. South Africa. We predict that rehabilitated 
birds w ill have survival rales lower than those o f healthy 
wild-captured birds since we suspect that the injury or poi­
soning that brought the bird into a rehabilitation center may 
occasionally (or even frequently) cause permanent damage 
to the animal. We also develop a population dynamics 
model by investigating the cfTect different proportions o f 
rehabilitated birds w ill have on the future trends o f the 
Magaliesberg colony.

M aterials  and m ethods  

Study site and species
Vultures were captured and tagged at 12 localities, 10 o f 
which are in close proximity to each other (Fig. la). These 
10 sites arc all situated in the Magaliesberg mountain 
range and are covered by savanna, much o f it recently 
transformed by humans. Vulture restaurants (sensu 
Piper. 2007) were established at some o f these localities. 
Carcasses or parts thereof were put out for vultures 
several times a week at VulPro and the Rhino and Lion 
Park restaurants. The amount varied according to 
availability, but vultures were generally observed each 
day. In the past decade, approximately 300-400 pairs o f 
Cape vultures have bred annually at the three colonies in 
the Magaliesberg range (Wolter, Whittington-Jones &. 
West. 2007). which is slightly down from the maximum o f 
436 breeding pairs recorded in 1983 (Tarboton & Allan, 
1984).

Figure 1 (a) The distribution localities where Cape vultures {Gyps 
coprotheres] were captured, tagged and released The size of the 
circle IS proportional to the numbers of birds released at each locality, 
(b) The distribution of localities where Cape vultures, tagged during 
this Study, were resighted. The size of the circle is proportional to the 
numbers of birds resighted at each locality.

Data collection

Vultures were captured in a specially designed walk-in trap 
(Diekmann et al.. 2004; Bamford e ta !.. 2009/?) that was 
built at the vulture restaurant al VulPro and the Rhino and 
Lion Park. Sick, injured or poisoned birds were either 
brought in to the center or collected by a staff member. 
Birds were captured and released, or rehabilitated birds 
released, between November 2005 and May 2012. A total o f 
163 rehabilitated birds were tagged and released. Rehabili­
tated birds were generally brought in singly and were 
released once fully recovered throughout the study period.
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A  to ta l o f 242 w ild  caught birds were captured, tagged and 
released. W ild  birds were captured on 22 occasions where on 
average 9.0 birds (range. 1-32) were caught, tagged and 
released per capture session.

Captured birds were aged and had the ir w ing length 
measured. Ageing was based on plumage characteristics 
(based on Piper. M undy &  Vernon. 1989; M undy et a i.  
1992) and birds were assigned to  one o f three age classes: 

juveniles (1st year birds), immatures (2nd-4 th  year 
birds), and adults (S 5 th  year birds). A lthough sexing o f 
Cape vultures is possible on external features (N aidoo 
e ta l.. 2011). not all the birds were assigned a sex in the 
field, and therefore, sex was dropped in subsequent 
analyses. Each b ird  was fitted w ith  a metal ring issued by 
A F R IN G  (A n im al Demography U n it, University o f Cape 
Tow n) and a patagial tag. Patagial lags were fitted 
according to  the standard protocol adopted fo r this 
practice in southern A frica  (Botha. 2007), which involves 
the use o f a double set o f standard cattle tags engraved 
w ith  a unique number, which w'as fitted to  the patagium 
on each w ing o f each b ird  using a tag applicator. This 
method was extensively assessed p rio r to this study and 
found not to  be detrim ental to  the birds' health or inh ib ­
iting  the ir a b ility  to  forage (Botha. 2007). A ll tagged vu l­
tures were released unharmed and immediately after 
processing each ind iv idua l, which took, on average. 6 min 
per bird.

In jured and sick birds brought in fo r rehabilita tion were 
examined closely to  a llow  the cause o f the in ju ry  to be 
determined. However, in most cases, it was not possible to 
establish the actual cause, even though the in ju ry was 
evident. The number o f days that each b ird  spent in captiv­
ity  W'as recorded fo r some, but not all birds.

A  dedicated resightings program was established, spe­
cifically at known vu lture restaurants w ith  hides and/or 
camera traps which are frequently visited by Cape vultures 
in the Gauteng and N orth  West Provinces o f South A frica. 
Media, both w ritten  and verbal, were also used to get 
buy-in and support from  the general public, landowners, 
vu lture restaurant managers and b ird  clubs to  encourage 
them to report the ir tagged resightings to VulPro. In  addi­
tion. a vulture restaurant m onito ring  protocol was also 
developed to  standardize m onito ring  at the various vulture 
restaurants. The m ajority  o f  the resightings came from 
vulture restaurants, which may lead to biases. For 
example, rehabilitated and w ild-caught birds (or birds o f 
d ifferent ages) may use these restaurants in different p ro­
portions and therefore have different resighting rates. 
How’cvcr, the fact that a ll lagged birds in this study were 
released at vulture restaurants should reduce this resight­
ings bias. In  support o f this assertion, the proportion  o f 
rehabilitated and w ild-caught birds that were resighted at 
vu liu re  restaurants (as opposed to being rcsighted away 
from  the restaurants) was sim ilar. Fo r rehabilitated birds. 
187 resightings were at restaurants compared w ith 18 else- 
w'hcre (w = 62 tagged birds); fo r w ild-caught birds. 711 
resightings were at restaurants compared w ith  32 elsewhere 
(n =  172 lagged birds).

D ata  analysis  

Model selection and estimation of 
demographic parameters

Survival and recapture were computed, using a combined 
“live encounter-dead recovery' approach (Burnham . 1993; 
Lebreton e ta l., 1995) in the program M A R K  (W h ile  &. 
Burnham. 1999: W hite, 2008) using resightings (alive) and 
recoveries (dead) o f Cape vultures. This model is app rop ri­
ate since some lagged vultures were recovered dead. The 
model calculates 'S ' (the p robab ility  o f  surviving the in te r­
val). > ' (the probab ility  o f  being found dead and reported). 
r  (the probab ility  o f rem aining in the sample), and P' (the 

p robab ility  o f recapture, conditional on being alive and 
in the sampling region). A  goodness-of-fit test w’as used to 
test whether the general model (fu ll-tim e dependence for 
all parameters) violated the underlying assumptions o f 
M A R K , using the median c procedure and the bootstrap 
method, both implemented in M A R K . The goodness-of-fit 
test showed that (at least) one o f the fou r basic assumptions 
o f  M A R K  had been violated. c =  1.371. s l = 0.0194 (/* = 
0.003). These assumptions are: (1) ever> marked animal 
present in the population at time (/) has the same probabihty 
o f  recapture {pi): (2) ever>’ marked animal in the population 
im mediately after time (/) has the same probab ility  o f sur­
viving to  time (/ ^  1): (3) marks are not lost o r missed; (4) all 
samples are instantaneous, relative to  the interval between 
occasion (/) and ( /+  I), and each release is made im m edi­
ately after the sample. The loss o f tags from  birds have been 
reported from  other recent studies using sim ilar patagial 
tags (M onadjem . Botha &  M urn . 2012a; M onadjem  et a i.  
2012/>). and this is thought to  be the case in this study as 
well. Since there is no reason to suspect that the rate o f tag 
loss would d iffe r between rehabilitated and w ild-caught 
birds, any errors in estim ation o f survival rates should 
equally afTect both groups.

A  variety o f survival models that included rehabihtaiion. 
time dependence and age were developed. These models 
were developed on the basis o f b iological sensibility and 
were hypothesis driven as opposed to  ones derived from  a 
data dredge. Models were ranked using Akaike's In fo rm a ­
tion  C riterion (A lC ; Burnham &  Anderson. 2002). The 
model w ith  the lowest A lC e was deemed the best model; 
where A A IC t (the difTerence in A lC t between models) fo r 
any two (or more) models was <2.0. they were both deemed 
to be equally good.

Projection of population growth rate

We created an age-based determ inistic population dynamics 
model to  explore the effect that different p roportions o f 
rehabilitated birds would have on the population trend o f 
the Cape vultures. A ll o f  our population dynamics models 
were created and analyzed in the statistical program m ing 
language R. Statistical analyses were carried out in R 
2.13.1 (R  Development Core Team, Vienna; h ttp ://w w w .r- 
projcct.org) using the popbio package (Stubben. M illigan  &

Anima' Conservation •• (2013) ©  2013 The Zoological Society of Lonaon 3



Effect of rehabilitation on survival of Cape vultures A. Monadjem et al.

N anlc l, 2012). Specifically, the model used here is based on 

a Leslie M a tr ix . The top row represents the fecundity values 
and the other values show survival probabilities from  fledg­
ling. Jo to adult. J4- . together these values are the so called 
vital rates o f  the m atrix  (B orkhataria  et al., 2008).

0 0 0 fy /4 .

■So 0 0 0 0

0 ■Si 0 0 0

0 0 S2 0 0

0 0 0 •S3 54*

The m atrix assumes a birth pulse, post-breeding census. This 
is suitable for birds because they typically have a set breeding  
season. W e used the mean value o f fecundity (0.69) based on 
29 studies on Cape vultures contained in Piper (1994). Such a 
model only takes females into account, so fecundity values 
were halved accordingly. Further, given this is based on a 
post-breeding census, the survival probabilities o f the birds at 
stage .X arc m ultiplied by the fecundity values o f the stage 
X +  1 because they must survive the year in order to  repro­
duce (see Beissinger ei a!., 2006 for details). In  our m atrix, 
this is m oving from  stage 4 to  stage 5 and above.

The completed m atrix  is m ultiplied by a vector, which 
contains the numbers o f the birds for each stage present at 
time zero. This is iterated over a specified period o f tim e, in 
this case, years, upon which the population growth rate can 
be determined. These values are the dom inant eigenvalue 
and dom inant eigenvector respectively. The grow th rate is 
designated as lam bda A: a value >1 signifies a population  
increase, a value <1 a decrease and w'hen A =  1. the popula­
tion is stable.

W e created models that assumed a best-case scenario 

whereby there were no rehabilitated adults in the population  
and a worst-case scenario whereby all the adults were reha­
bilitated. Then, wc considered the interm ediate case which 
had a 50:50 split o f  w ild and rehabilitated adults. The new  
values for the survival rales were a function o f this new 
proportion. F o r instance, a survival rate for adults in a 50:50 
m ix population would be (0.7479 +  0.9130)/2 =  0.83045. 
The fecundity values were updated concom itantly. W e used 
the mean survival rate and the upper and lower confidence 
intervals in our models. The proportion that gave a lambda  
approxim ately equal to one could be considered the tipping  
point below which the population would decline. O ur sur­
vival data for first year birds far cxceeds the estimates of 
Piper, Boshoff &  Scott (1999). Considering our sample size 
for this age class was relatively small, we decided to  incor­
porate the survival rate from  Piper et al. (1999) into this 
m atrix. W e feel that this is a better estimate o f  first year 
survival especially since the latter study reported an increase 
in first year survival rate when supplementary feeding sites 
became available to the vultures (Piper et al.. 1999), a situ­
ation sim ilar to that o f the M agaliesberg colony.

The initial population vector contained 400 individuals 
for the adu lt stage, the upper estimate from  W o lter et al. 
(2007) and the models were iterated for 40 years, the life

expectancy o f the closely related Eurasian griffon (Carey &  

Judge. 2000: note this is m axim um  life expectancy, data are 
unavailable for w ild species but m ay be shorter).

Sensitivity and elasticity analyses

W e then perform ed sensitivity and elasticity analyses to  
explore how changes in each vital rale value in our m atrix  
(i.e. fecundity and survival rales) affected the population  
growth rate. A. These analyses measure the absolute and 
relative impact, respectively (see Caswell, 2001).

Statistical analysis

A n analysis o f variance was used to test whether the length 
o f time rehabilitated birds spent in captivity differed based 
on the injuries for which they were originally adm itted into  
the rehabilitation center.

The location o f resightings was plotted using .ArcG IS 9.3 
(Environm ental Systems Research Institute. Redlands. C A , 
U S A ). A ll mean values are quoted w ith ±  SE.

Results
A  total o f 405 Cape vultures was fitted w ith paiagial lags 
and released, o f  which 163 were rehabilitated birds. The  
causes o f injuries were mostly unknow n (Table 1). O f  the 19 
vultures w ith known causes o f  in jury poisoning accounted 
for eight o f  them, followed by poaching (fou r birds), co lli­
sion (tw o birds) and electrocution (tw o birds). The length o f  
time spent in captivity was know n for 92 o f the rehabilitated  
birds and averaged 68 days, and did not d iffer statistically 
between birds w ith different injuries, that is, poisoning, 
poached, collision and electrocution { F =  1.603. ?  =  0.194. 
d.f. = 3 -8 ) .

The age classes o f these birds are show’n in Tab le 2. O f  
these. 234 birds (58% ) were resighted a total o f  952 times 
between Januar>’ 2(X)6 and M a y  2012 (mean o f  2.4 times per 
bird, range: 0 -29 ). The locations o f the capture sites and 
resighiings are shown in Fig. 1. A  summary o f the dead 
recoveries and live recapiures is shown in Tab le 3.

Model selection and estim ation of 
demographic parameters

The best model was represented by difTerential survival for 

rehabilitated and wild-caught birds and time dependence for

Table 1 The causes o f injunes o f the  163 rehabilita ted Cape vu ltures 

(G /ps  coprotheres) in th is stuOv

Cause o f injury # individuals

Poisoning 8
Poaching 4

Power line collision 2

Power line electrocution 2

Other 3

Unknown-grounded 38

Unknown-other 106
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the parameters ' r \  ' F  and 'F '  (Table 4). The next two  
models had a AAICc s  0.2525 and were hcnce indistinguish­
able fro m  the best model. One was represented by diffcren- 
lia l survival and rccapiurc rates based on condition  
(rehabilitated vs. wild-caught), whereas the other was rep­
resented by both differential survival for condition (rehabili­
tated vs. w ild-caught) and age, with other parameters being 
time dependent (Table 4). The remaining models had 
AAICc ^  2.0 w ith declining AlC c w'cights (Table 4). and 
were therefore discounted as best candidate models. Based 
on the best m odel, the survival estim.ates for rehabilitated

Table 2 The num ber o f juvenile, im m ature and adult Cape vultures 

{Gyps coprotheres) marked and released in this study, e ither as 

rehabilita ted or w ild-caught birds

Age class Rehabilitated Wild-caught Total

Juvenile (1st year) 37 39 76

Immature (2 n d -4 th  year) 66 114 180

A dult (s 5 th  year) 60 89 149

Total 163 242 405

and wild-caught birds were 0.7479 ±  0.08189 and 
0.9130 ±  0.06327. respectively.

P rojection  o f population  g row th  rate

This m atrix (below) contains vital rates o f a wild population  
w ithout any rehabilitated individuals.

0 0 0 0.314985 0.314985

0.689 0 0 0 0

0 0.913 0 0 0

0 0 0.913 0 0

_0 0 0 0.913 0.913

The projected population changes o f the five m atrix models 
are summarized in Fig. 2. The population growth rate for a 
wild population (i.e. w ithout any rehabilitated individuals) 
is greater than one. By contrast the growth rate for an 
entirely rehabilitated population (i e. w ith only rehabilitated  
individuals) indicates a decline. In  our m o d el A = K that is.

Table 3 Num ber o f Cape vultures (Gy/ps coprotheres] tagged in South Africa and subsequently resighted (alive) or recovered (dead) (in 

parentheses), by year

Number o f resightings (recoveries)

Year o f ringing Number ringed 2005 2006 2007 2008 2009 2010 2011 2012

2005 2 0 (0 ) 0 (1 ) 1 (0) 0 (0 ) 1 (0) 0 (0 ) 0 (0 ) 0 (0 )

2006 36 5 (3) 5(0) 5 (0 ) 5 (0 ) 2 (0 ) 0 (0 ) 0 (0 )

2007 U 7 65 (2) 3 9 (1 ) 59 (0) 38(0 ) 14(0) 3 (0 )

2008 17 5(0) 9 (0 ) 8 (0 ) 3 (0 ) 4 (1 )

2009 95 2 6 (0 ) 29(0 ) 14(1) 9 (0 )

2010 50 5 (0 ) 11 (0) 5 (0 )

2011 39 12(0) 7 (2 )

2012 49 21 (0)

Table 4 The candidate models used to  estim ate survival in rehabilitated and w ild-caught Cape vu ltures {Gyps coprotheres) captured in 

South Africa

Model AlCc Delta AlCc AlCc weights n

i.(condition), P(r), KO. f^it) 1187,1064 0 0.43742 22

S(condition). ^(condition), Kf), F{t) 1187,2139 0.1075 0,28152 18

S(condition + age2), P(t). r{t). F{t) 1187,3589 0.2525 0,26171 24

S(age2), P{t), r[t). m 1190,0874 2.9810 0.09853 22

S(condition + age3), F\t). r{t). F{t) 1191,2596 4,1532 0.05198 26

S(condition), P(.), r(t). F{t) 1191.9462 4,8398 0.0389 17

S(age3), P{t). rit). F{t) 1192,2037 5,0973 0.0342 23

S(condition), ^(condition). Kcondition), F{t) 1197,0221 9.9157 0,00209 12

S(condition + t). P{t), r{t), f\t) 1199,6142 12,5078 0.00084 33

Sit). P iX  f i x  H.) 1199,8801 12-7737 0,00050 11

S(condition), PiX  K-), Fit) 1199,9394 12,8330 0,00049 11

S(condition), P(condition), f(condition), ^(condition) 1245,8147 58,7083 0 6

S(condition), P i), r{X  Fi-) 1247.4331 60,3267 0 5

S ix  PiX riX  F{.) 1270,3358 83,2294 0 4

Estinnates o f survival (Si, recovery rate (r), site fidelity IF) and recapture (P) w ere  m odelec w ith  tim e (r), and age class (age) and w hether 

rehabilita ted or w ild-caught (condition). 'age2' refers to  tw o  age classes (1st years vs and all o ther age classes), and age3' refers to  three age 

classes (Is iv e a rs , 2nd -4 th  years, and ^ 5  years). The num ber of param eters is md»catedbv 'n '. The m odels are arranged from  best (top o f table) 

to  w o rst (bottom).
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W ild (mean) A s  1.063

3 5 7 9 11 1315171921  2 3 2 5 2 7 2 9 3 1 3 3 3 5 3 7 3 9  

T im e (years)

Wild (Lower C1)A=1.020

• 50:50 A=1.007

■ Rehabilitated (Upper C l) 
/U1.007

Rehabilitated (mean) A=0.955

Figure 2 Graph show ing  pred ic ted  popula­

tion  trends over tim e  fo r the  various m ixes 

of w ild  and rehabilita ted birds m a co lony o f 

Cape vu ltures (Gyps coprotheres). Only the 

upper Cl fo r rehabilita ted birds and the 

low er Cl fo r w ild  b irds are graphed fo r ease 

o f v iew ing. The 5 0 -50  p roportion and the 

upper Cl fo r rehabilita ted birds exhib it a 

sim ilar trend

Table 5 Elasticity and sensitiv ity  values fo r the  various vital rates in 

the  Leslie M atrices. Sc^s*. are the  stage-specific survival rates, 3̂./*- 

are the stage-specific fecundities

Vital rate Elasticity Sensitivity

So Wild 0.099 0,153
Rehab 0.131 0.182
50:50 0.115 0.168

Si Wild 0.099 0.116
Rehab 0.131 0.138
50:50 0 115 0.128

S: W ild 0.099 0.116
Rehab 0,131 0.138
50:50 0.115 0.127

S3 W ild 0.085 0.099
Rehab 0.102 0,108
50:50 0,094 0.105

5*. W ild 0.517 0,603
Rehab 0,371 0.474

50:50 0.445 0.540

6 W ild 0.014 0.047

Rehab 0,029 0.087

50:50 0.020 0.065

W ild 0.085 0.288

Rehab 0.103 0.381
50:50 0.095 0.333

a stable growth rate, occurs when approximately 50% o f the 
adults arc rehabilitated.

Sensitivity and elasticity analyses

These analyses showed that for all models the survival rate 
o f the adult stage was the most important component o f the 
populations' life histories (see Table 5).

Discussion
Our study demonstrates that the survival rate o f rehabili­
tated Cape vultures was lower than that o f wiid-caught 
birds. This is a significant finding becausc it shows that, 
despite treatment received, the survival rate o f rehabilitated

birds does not recover to the level o f non-injurcd. wild birds. 
The difTerence in survival rates between rehabilitated and 
wild-caught birds is large enough to have serious conserva­
tion implications. It should be noted, however, that artificial 
feeding sites (such as vulture restaurants) may act to counter 
this to some extent. For example. Oro et al. (2008) showed 
that artificial feeding sites bufTered the effects o f illegal poi­
soning on the survival o f immature and juvenile Bearded 
vultures (Gypaetus harbaius).

The negative impact that rehabilitated birds have on 
long-term population trends is a significant finding o f this 
study. In this case, the tipping point between a declining 
population and a growing one occurs when the proportion 
o f rehabilitated birds is approximately 50%. This results in a 
vital rate o f survival o f between 8U and 85% (the mean 
survival values for wild and rehabilitated birds were 91.3 
and 74.8%, respectively). By coupling this data with accu­
rate surveys on the size o f the population, it w ill become 
clearer i f  and when such a tipping point is likely to manifest. 
It can be seen in Fig. 2 that a population o f rehabilitated 
adults would drive the population below- 70 females in 40 
years (the estimated maximum life expectancy recorded in 
captivity) and ultimately to extinction in 100 years. O f 
course, this is better than not rehabilitating the birds at all. 
which would simply remove any potential breeders from the 
population and accelerate the time to extinction. O f further 
importance is the realization that the survival rate o f the 
adult stage has the greatest effect on the population growth 
rate as revealed by the sensitivity and elasticity analyses 
(Table 4; Saether &. Bakke. 2000: Oro ei a!.. 2008).

Our survival estimates for the Cape vulture can be com­
pared with two previous studies. The first estimates used 
ring recoveries (e.g. Piper. Mundy &  Ledger. 1981) and have 
subsequently been shown to be seriously flawed (Anderson. 
Burnham &  White. 1985). The second study was based on 
the resightings o f color-ringed birds in an isolated (Potberg) 
population in southern South Africa, and reported high 
survival rates in subadults (Piper et al.. 1999). The survival 
rate o f wild-caught birds in our study was 91.3%, which 
compares well with the survival o f second year birds from 
the Potberg at 88.8% Piper et al. (1999). However, the best

6 Animal Conservation •• (2013) ©  2013 The Zoological Society of London
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m odel in o u r  s tu d y  d id  n o t inc ludc age as a p a ram ete r, 
w hereas  the  best m ode l in P iper et al. (1999) w as one  w hich 
sep a ra te d  b ird s  in to  fo u r age classes: first year, second  year, 
th ird  yea r an d  fo u rth  yea r o r  o ld e r b irds. A t P o tberg , first 
y ea r C ap e  v u ltu res  had  low er surv ival ra tes  th a n  sccond  and  
th ird  yea r b ird s, w hereas th e  es tim ates  fo r o lder b irds w as 
b ia sed  by ring  loss (P iper e t a i .  1999). w hich h as  been 
re p o rte d  in  o th e r  recen t so u th e rn  A frican  studies involv ing  
p a tag ia ! tags on  v u ltu res  (M o n ad jem  et al., 2 0 \2 a )  and  
s to rk s  (M o n ad je m  et al.. 2012/?).

!n  o u r  s tudy , the  best m odel fo r es tim ating  survival o f  
C ap e  vu ltu res  d id  n o t vary  w ith  age class (a lth o u g h  the th ird  
best m ode l d id  so). T h is is su rp ris in g  (b u t see O ro  e t a i .  
2008) since, in th e  w ild, naive an d  inexperienced  juven ile  
b ird s  typ ically  h ave  low er su rv ival ra tes  th a n  ad u lts  (Ssether. 
1989), so m eth in g  th a t has been estab lished  fo r several 
species o f  vu ltu res  (S arraz in  et al.. 1994: M o n ad jem  et al.. 
2 0 I2 j) .  inc lud ing  the  C ap e  v u ltu re  (P ip er et al.. 1999). 
H ow ever, it h as  been show n th a t food  su p p lem en ta tio n  
m ay  significantly  increase the  surv ival o f  b ird s  inc lud ing  
ju ven ile  C ape v u ltu res  (P ip er e t a i .  1999; O ro  et a!.. 2008: 
C h au v e n e t et a i .  2012). T h e  b ird s  stud ied  here b reed  a t one 
o f  th ree  co lon ies in the  M agaliesberg  m o u n ta in  range, all 
w ith in  43 km  o f  V u lP ro  w here m ost o f  the cap tu res  and 
resigh tings p e rta in in g  to  o u r  s tudy  w ere m ade (W o lte r et a i ,  
2007). T h is  is easily  w ith in  da ily  fo rag ing  d is tances  o f  C ape 
v u ltu res  (B am fo rd  et a i ,  2007). T hese b ird s have received 
supp lem enta rv ' fo o d  a t various  vu ltu re  re s ta u ra n ts  in the 
region  fo r the  p a s t decade  o r  m ore . In  fact, te lem etry  studies 
o f  C ape v u h u re s  h ave  show n  th a t the M agaliesberg  b irds 
have  significantly  sm aller fo rag ing  ranges th a n  elsew here in 
th e ir  ran g e  (N a id o o  et al.. su b m itted ). F u rth e rm o re , in co n ­
tra s t to  a p rev ious  s tu d y  (B am fo rd  et al.. 2007); juven ile  and  
a d u lt fo rag ing  ranges  w ere n o t significantly  d iffe ren t in the 
M agaliesberg  (N a id o o  et a i .  su b m itted ). T h is  suggests th a t 
v u ltu re  food  is a b u n d a n t an d  easily  ava ilab le  to  the  b irds in 
th is  reg ion , an d  w hich  m ay  explain  the very h igh  survival 
ra tes  o f  juven iles es tim ated  in o u r  s tudy  (sec P iper ei a i ,  
1999 fo r a sim ilar result).

W e w ere unab le  to  fac to r the im pact o f  type o f  in jury  
(po ison ing , e lec tro c u tio n , e tc.) in to  the  surv ival m odels 
because  th e  in ju ry  o f  m ost (m ore  th a n  80%) o f  th e  b ird s th a t 
w ere b ro u g h t in  fo r  reh ab ilita tio n  w'cre u n k now n . H ow ever, 
the  type  o f  in ju ry  is likely to  have a significant influence on 
how' quick ly  th e  b ird  recovers an d  w hethe r it suffers long­
te rm  effects. F u tu re  research  is u rgen tly  needed  to  determ ine  
th e  im pact o f  in ju ry  type on  su rv ival o f  reh ab ilita te d  vul­
tu re s. A lth o u g h  w'c can  con jec tu re  th a t p o ison ing  is the 
fac to r m ost responsib le  as has  been rep o rted  in m an y  o th e r 
instances fo r o th e r  vu ltu re  species (fo r a de ta iled  review  see 
O g ad a  et a i .  2012).

In conc lu sion , w e have show n th a t reh ab ilita te d  C ape 
vu ltu res have sign ifican tly  low er surv ival ra tes  th a n  wild 
(n o n -reh ab ilita te d ) b irds. W e have also  show'n th a t once the 
mix betw een reh ab ilita te d  an d  n o n -reh ab ilita te d  b ird s in a 
co lony  reaches 50:50, the co lony  will go in to  decline. M an ­
agers can  use th is to  p red ic t a t w hich stage a p a rticu la r 
co lony  is hkcly to  go  in to  dechne.
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The Ecology o f O b ligate  Scavengers fro m  Ind iv idual B ehaviour to  Population  Dynam ics
A dam  Kane

Studies on vultures are on the  rise, and just as w ell given th e  sharp declines in m any o f th e  23 
species. Indeed it seems these population crashes are responsible fo r this research boost. H ow ever, 
th ere  rem ain obvious gaps in our know ledge w hen it comes to  th e  w orld 's  only terrestria l exam ple  

o f ve rteb ra te  obligate scavengers. It has been suggested th a t a hum an aversion to carrion is one o f 
th e  reasons scavengers are reviled by the  public and understudied by science. Broadly, th e  follow ing  
body o f w ork  is an a tte m p t to  fill in some o f these gaps. To achieve this I use a varie ty  o f m ethods  

and look at a range o f species. I start by giving a description o f the  impressive ranging abilities o f one  

species, the  Cape V ulture , in Southern Africa, and identify  causes o f variation in these hom e ranges. I 
then  m ove to  Kenya w here  I identify  a producer-scrounger gam e occurring betw een  th e  Gyps 

vultures and scavenging eagles o f th e  area. I use a suite o f em pirical data and m odelling approaches  

to  show vultures use eagles in identifying the location o f carcasses. The results o f which underscore  

th e  im portance o f ecosystem -level m anagem ent. Then in chapter 3 , 1 collect data on the food  
required  by the avian scavenging guild o f Swaziland and use a novel m ethod, nam ely population  
dynam ics P systems, to  ascertain if the  wild fauna o f the country can m eet this need. Although  

sufficient fo r the tim e being carrion w ill soon becom e lim iting and I advocate the creation o f 
supplem entary  feeding sites in the  country to counter this. Finally, I visit the Cretaceous Period 

w h ere  I use my understanding o f m odern  day carrion ecology to  explore a putative scavenger in 

Tyrannosaurus rex, the infam ous carnivorous dinosaur. A proposed hypothesis th a t T.rex took on 
m ore carrion in its d iet across ontogeny is shown to  be false ow ing to  the  huge cost o f m o vem en t as 

the  anim al grew


