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Summary

Studies on vultures are on the rise, and just as well given the sharp declines in many of
the 23 species. Indeed it seems these population crashes are responsible for this research
boost. However, there remain obvious gaps in our knowledge when it comes to the world's
only terrestrial example of vertebrate obligate scavengers. It has been suggested that 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 attempt to fill in some
of these gaps. To achieve this | use a variety of methods and look at a range of species.
| start 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. | then
move to Kenya where | identify a producer-scrounger game occuring between the Gyps
vultures and scavenging eagles of the area. | 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 of ecosystem-level management. Then in
chapter 3, | 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 sufficient for the time being carrion will
soon become limiting and | advocate the creation of supplementary feeding sites in the
country to counter this. Finally, | visit the Cretaceous Period where | 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 movement as

the animal grew.
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chapter 1

General introduction

1.1 The biology of scavengers

Foraging for food is a primary concern for animal life (Danchin et al., 2008) with 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 of a cheetah which has
a series of 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 sufficient
number of carcasses which are, by their 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 itself and the difficulty in determining if an ingested prey item was killed
or scavenged. It is now recognised that scavengers have an important 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 | 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
iliness (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 that competition 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
efficient at finding carrion soon after it has been produced (i.e. after the death of the

animal from whatever cause) because toxic "products of decomposition" will render the
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flesh inedible with time (DeVault et al., 2003). The problem of decomposing resources
is also felt by herbivores that have to contest with the microbes that spoil fruit in an
effort 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.,
201), the latter being particularly revealing of the sorts of species that could inhabit
the niche in the absence of 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
that allow them to flourish as obligate scavengers. Their efficiency is illustrated by cases
of predators like bears and wolves benefiting by taking more carrion in their diet in
areas bereft of vultures through competitive release (DeVault et al., 2003). In flight, birds
possess a huge advantage over any terrestrial 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 that a Gyps vulture could identify activity at
a carcass 4 km away. Further, vultures take advantage of soaring in thermals (Mundy
et al., 1992). This economical means of 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
terrestrial setting, both locomotion and resource detection are easier for aerial scavengers
(Tucker, 1975; Ruxton and Houston, 2004b).

Ruxton and Houston (2004b) argue that 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 of flight (Ferguson-Lees and Christie, 2001; Donéazar
et al., 2002). Many of the other 23 species of vulture are at the upper end of the scale
in terms 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 further adaptations to improve foraging
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efficiency because they allow for active and passive information transfer (Dermody et al.,
201; Wakefield et al., 2013; Moledn 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., 201M).

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).
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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; Garcia-Ripollés et al., 2011; Gilbert et al., 2007; Kriger et al., 2014; Vasilakis et al.,
2005; Dwyer, 2010; Donéazar 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 important 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
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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, electricity 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 of domesticated animals (Mundy
et al., 1992) and their use of 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
of the group's function etc. (Monadjem et al., 2004). However, the effect of 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 that 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 permit an animal to
exist in the niche. As such | 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.

Chapter 2: In order to effectively conserve species we must know the extent of their
home range and how this can vary across time. Here | describe the home range of 29
Cape Vultures caught, released and tracked in southern Africa. My analysis shows the
species range significantly farther as immature birds and, as adults, are constrained by
the breeding season. Such variation means there is no easy solution to conservation
efforts like supplementary feeding sites which need to be tailored to cater for all life

stages.
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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, | show that vultures also take cues from scavenging eagles.
| propose that the eagles are used by the vultures in two ways: first they act as indicators
of the presence of food; and second the eagles can tear open the hide of a carcass with
their relatively stronger beaks, providing a resource that would otherwise be much more
difficult for the vultures to access. In each case the larger vultures can then displace
the eagles through competitive dominance and monopolise the remaining food. These
newly identified social interactions among different species highlight the vital importance

of 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, most notably
the decimation of Asian vulture populations which fed on the carrion of drug-treated
cattle. Here, | provide data on the carrion ecology of an ecosystem in Swaziland and
predict the future trends of its vulture populations. Using novel methods | show that,
despite a closure in supplementary feeding sites, these species have enough food from
wild carcasses to survive. But only for the time being. Therefore, | recommend a dedicated

vulture restaurant initiative to ensure the population survives.

Chapter 5: The feeding ecology of Tyrannosaurus rex has long been debated with
distinct 'predator versus scavenger’ camps. | move away from this polarised debate and
explore the effect of the drastic ontogenetic morphological changes the animal underwent.
Specifically, | ask whether these changes resulted in it incorporating ever more carrion
in its diet. To address my question | created an individual-based model based on the
energetics of its movement and the amount of carrion available at the time 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.
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1.4 Additional work

In addition to the chapters enclosed in this thesis, | 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,
l., Jackson, A.L., & Cooper, N. (2014). Ecology and mode-of-life explain lifespan variation

in birds and mammals. Proceedings of the Royal Society B: Biological Sciences 281.1784:
20140298.

| 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, J., Grémillet, D. Jackson, A.L., Jessopp, M.J., Kane, A., Langston, R.H.W., Lescroél,
A., Murray, S., Le Nuz, M., Patrick, S.C., Péron, C., Soanes, L., Wanless, S., Votier, S.C., &
Hamer, K.C. (2013). Space Partitioning Without Territoriality in Gannets. Science. 341, 68-
70. doi: 10.1126/science. 1236077

| took the lead in developing the individual based models for this paper and taught one
of 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 of rehabilitation on
survival rates of endangered Cape vultures. Animal Conservation. doi: 10.1111/acv.12054

| 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

| was involved in the data analysis and write-up of this manuscript. This was my first full

peer-reviewed paper.

Kane, A. (2012). A suggestion on improving mathematically heavy papers. Proceedings
of 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 different competencies in mathematics.
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Movement ecology of the Cape Vulture

Authors: Adam Kane, Kerri Wolter, Walter Neser, Andrew L Jackson & Ara Monadjem

Author contributions | conceived the idea, analysed the data, interpreted the results and
wrote the manuscript; AM supplied data and advised on data analysis; A gave feedback
on drafts of the manuscript; KW and WN were responsible for the capture and tagging of

the birds.

Status: This manuscript is being prepared for publication. Target journal is Bird Conserva-

tion International.
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2.1 Abstract

Identifiying the areas animals use and how this varies across time is vital to conservation
efforts esepcially in the case of wide-ranging vultures that traverse over international
borders. Here we conducted a large scale analysis of the movement ecology of 29 Cape
Vultures (Gyps coprotheres) that 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 competition at feeding
sites near colonies and the constraint on adults of having dependent-young. There is
also a significant effect of seasonality such that adult birds have smaller home ranges
during the dry season. This is also likely a result of breeding birds being constrained by
their nests as well as increased food availability provided by higher ungulate death rates.
We discuss the conservation implications of these results with special mention given to
vulture restaurants. We advocate the use of both frequently stocked restaurants close to
colonies to benefit adults and infrequently stocked sites farther away from colonies for

the benefit of 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 IUCN red listed as vulnerable with a declining
population. Given their 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 that of closely related members of the Accipitriformes (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 different 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 most sensitive in the case of the Cape vulture (Monadjem
et al., 2012, 2014).

As such, the identification of home range is of great importance in conservation
efforts, especially in recognising that 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 of GPS tracked individuals, to test two intuitive predictions. First, we
expected that the home range of immature birds would be larger than that of adults due
to adults being constrained by their young (Mundy et al., 1992), the competition suffered
by immature birds at feeding sites near colonies which forces them to forage farther afield
and, the larger body mass of adults which can hamper ability to take off (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.
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Elucidating the movement ecology of these birds at different times, both seasonal and
ontogenetic, is important because vulture conservation efforts 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, 1.00 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).

n
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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 of 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 450,978 km?) respectively. Mean KUD for immatures during
wet and dry season were 58,236 km? (sd 74,593 km2) and 74621 km? (sd +99,304
km?) respectively. There was a significant difference between wet and dry season for

adult birds (p = 0.03837) but not for 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% (km?)

HR KUD 95% (km?)

AG313
AG352
AG353
AG382
AM240
AM265
AM295
Katie
B604
B536
B519
B516
B506
B500

Total mean

AG314
AG329
AG349
AG355
AG522
AM220
AM221
AM222
AM226
AM234a
AM234b
AM235
AM264
AM267
AM272

Total mean

08-11-09
09-12-09
17-01-10
24-06-10
15-03-07
28-11-07
27-1-07
03-04-13
11-02-13
30-07-13
19-05-12
28-01-13
08-04-12
23-03-12

08-11-09
03-12-09
03-12-09
19-08-10
02-02-1
16-02-07
14-02-07
02-03-07
02-03-07
15-03-07
27-1-07
15-03-07
29-01-08
29-01-08
19-12-07

313
206
557
408
17
505
534
128
21}
7
289
252
549
194

477
266
233
301

332
213
469
364
194

196

153

245
484
498
237

248,982
344,994
391493
942,236
1,242
222,735
6.269
88,809
176,980
116,505
507,665
229,341
143,151
222,126
260,181 (£ 241,304)

147,017
82,475
50,348
229,546
200,849
330,064
202,849
5,558
2219
3,569
3.970
2,635
393,449
28,801
69,285
116,846 (£ 128.112)

370,444
393,788
427,97
1,134,326
637
165,599
5,047
M,645
178,277
99,837
480,431
210,740
121,100
251,735
282,256 (£ 288.460)

79,158
166,640
57,728
282,202
103,251
449,835
160,312
790
1,986
2,820
2,637
2,465
232,504
7,774
102,625
110,182 (£ 130.,464)

14
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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 start 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 movements.
Table 2.2: Average daily distance travelled by the immature birds that were tracked at a

high resolution (once per 15 minutes) and the distance "as the crow flies" between the
start and end points of the given date.

ID Mean (km) SD (km) Mean "as the crow flies" (km) SD (km)
B500 82.14 70.41 4175 47.74
B506 61.09 54.38 21.57 34.37
B516 79.62 66.84 35.96 35.93
B519 64.98 60.71 33.07 41.63
B536 84.93 72.54 40.96 42.6
B604 83.77 68.57 40.58 4175
Katie 45.68 41.43 13.74 2221

Total mean .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 of 250 - 350 m above ground
(Mundy et al., 1992). The daily foraging distance reported here (an average of over 70
km) illustrates the impressive abilities of immature Cape Vultures in flight. In contrast,
adults of the species have been calculated as covering a radius of 54 km in a day (Mundy
et al., 1992). By way of 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
times 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 for
the disparity seen in the home range of the Cape Vulture life stages.

Indeed, our large dataset on tracked Cape Vultures demonstrates a significant effect
of both age and season on home range size. As mentioned above, these results are most
probably the result of adults having to care for dependent young as well as the dominance
hierarchy that 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 temperatures result in the formation of weak thermals.
These cliff faces deflect wind upwards and are used by the soaring vultures to offset their
sink rate (Shepard et al., 2013). This can restrict adult flight time during winter months
especially at colony cliffs in open savanna (Mundy et al., 1992). There is also the effect of
differential seasonal mortality. The higher death rate of 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
for its conservation. We know from population growth models showing that 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 of 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
impact adult and immature birds in different 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 fulvus) dominated young individuals who were left to fight
over scraps. But "light" feeding sites, located farther from colonies and supplied less

regularly, were preferred by immature birds. Conservationists should therefore use a mix
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of "light" and "heavy" feeding sites if they are to effectively manage both ontogenetic
stages. Komen calculated the energy requirements for this species across its ontogeny, a
piece of research that could be put to good use when supplying supplementary feeding
sites at different times. We also have excellent data on the population sizes of 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 must be at an international
level (Lambertucci et al., 2014) given that 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 that vultures use conspecific social information as they forage, 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 that such social
information transfer occurs with raptors acting as producers 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
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 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. Our 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 conservation
biology. With vulture populations suffering global declines our study underscores the

importance of ecosystem-based management for these endangered keystone species.
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3.2 Introduction

Animals base their decisions on both personal and public information (Dall et al., 2005;
Schmidt et al., 2010; Sumpter et al., 2008; Couzin, 2009). This is applicable to every facet
of an animal’s life, be it feeding, movement, mating etc. with high fidelity information
allowing an individual to make decisions conducive to its survival (Dall et al., 2005; Mc-
Namara and Dall, 2010; Danchin et al., 2004). Public information can be separated into
that which is gained from conspecifics and that from heterospecifics (Dall et al., 2005).
Conspecific information 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, 1967) which gives the possibility of inter-guild information
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 activity can create a local enhancement effect (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 most well-known group of avian
scavengers there are a number of other species within the family Accipitridae such as
eagles (hereafter raptors) that take carrion as a significant proportion of their diet (Mundy
et al., 1992). Coexistence among all of these species is possible by both temporal and
resource partitioning (Mundy et al., 1992; Houston, 1975). But with any shared resource,
direct interactions between them will result, and the possibility of social information
transfer among species emerges.

A distinct pattern of arrival of avian scavengers to carrion has been highlighted before
(Mundy and Group, 1982; Kendall, 2013; Cortés-Avizanda et al., 2012). Indeed, the African
White-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 their potential for information 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 their 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 for producer-scrounger dynamics among scavenging
vulture and raptor species by testing the hypothesis that vultures scrounge information
from raptors, and explore its evolutionary underpinnings using a game theoretic model.
We conclude by outlining the consequences of this system’s properties for vulture con-

servation.

3.3 Test for producer scrounger dynamics

To test for the occurrence of producer-scrounger dynamics between vultures and raptors
we observed arrival times of avian scavengers to a number of experimental carcasses
placed out. Our observations were made on 46 videos recorded in the Mpala Research
Centre in the Laikipia District of Kenya which had scavenging avifauna (a subset of the
videos used in Ogada et al. (2012a)). The carcasses of partially skinned goat and cow
carcasses were set out at dawn (06.15 - 07.20) in an open area of the Mpala Ranch which
consists of 20,000 ha of savannah. Carrion size ranged from 20 - 340 kg with a mean of
80 kg and did not have a significant effect on the number of avian scavengers present
(Ogada et al., 2012a). We focused on the closely related and morphologically similar Gyps
vultures, the African White-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 four species were by far the most abundant in the
recordings (>95%) and formed our vulture and raptor groups respectively (Ogada et al.,
2012a). For each video we noted the arrival time and species of every animal. Initially, we
compared the probability of producing information on carcass location by looking at which
of the two groups, Gyps vultures or raptors, landed at the carcass first. A binomial test on
the 46 videos showed that the first bird to land at a carcass was significantly more likely
to be a raptor than a vulture (Binomial test, 38 successes, 46 trials, expected probability
= 0.5, results in observed probability = 0.83, 95% C.I. 0.69-0.92, p-value < 0.001 (figure
3.).
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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 different timing to the carcasses. Where a
raptor landed first we generated a null distribution of arrival times for the first scrounger

(@ 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 first scrounger followed more closely
than expected under an assumption of independent foraging. Then, in order to make
a population level inference across permutation tests, we use a binomial test where
the expected probability of observing a significant result by chance is 0.05 (as per the
definition of 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. with p<0.05) in 20 of the 38 videos (figure 3.2a) which is
significantly more cases of vultures following raptors than expected (Binomial test with 20
successes, 38 trials, expected probability = 0.05 results in an observed probability = 0.53,
95% C.I. 0.36-0.69, p-value <0.001). Similarly, in six of 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.I.
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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competitively dominate those of another this may favour scrounging by the dominant
species: producers may gain an exclusive share of the resource by arriving first at the
carcass (a "finder’s fee") (Vickery et al., 1991), but dominant scroungers may be able to
effectively monopolise the remainder of the resource once they arrive, while also gaining
information available publically on the locations of carcasses.

We used the game-theoretic framework of the producer-scrounger game to test the
evolutionary feasibility of this prediction. In a producer-scrounger game an animal needs
to invest either in producing some resource (e.g. information), or exploit the investment
from another individual (Morand-Ferron and Giraldeau, 2010). 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 (Mundy et al., 1992; Barta and Giraldeau, 1998).
Individual vultures and raptors can assume one of two strategies: producer or scrounger.
Producers find carcasses at a rate proportional to the carcass density; while all scroungers
in a group will follow producers to the carcasses they find, but don't find carcasses for
themselves (probabilistic following by scroungers cannot qualitatively affect our results).
While in reality vultures and raptors will 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 my, = 1+vs and m;, = rg, respectively, where v and 7, are the
numbers of vultures and raptors that are scroungers. Similarly the numbers of vultures
and raptors at a carcass found by a raptor are m, ; = vs and m,, =1+ 75, respectively.
We assume that 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 density of carcasses is then given as d = 1/(1 + rp+ ZJ},), where Up and rp are
the numbers of vultures and raptors that are producers. The rates of food consumption

for producing and scrounging vultures are:

1 E
oy — | o——— a+(1—a)—— S|
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Similarly the rates of food consumption for producing and scrounging raptors are:

1 i 1
T py=|——"—+ a+(l—a)——— (3.3
eg <l +rp+ v,,) K ( )xmm + mz,,,.> (33}

and

= 1, ><1 a>( e (3.4)
il 1 + i’p + Up XMy + My,r XMy v =Ty My r .

Here a is the proportion of a carcass that is monopolised by the individual that finds
it (the "finder’s fee"), and the variable x is the competitive ability of vultures compared
to that of raptors, specifically the number of raptors that a vulture is equivalent to in
terms of competitive ability. The proportion of the carcass remaining after the finder's
fee (1-a) is shared among all birds at the carcass proportionally to their relative competitive
ability. For example, at a carcass found by a raptor, a scrounging vulture's share would
be x/(xm, » + m, ). The vulture is competitively equivalent to x raptors so gets a positive
weighting of x in the numerator. As other vultures will have a similar competitive ability,
the number of vultures at the carcass (m, ;) 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 with a raptor
is then defined as x/(1 + x). This process could then be seen as a series of competitive
interactions over small proportions of the carcass, leading to birds on average receiving
a share proportional to their relative competitive ability.

While the equilibrium number of carcasses (I/(1 + 7, + 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 their 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) of producers and scroungers in the

vulture and raptor populations as:

dvp

T (7to,p — ) (3.5)
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Here a and B are the mortality rates for vultures and raptors, respectively. The
additional term 7y / (1 + 1, + 75) captures additional food intake by raptors owing to their
additional source of energy through predation. Here we assume that some prey enters
the area at rate 7y, dies at a fixed rate of 1, and is found by raptors at rate 1 and then
instantaneously consumed. Again we assume that the dynamics of the prey population
happen on a faster time-scale than the raptor population dynamics so that the steady-
state density of prey can be used. Varying the parameter 7y 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 steady-state of equations 3.5-3.8. The results of the model displayed in figure 3.3 show
the impact of competitive ability, finder's advantage and the availability of prey items to
raptors. Notice in plots (a) and (c) that there is a transition from high raptor population
densities to high vulture densities 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
densities suppressing the increasing vulture numbers relative to plot (a). The effect of
increasing relative competitive ability is also realised in driving up the proportion of birds
scrounging. The outcome of varying the size of the finder’s fee is evident as we can see
a lower proportion of scroungers when the amount 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 theory results. Panels on the left (a, c) are the population densities for
each species (vultures, solid lines; raptors, dashed lines), panels on the right (b, d) are the
frequencies of scroungers in both the vulture and raptor populations. The top panels (a,
b) are where raptors rely strongly on carcasses (y = 0.05); the bottom panels (c, d) are
when they rely more weakly on carcasses (y = 0.15). Colours indicate different values for
the finder's fee (black, a = 0.05; dark grey, a = 0.2; light grey, a = 0.5) The x-axis is the
probability that a vulture wins a one on one interaction, x/ (1+x). Mortality rates are a =
0.1and B = 0.1 for 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, B = 0.7414, s.e. = 0.1987, p < 0.001,
probability = 0.68, 95% C.I. 0.59-0.76 (figure 3.4 a)); vultures are more likely to win when
they initiate the contest (n= 265/274, p = 3.6942, s.e. = 0.4134, p < 0.001, probability
= 0.98, 95% C.I. 0.95-0.99 (figure 3.4 b)) and raptors are more likely to win when they
initiate a contest (n = 170/187, B = 2.4893, s.e. = 0.3473, p <0.001, probability = 0.92,
95% C.I. 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
(B =1.2049, s.e. = 0.4685, p = 0.0101). Finally, vultures are more likely to win overall (n =
282 Vs 179, (B = 0.9567, s.e. = 0.2303, p < 0.001, probability = 0.72, 95% C.I. 0.62-0.80
(figure 3.4 c)).
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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 that 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 their 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 of raptors
on the foraging efficiency of the vultures. Our model is a modified version of Jackson
et al. 2008) and Dermody et al. (2011), both of which examined vulture foraging behaviour.
The main difference is that we include raptors alongside vultures. Our video analysis
suggests raptors can find carcasses before vultures. The question is what is it about
their biology that allows them to achieve this? A recent study found that Lappet-faced
Vultures can discover carrion before African White-backed Vultures despite their 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 time and dispersion of the birds at
the start of the foraging day owing to different roost arrangements.

The eye of a Tawny Eagle has an axial length of 26.51 mm (c.f. African White-backed
Vultures that measure 20.71 mm) (Howland et al., 2004). This gives a measure of visual
acuity of 81.5 cycles m~! (again c.f. African White-backed Vultures with a measure 57.5
m~1) (Spiegel et al., 2013; Howland et al., 2004). So this species has better absolute and
relative eyesight if we accept these measures, which is further increased by its probable
lower flying height (Mundy et al., 1992). Moreover, raptors can depart earlier in the day
owing to their 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 their 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 that "producer individuals may fly low to
increase their 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
that descends to a carcass. A typical altitude 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
different 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 that the two raptors that predominate our data fly at a
similar altitude while foraging or at least below that of 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 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 which
represents their 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 minutes
which is based on the time 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 attempt 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 that they are equal; and then that raptors are 2, 3 and
4 times better. For each of these we varied the number of 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 with the model calculating the average amount of
food eaten by the vultures at the end of the simulated foraging session. Each simulation
was replicated 200 times. We square root transformed 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 of the individual-based models that were written in NetLogo.
The first row represents the case of equal detection distance between raptors and
vultures; the second is where raptors can see twice the distance and so on. Enhanced

range relates to instances where a local enhancement effect 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 Tkm Tkm 4km Thrs Shrs
0-10 90 Tkm 2km 4km Thrs Shrs
0-10 90 Tkm 3km 4km 7hrs 5hrs
0-10 90 Tkm 4km 4km Thrs Shrs
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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, = 0.3214,
s.e. = 0.1232, p = 0.00916), (b) twice distance (GLM, B = 0.3269, s.e. = 0.123, p =0.00794),
(c) triple distance (GLM, B = 0.5047, s.e. = 0.1198, p <0.001), (d) quadruple distance (GLM,
B = 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, for
their abundance, Tawny Eagles were more likely to discover a carcass than African White-
backed Vultures, and Ruppell's Vultures were never the first to arrive at a carcass which is
consistent with producer-scrounger dynamics. She also reported several cases whereby
the African White-backed Vultures would not feed at a carcass until a Tawny Eagle began to
eat. As mentioned earlier this may be an instance of 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 of the exact order of arrival of birds in the area. The proposed dynamics are
not the result of an abundance of raptors happening upon carcasses more often than the
vultures because raptors occur at much lower densities. In the Masai Mara, for instance,
Gyps species were recorded at an average density of 85.4 species per 100 km compared
with 7.4 for Tawny eagles (Virani et al., 2011).

In sum, we show that foraging behaviour in Gyps vultures is more complex than
previously thought. Social information transfer flows within and among the vulture and
raptor species. In conservation terms, the resultant non-trophic interactions (Kéfi et al.,
2012) mean we should shift our focus to ecosystem-based management (Slocombe, 1993)
instead of centring our attention on one species at a time. As our individual-based model
shows, in the ecosystem considered here, scrounging vultures will fare poorly with a
decline in producing raptors. With raptor populations on the decline (Ogada and Keesing,
2010), this effect may soon be realised. More generally, we should explore other incidences
of socially acquired information 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 White-backed Vulture (Gyps dafricanus). We
collected data on life-history parameters of 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 supplementary feeding stations
in Swaziland, carrion provided by wild ungulate biomass is currently enough to sustain
this vulture species. However, in light of forecasted vulture population increases, food
will become limiting. We discuss the significance of the cessation of the supplementary
feeding sites which now forces these birds to forage farther 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 of vulture populations and the
important ecosystem services they provide. We argue that the reestablishment of vulture
restaurants in Swaziland would lessen their exposure to hazards outside of protected

areas.

35



chapter 4

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 of the scavenger community, avian carnivores are probably
the group with the most evident adaptive traits 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 time (Oro et al., 2008),
there are implications for 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 important management and conservation implications, studies focused
on the effects of food shortage on vulture species have not been documented until recent
times (Camifa and Montelio, 2006; Piper, 2005; Zuberogoitia et al., 2010).

The African White-backed Vulture (AWBV) population of Swaziland is an interesting
case study for examining the effect of 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 of 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 of 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
with a significant proportion (40%) of their 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 determine the energy balance for these birds and use this information to inform

conservation measures. In order to address this question we needed to determine 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 majority
(at least 202 nests) of the country’s AWBV breeding population (Monadjem and Garcelon,
2005). Located in the east of Swaziland, the area is characterised as Lowveld Savanna
(Acocks, 1988) with Acacia providing suitable nesting trees for the vultures (Monadjem
and Garcelon, 2005). The rest of the nesting birds of 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 [YSIS) (Monadjem and Garcelon,
2005). AWBVs appear to actively avoid unprotected government ranches in the country
for nesting, but their reason for doing so is unclear (Monadjem and Garcelon, 2005). In
total, Swaziland is home to six other avian scavenger species (obligate and facuitative)
which take a considerable portion of their diet as carrion. These are the Cape Vulture
(which forages but does not nest in Swaziland), the White-headed Vulture (Trigonoceps
occipitalis), the Lappet-faced Vulture (Torgos tracheliotos), the Marabou Stork (Leptoptilos
crumeniferus), the Tawny Eagle (Aquila rapax) and the Bateleur (Terathopius ecaudatus).
The majority 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 White-backed Vultures when they have
dependants on the nest. The points represent recorded nesting sites with Hlane as the
origin of 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 first determined the potential foraging range of the vultures to see which habitats
harbouring natural fauna are available to the birds. We used an extension of the central
place forager theory known as the foraging radius concept which was developed by
Pennycuick (Sinclair and Norton-Griffiths, 1995). The concept states that every animal
is energetically constrained in terms of the spatial range they can cover while foraging
(Sinclair and Norton-Griffiths, 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 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 of the closely related
Rappell’'s vulture (Gyps rueppellii) which was used to estimate the foraging radius of that

species (Ruxton and Houston, 2002):

L _ Qe+ Qdt — T(Epa + =)
- 2Qd
2k + 24

We employed the same model and applied values from our focal species, the African
White-backed Vulture where available. Q is the energy density of the carrion (5.2 x 107°
J)) (Ruxton and Houston, 2002); c is the bird’'s crop capacity (1.2 kg) (Houston and Cooper,
1975); d is the digestion rate (0.055 kg hour—1) (Ruxton and Houston, 2002); T is the
foraging cycle (48 hours) and refers to the fact that 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 ] m™1)
(Pennycuick, 1972); V is the flight speed (45 km hr~1) (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 time (8 hours) (Xirouchakis,
2007); Epg and Epye the adult and chick’'s metabolic rate respectively (24 Watts and 42
Watts) (Sinclair and Norton-Griffiths, 1995; Houston, 1976). The energy requirements were
calculated 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.

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 of provisioning the chick it gives
a value of approximately 260 km. Thus the foraging radius the vultures have during the

time of nestling dependence restricts them to foraging in the national parks of Swaziland.
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4.3.3 Food requirements of avian scavengers

The food requirements of individual African White-backed Vultures 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. African White-backed
Vultures in Southern Africa typically begin nesting in May-June (Monadjem, 2003) and
incubate their single egg for 56-58 days (Mundy et al., 1992). Once hatched the altricial
chicks are dependent on their parents for a further four months whereupon they fledge
from the nest (Mundy et al., 1992). The adults are therefore constrained as central place
foragers for approximately six months of the year and for four of those they must meet
with the additional cost of provisioning the chick. An adult African White-backed Vulture
requires approximately 400g of food per day (Mundy et al., 1992). The nestling is fed by
its parents for approximately four months of the year and consumes a total of 31kg of
food during this time (an average of 258g per chick per day) (Mundy et al., 1992). Outside
of 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 traits such as age at sexual maturity and longevity

(table b.1).

4.3.4 Model parameters for ungulate carrion

To determine carrion availability we collected the most recent ungulate population data
covering all of Swaziland (Monadjem et al., 2003). Ungulate masses and life history traits
such as adult and juvenile mortality were taken from the PanTHERIA database (Jones
et al., 2009). We also considered the following: 1) 30% of ungulate mortality is due to
direct predation (Sinclair and Norton-Griffiths, 1995), this is significant because vultures
very rarely feed on predator kills and most large mammalian predators are absent from
Swaziland (Houston, 1974; Monadjem et al., 2003); 2) 55% of 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
of 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 of the ungulate dead
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(Sinclair and Norton-Griffiths, 1995). Therefore, only half of this total 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 of each species as

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

4.3.5 Population dynamics P system model

Using this information we developed a population dynamics P system (PDP) model (Colomer
et al., 2013). This integrated data on food availability, food requirements and population
dynamics of the avian scavenging guild and the ungulate populations of Swaziland to
determine if carcass availability could meet the demands of 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 that are analogous to the machinery of

cells (Colomer et al., 2013).

a)
0—»  Membrane charge 0
+ 0 b)
o a ». In membrane / \
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abc 1 —_— Region 3
O—%  Membrane label
=% Environment c) U= [[[]3]1[]2]0

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 written analytically.
Figure is taken from Colomer et al. (2013).

The analogy of 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 intuition behind
this relatively new method. The cells of 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. within an environment
which is accounted for by a set of mathematical rules describing these behaviours in the
model. Just as animals can move between different areas when circumstances become
unfavourable (e.g. food shortages) so their simulated counterparts can migrate between
the different spatial environments of the model (e.g. between South Africa and Swaziland).
The membranes within the cells of an environment separate out specific processes that

are applied to the objects in the model (e.g. the different rules associated with different
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seasons) (see supplementary information 'PDP Model Components’). The advantage of
this approach is that PDP models can integrate a large volume of information and compute
the output of a large number of species in parallel and in a relatively short time. In addition,
PDP models have been developed and applied to similar ecosystems before (Margalida and
Colomer, 2012). The syntax of the model rules take the following form:

(r)

= (1, 2% ),

This is an example of a rule describing the movement of an object x (e.g. an animal) from
environment e; to e;; where it becomes object y (e.g. a mature version of an animal). The
p(r) element is a function stating the probability of the rule taking place (Colomer et al.,
2013). The symbol = means the rule is equal by definition to what follows. The model
was implemented in the program MeCoSim (Pérez-Hurtado et al., 2010). Please see the

supplementary information for the rules of this model.
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Figure 4.3: Flow diagram representing changes in the status of the avian scavengers over
time. The italicised text show conditionals for food availability which determine the path
the birds can take. Starting at the 'Reproduction’ stage at the upper left hand side this
represents the point at which the birds have their young. They undergo ‘Natural Mortality’
during this period and 'Feeding’. If there is enough food during this time they can progress
to period 2, otherwise 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 of young. Some of the explicit model rules are
highlighted at the boxes for movement, reproduction, mortality and feeding. These are
described in detail in the supplementary 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, number of species and average carrion provided per year of the
ungulate population of Swaziland.

Species Initial pop size Avg carrion/year (kg) % of total
Aepyceros melampus 16500 48233 32.92
Connochaetes taurinus 1700 18666 12.74

Equus burchellii 1500 13277 9.06
Phacochoerus aethiopicus 2300 12792 8.73
Loxodonta africana 40 11439 7.81
Tragelaphus strepsiceros 1300 10040 6.85
Ceratotherium simum 50 8570 5.85
Giraffa camelopardalis 80 4909 3.35
Tragelaphus angasii 1000 4232 2.89
Kobus ellipsiprymnus 260 4174 2.85
Hippopotamus amphibius 25 3977 2
Syncerus caffer 40 1478 1.01
Taurotragus oryx 40 1285 0.88
Tragelaphus scriptus 250 701 0.48
Sylvicapra grimmia 550 564 0.38
Redunca arundinum 120 480 0.33
Hippotragus niger 20 419 0.29
Redunca fulvorufula 200 365 0.25
Hippotragus equinus 7 365 0.25
Damaliscus lunatus 16 209 0.4
Oreotragus oreotragus 200 123 0.08
Raphicerus campestris 140 95 0.06
Cephalophus natalensis 80 55 0.04
Ourebia ourebi 50 52 0.04

There are two environments in our model delimited by the foraging radius of 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 environment where food is not limiting (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 of 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 time
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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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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 limiting
factor. There is already a predicted net deficit in energy balance for six months of the
year, from November-April (figure 4.5). Fortunately this is a period during which the birds
can forage outside of 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, like poisoning, with important consequences on population
dynamics if adult survival is affected (Monadjem et al., 2014). Although our model suggests
that AWBVs in Swaziland will see an increase in their population for a while, the temporal
food shortages identified could reduce their breeding output during this period of growth.
In Europe, for example, after the outbreak of bovine spongiform encephalopathy in 2001,
carcasses were destroyed in authorised plants which reduced the amount 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 that 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
without 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 of the radius.

This indicates that the original vulture resturants in Swaziland that have since closed
were not necessary in terms of providing food. However this is not to say they are un-
needed. Indeed, these findings suggest further intervention, and modification of existing
strategies will be required. Vulture restaurants could be established and stocked more
frequently during times of food deficiency. Although there are a number of problems
associated with supplying supplementary food to wild populations, such as a conditioned
dependence on supplemental food (Robb et al., 2008), a well-managed vulture restaurant
system could minimise these issues while maximising the benefits. For instance a study of
Gyps fulvus, showed "[fleeding stations were particularly used when resources were scarce
(summer) or when flight conditions were poor (winter), limiting long-ranging movements"

(Monsarrat et al., 2013). Supplementary feeding can minimise the risk of poisoning (in-
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creasing survival) that follows from species foraging outside of protected areas which has
been documented in other vulture species (Oro et al., 2008). Swaziland seems well placed
to act as a habitat for a greater number of AWBVs than that of the current population.
With the species on the decline globally it is incumbent on us to secure this valuable
population. By ensuring that there is no deficit of carrion at any stage of 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 that it would
create the opportunity to capture and tag these birds. High resolution data on the foraging
behaviour of this population specifically and AWBVs in general are lacking. We know
little of their age class structure and whether other vagrant populations visit Swaziland
without 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 that any model is
only as good as the data used to parameterise it. Consequently basic and up to date
biological data are of utmost 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 this 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 of the birds
on food resources provided by neighbouring areas shows the importance of international
agreements for conservation and the coordination of 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 of Tyrannosaurus rex remains controversial, with polarised suggestions
of either a predatory or scavenging lifestyle. We move away from this dichotomy 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 of carrion through dominance of interspecific
competitors at carcasses; by exploiting resources unavailable to its smaller competitors
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
Trex was very unlikely to have specialised on carrion at any life stage because the cost
of movement would have been prohibitively expensive as it increased in mass. In spite of
our suggested advantages, scavengers require a more economical model of locomotion

while foraging than T.rex could have managed.
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5.2 Introduction

Animals can avoid direct competition with conspecifics by foraging at different times and
locations, or by targeting different resources. This partitioning of resources can occur
across ontogeny when the life stages are distinct; so, for example, an agile juvenile may
focus on smaller, faster prey than a less nimble adult. Ontogenetic dietary partitioning
is known across a diversity of 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 different habitat use patterns (Carrier et al., 2010). Here we suggest that
such partitioning may have taken place in the theropod dinosaur Tyrannosaurus rex. T. rex
fits into theropod ‘'morphotype 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 difficult to draw any conclusions about their mode of life (Weishampel et al., 2004).
However, as a species, T.rex is atypical because of the large number of fossils available
for study (Brusatte et al., 2010). So, for instance, it is known that it exhibited remarkable
rate of 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
concomitant change in its ecological habits (Brusatte et al., 2010). For instance, adults
had a powerful, deep, robust skull with thick teeth in contrast with the more gracile
features of juveniles. One suggested result of this change was a dietary shift 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 that 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 that lends support
to our proposal. Indeed, a number of 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 of T. rex indicate an impressive ability
in this respect (Witmer 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 of 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 that interspecific
competition would undermine the possibility of 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 terrestrial vertebrates with even the
most common terrestrial example, the brown hyena, displaying a large degree of variation
between scavenging behaviour and active predation (DeVault et al., 2003; Sinclair and
Norton-Griffiths, 1995). Instead, most carnivores are opportunistic and will take carrion
as well as actively hunting prey (DeVault et al., 2003) and mounting evidence suggests
that T.rex behaved similarly to extant opportunistic predators such as hyenas. The most
compelling evidence for a predatory lifestyle comes in the form of a subadult T.rex tooth
that was found embedded in a hadrosaur tail (DePalma et al., 2013). The wound had
healed around the tooth indicating that the prey item escaped and so this was an active
predation attempt (DePalma et al., 2013).

In this study we move away from the polarised predator-scavenger debate and look
at the possibility that 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 of increased availability of carrion through domination of interspecific competitors
at carcasses, by exploiting resources unavailable to its smaller competitors and by having
a larger capacity to store meat as it increased in size ontogenetically. This shift would
not only see adult Trex avoiding intraspecific competition with younger conspecifics but
also with interspecific carnivores of the time. Among contemporary competitors from
the Late Maastrichtian Hell Creek formation, the one tonne Albertosaurus may have been
an immature T.rex and Troodon and other dromaeosaurids were wolf-sized creatures that
would be easily dominated by an adult Trex (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 of 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 of 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,
with one estimate 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 allometric scaling relationship in bite performance during ontogeny has
also been recorded (Bates and Falkingham, 2012). This is a similar pattern to that observed
in loggerhead sea turtles (Caretta caretta) where the bite force exhibits positive allometry
across ontogeny allowing adults access to hard benthic prey, a resource inaccessible to
other durophagous competitors (Marshall et al., 2012). Further, T. rex coprolites were
discovered with bone fragments, prima facie evidence that 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 fat-rich mammalian bones
have an energy density (6.7 kJ/g) comparable with that of muscle tissue (Margalida, 2008;
Brown, 1989), making skeletal remains an enticing resource for any scavenger that could
process them.

We use an energetics method based on a series of scaling relationships to look at how
the energy balance of Trex 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 competition than the numerical approaches of previous

studies.

5.3 Methods
5.3.1 Model parameters

We took estimated parameter values from the literature for mass (kg). hip height (cm),
detection distance (km), search time (fraction of day). energy content of bone (kJ/kg).
energy content of flesh (kj/kg). density of carcasses (kg/km?/day), the size of competitors
and the size of 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 their values for T.rex foraging models.

Parameter Values Reference
Transport cost ()) 90.284 x hip height (cm)~%77 (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 time (fraction of a day) 0.5 (Ruxton and Houston, 2003)
Bone energy (kJ/kg) 6700 (Brown, 1989)
Flesh energy (kJ/kg) 7000 (Brown, 1989)
Carrion density (kg/kmz/day) 4.38 (Ruxton and Houston, 2003)
Scaling of skeletal to body mass (kg) 0.065*mass!-071 (Prange et al., 1979)
Gut capacity (kg) 0.075*mass?% (Calder, 1996)

The daily costs of theropods of various masses were derived using the scaling re-
lationship of mesothermic dinosaurs from Grady et al. (2014) for 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 locomotor cost of transport that is based on the
hip height of the animal, its mass and its speed to calculate the cost of searching over a
12 hour day (table 5.1). Specifically, the cost of transport, in joules, is the energy required
to move 1 kg of mass over 1 metre. From this we can calculate the cost for the whole
animal: cost of transport x mass x walking speed (table 5.3).

We used an estimate of energy density of carrion from the Serengeti as an analogue
for terrestrial Mesozoic systems (Ruxton and Houston, 2003; Carbone et al., 2011). The
amount of food available is derived as a function of the energetics of 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 of a previous study for both the
body mass of 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 determine the actual population

size of the various species and we followed their approach here.
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Table 5.2: Mass categories for carcasses and allometric scaling of bone with body mass
across carcass categories. The contribution column defines the percentage of carrion that
iIs made up by a given species category.

Species Carcass mass (kg) Bone mass (kg) Contribution (%)
Thescelosaurus neglectus 75 6.62 493
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 for the
ontogenetic stages of T. rex and its competitors 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. 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 effect of competition on the ontogenetic stages of
Trex if they were restricted to scavenging (table 5.2). Our model was designed in the
program NetlLogo (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 of mobile agent types which corresponded to T.rex ontogenetic

stages and its competitors (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 model had all dinosaurs and carcasses located
randomly in the environment. The dinosaurs then set off 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 Trex 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). Without 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 Trex 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 Trex 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 of the Trex ontogenetic stages. The dashed 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 for the given body size with its
standard deviation.

5.5 Discussion

In order to be an effective terrestrial vertebrate scavenger an animal must 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 of locomotion

seems to be one of the main barriers precluding T.rex from being an obligate scavenger.
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A lot of energy would have been required to propel an eight tonne adult around its habitat
in search of a patchily distributed resource. The increasing variation in energy balance
seen in figure 5.1 is a result of gut capacity and carcass size distributions. The smaller
individuals can fill their gut to capacity every time they encounter a carcass; by contrast
the larger animals will only rarely encounter a carcass of sufficient mass to sate them
entirely. As such it would be interesting to investigate the effect of different carcass mass
distributions on T.rex scavenging behaviour. Our model is limited in depending on data
from long extinct ecosystems. Consequently there are many unknowns. We do not know
how carrion was distributed for instance or if there was habitat partitioning across the
ontogeny of Trex. The costs of movement for the Trex stages are based on the most
recent studies of dinosaur metabolism (Grady et al., 2014) but it is unlikely that we will
ever know the species level adaptations that some animals had such as the ability of
vultures to decrease their metabolic rate at night (Ruxton and Houston, 2002). However,
the model is flexible and sensitivity analyses can be readily performed to account for the
large margin of error when dealing with prehistoric systems. A development of the model
could allow for differing detection radii and turning rates for example.

Ecologically, T.rex was unusual. Census records show it to have had a population
higher than would be expected for a typical apex predator suggesting that its mode of 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 shift 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 of the time (table 5.2).
Species such as Triceratops and Ankylosaurus would have made formidable opponents for
a predaceous Trex. To be able to dispatch such prey items quickly with its enormous bite
force would be of great advantage. It has been suggested that an ambush strategy seems
the most 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 competitive dominance
T. rex may well have been an effective kleptoparasite. Spotted hyenas (Crocuta crocuta)
can get over a quarter of their carcasses by stealing from other predators (Curio, 1976).
Although we have framed our study such that it focuses on Trex, the same energetic
barriers likely prevented other theropods in the morphotype 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 environment of a scavenger is a patchily distributed one, because it is
difficult to predict both when and where a carcass is produced. As a result of this, any
animal existing as a scavenger must maximise its detection capabilities and minimise
its locomotory 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 of their
sensory organs, usually the visual and olfactory senses which is further modulated by the
habitat type. By flying, vultures have effectively added an extra spatial dimension, i.e. the
vertical component, to their sensory environment. This allows them to look down on a
landscape where they are unencumbered by obstacles that would obstruct the view of
a terrestrial scavenger. Interestingly, animals like hyenas can and do take advantage of
the directed flight of vultures because it indicates they have discovered a carcass (Sinclair
and Norton-Griffiths, 1995). But this is an indirect method of detection and, as | showed
in chapter 2, scrounging is also utilised by vultures. Vultures have a further advantage
in improving their encounter rate in terms of cost of movement. In general, flight is
a cheaper means of locomotion than running (Tucker, 1975), but vultures extend this
advantage further by engaging in soaring instead of 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 of a day, something | showed was impossible for
Trex 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 that can support scavengers. However, the inflexibility of their
necks and straight, rather than hooked jaw morphology argues against their existing as

obligate scavengers (Witton and Naish, 2008). As yet, no one has ever attempted an
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energetics approach for this group. This is likely due to the many uncertainties over their
biology (Witton and Habib, 2010); which is even more difficult to predict than that of the
dinosaurs.

It is worth noting that the existence of an obligate scavenger in a marine setting also
remains hypothetical (Britton and Morton, 1994; Ruxton and Houston, 2004a). Carrion in
this environment is produced by dead fish and marine mammals when their 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 that is conducive to low-cost movement (Tucker, 1975) and so may be able to
support a small obligate scavenging fish which would gain the further benefit of low-cost
ectothermic metabolism (Ruxton and Houston, 2004a). Although, for the time being this
remains conjectural.

In sum, it seems that aerial foraging allows for a better medium for locomotion and
grants access to more information 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 of models, which focus on different biological scales, from the
individual to the population. | would like to discuss my philosophy of 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 of 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). What he meant by this is when we model a system, we
necessarily abstract and simplify 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 of 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 that 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 of supplementary feeding for vultures in chapter 3 called for a relatively
complex model because there is an applied relevance. That said, we should always invoke
the principle of parsimony when selecting the most suitable method for the question
at hand. This is especially important for papers with an application outside of pure
theoretical advancement of the field, like in conservation, where we want as many people

to understand the implications of the research as possible (Kane, 2012).

6.3 The value of data

It still remains that a model is only as good as the data used to create it. ‘Garbage in
garbage out’ is worth remembering. This is an issue given some of the most fundamental
biological data on scavengers are still missing such as their life expectancies or metabolic
rates. In general, scavengers are often discounted from descriptions of ecosystems
(DeVault et al., 2003) with Wilson and Wolkovich (2011) calculating a 16 fold underestimation
of scavenging in food-web research. Specific to this work, information on the life history
of 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 (Moledn
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
determine 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 for the birds
limiting the scope of the models that have beeen created (Baral et al., 2013). The authors
of that study have called on others to establish vulture banding projects to improve on
this deficiency (Baral et al., 2013).

| 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 their 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, for example, it is now feasible to retrieve information
on the behaviour of the animals remotely (Nathan et al., 2012; Tomkiewicz et al., 2010)
allowing us to investigate interesting questions such as use of supplementary feeding
sites (Monsarrat et al., 2013). We can also monitor biodiversity by means of satellite
remote sensing (Pettorelli et al., 2014). Though there is still plenty of room for field work
to ground truth 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. | would argue that this
is a clear example of 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 their decline (Mundy et al., 1992),
poisoning, both accidental and from direct persecution, has been identified as the main
agent responsible. It is their very nature that 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
of the effect of diclofenac makes the recent authorisation of its use in Spain all the
more exasperating (Margalida et al., 2014b). As | 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 temperature which could result in a seasonal reduction
of carrion availability given predicted warming trends (Moledn et al., 2014). Unfortunately
the low reproductive rates of these birds means their populations are particularly sensitive

to increased mortality (Ogada et al., 2012b).

6.5 Future directions

The idea of having a big picture also applies to the science of scavenger ecology in general.
Moledn et al. (2014) call attention to the inter-specific interactions linking predators, live
prey. vultures and carrion production in terrestrial ecosystems. Such is their efficiency
at consuming carrion, vultures may indirectly affect ungulate populations in forcing car-
nivores to hunt i.e. by denying them an easy meal. A relationship that was revealed
in India only after the crash of its vulture population (Moleén et al., 2014). But vultures
could also reduce pressure on potential prey items by acting as producers of carcass
location to mammalian scroungers. And yet, there has never been a quantitative study
examining the effect vultures have on ungulate numbers (Moleén et al., 2014; Elbroch and
Wittmer, 2013). All of 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, | want to expand here on one of the
most important questions in vulture behavioural ecology. That is how do vultures forage
as a group? Because of their dependence on thermals for 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 of another to a carcass i.e.
a local enhancement effect is at play. However Houston (1974) argued that the directed
movement of this second bird would cause a third 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 of time.
By contrast Cortés-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
of 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 Cortés-Avizanda et al. (2014) note these hypotheses have different implications for
conservation management because if birds form a chain they will be far more sensitive
to population declines. Hopefully with the cost of 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 of 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 of 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 of 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) differently to non-territorial 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 of the bird population
(Monadjem et al., 2014). That some section of 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

of promoting awareness about the species too. In the case of vultures this would be
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a tremendous boon for their PR, often reviled as they are for the most superficial of
reasons.
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appendix a

Vultures acquire information on carcass location from scavenging
eagles - Supplementary information

Table a.l: Description of parameters used in the game theory model

Model variables Definition

Vs No. of scrounger vultures

Up No. of producer vultures
rs No. of scrounger raptors
p No. of producer raptors
My, No. of vultures found at a vulture-produced carcass
My, No. of raptors found at a vulture-produced carcass
My No. of vultures found at a raptor-produced carcass
My » No. of raptors found at a raptor-produced carcass
T Rate of food consumption
d Steady state density of carcasses
a Finder's fee
X

The competitive ability of vultures compared to that of raptors
Vulture mortality rate
Raptor mortality rate

Food gained by raptors through predation
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Vultures are recognized as the scroungers of the natural world, owing to their
ecological role as obligate scavengers. While it is well known that vultures use
intraspecific social information as they forage, 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 that such social information transfer occurs, with 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 evolutionary 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. Our 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
conservation biology. With vulture populations suffering global declines, our
study underscores the importance of ecosystem-based management for these
endangered keystone species.

1. Introduction

Animals base their decisions on both personal and public information [1-4]. This
is applicable to every facet of an animal’s life, be it feeding, movement, mating,
etc., with high fidelity information allowing an individual to make decisions
conducive to its survival [1,5,6]. Public information can be separated into that
which is gained from intraspecifics and that from interspecifics [1]. Intraspecific
information transfer is essential for basic behavioural functions such as sexual
reproduction or cooperative hunting [7]. But species overlap in the resources
Loy nse [8.5] and the environ. o mts travinhabit [8,9], which gives the possibiney
of inter-guild information transfer [10-12].

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 [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 every individual lost, the network is less effective at
detecting carrion [14].

© 2014 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Alithough vultures are the most well-known group of avian
scavengers, there are a number of other species within the
family Accipitridae, such as eagles (hereafter raptors), that take
carrion as a significant proportion of their diet [15]. Coexistence
among all of these species is possible by both temporal and
resource niche partitioning [15,16]. But with any shared resource,
direct interactions between them will result, and the possibility
of social information transfer among species emerges. A distinct
pattern of arrival of avian scavengers to carrion has been
highlighted before [17-19]. Indeed, the African white-backed
vulture has been noted in using many other scavengers as a
means of local enhancement while foraging [9]. Yet, these hetero-
specific interactions and their potential for information transfer
have not been explored in any detail [17]. Given the current
extreme declines in vulture populations [20,21] and their key
role in many ecosystems as biomass recyclers [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 species by testing
the hypothesis that vultures scrounge information from raptors
and explore its evolutionary underpinnings using a game-
theoretic model. We conclude by outlining the consequences of
this system'’s properties for vulture conservation.

2. Test for producer—scrounger dynamics

To test for the occurrence of producer-scrounger dynamics
between vultures and raptors, we observed arrival times of
avian scavengers at a number of carcasses placed out (see the
electronic supplementary material). Our observations were
made on 46 videos recorded in the Mpala Research Centre in
the Laikipia District of Kenya which had scavenging avifauna
(a subset of the videos used in [22]). We focused on the closely
related and morphologically similar Gyps vultures, the African
white-backed vulture (Gyps africanus) and the Ruppell’s vulture
(Gyps rueppellii), as well as the congeneric tawny (Aquila rapax)
and steppe eagles (Aquila nipalensis). These four species were by
far the most abundant in the recordings (more than 95%) and
formed our vulture and raptor groups, respectively [22].

For each video, we noted the arrival time and species of
every animal. Initially, we compared the probability of produ-
cing information on carcass location by looking at which of the
two groups, Gyps vultures or raptors, landed at the carcass first.
A binomial test on the 46 videos showed that the first bird to
land at a carcass was significantly more likely to be a raptor
than a vulture (binomial test, 38 successes, 46 trials, expected
probability = 0.5, results in observed probability = 0.83, 95%
CI0.69-0.92, p-value < 0.001; figure 1).

We used randomization tests to test whether the birds were
following each other rather than simplv arriving indepen-
dently but with different timing to the carcasses. Where a
raptor landed first, we generated a null distribution of arrival
times for the first scrounger (a Gyps vulture) over the length
of each recording by randomizing the arrival times of the
birds. From this distribution, we assessed whether the first
scrounger followed more closely than expected under an
assumption of independent foraging. Then, in order to make
a population-level inference across permutation tests, we
used a binomial test where the expected probability of observ-
ing a significant result by chance is 0.05 (as per the definition of
a p-value, where at an a of 0.05, we would expect 5% of test
results to be significant according to the null model). Vultures
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Figure 1. Recorded arrival times of individual vultures and raptors at
camion across 46 videos. The grey lines are the raptors and the black are
the vultures.

were found to follow raptors more closely than expected by
chance (i.e. with p < 0.05) in 20 of the 38 videos (figure 2a),
which is significantly more cases of vultures following
raptors than expected (binomial test with 20 successes, 38
trials, expected probability = 0.05 results in an observed
probability = 0.53, 95% CI 0.36-0.69, p-value < 0.001).
Similarly, on six of the eight occasions when vultures
landed at the carcass first, raptors followed more closely than
expected by chance (figure 2b), which is significantly more
cases than expected (binomial test with six successes, eight
trials, expected probability = 0.05 results in an observed
probability = 0.75, 95% CI 0.35-0.97, p-value < 0.001).

3. Producer—scrounger model

While our analyses indicate 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 rap-
tors 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 [18],
with vultures acting predominantly as scroungers. This
result raises the question of how did these divergent roles
evolve? We hypothesized that competitive ability may have
a strong effect on the strategy typically adopted in each
species. If individuals of one species can competitively dom-
inate those of another, this may favour scrounging by the
dominant species: producers may gain an exclusive share of
the resource by arriving first at the carcass (a ‘finder’s fee’),
but dominant scroungers may be able to effectively mon-
opolize the remainder of the resource once they arrive,
while also gaining information available publically on the
locations of carcasses.
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Figure 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.

We used the game-theoretic framework 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 infor-
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]. Individual
vultures and raptors can assume one of two strategies: produ-
cer or scrounger. Producers find carcasses at a rate proportional
to the carcass density, while all scroungers in a group will
follow producers to the carcasses they find, but do not find
carcasses for themselves (probabilistic following by scroungers
cannot qualitatively affect our results). While, in reality, vul-
tures and raptors will 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,., =
1+ o, and m., =r, respectively, where v, and r. are the
numbers of vultures and raptors that are scroungers. Similarly,
the numbers of vultures and raptors at a carcass found by a
raptor are i, . = v, and m, , = 1 + 1, respectively. We assume
that 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 steadv-state density of carcasses is then given as
d=1/(1+r,+1p), where v, and r, are the numbers of
vultures and raptors that are producers. The rates of food
consumption for producing and scrounging vultures are
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(32)
Similarly, the rates of food consumption for producing and
scrounging raptors are
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\

Here, a is the proportion of a carcass that is monopolized by
the individual that finds it (the ‘finder’s fee’), and x is the
competitive ability of vultures compared with that of raptors,
specifically the number of raptors that a vulture is equivalent
to in terms of competitive ability. The proportion of the carcass
remaining after the finder’s fee (1 -a) is shared among all
birds at the carcass proportionally to their relative competitive
ability. For example, at a carcass found by a raptor, a scrounging
vulture’s share would be x/ (xm, , + m, ;). The vulture is compe-
titively equivalent to x raptors so gets a positive weighting of x
in the numerator. As other vultures will have a similar com-
petitive ability, the number of vultures at the carcass (n1, ) 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 with a raptor is then defined as
x/(1 = x). 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.

While the equilibrium number of carcasses (1/(1 + r,, + v;,))
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 den-
sities 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
their increasing rate of following to carcasses) and negatively
(owing to reduction in carcass density) by producer density.

We write the dynamics [26] of producers and scroungers
in the vulture and raptor populations as

dop _
= vplmp - ), 3.5)
‘Z‘ — Gl — ) (3.6)
drp 7 ¥ 3

—_— Typ — P~ —m— 3.7
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Figure 3. Game theory results. (a,c) Population densities for each species (vultures, solid lines; raptors, dashed lines), and (b,d) frequencies of scroungers in both
the vulture and raptor populations. (a,b) Raptors rely strongly on carcasses (y = 0.05); {(¢,d) they rely more weakly on carcasses (y = 0.15). Line shades indicate
different values for the finder's fee (black, @ = 0.05; dark grey, a = 0.2; light grey, @ = 0.5). The x-axis is the probability that a vulture wins a one-on-one

interaction, x/(1 — x). Mortality rates are « = 0.1 and 8 = 0.1 for all panels.

drs
dt

and

W (" ;> (38)
r;\“,,s el /

Here, « and B are the mortality rates for vultures and raptors,
respectively. The additional term vy/(1 +r, +r,) captures
additional food intake by raptors owing to their additional
source of energy through predation. Here, we assume that
some prey enters the area at rate y, dies at a fixed rate of 1
and is found by raptors at rate 1 and then instantaneously
consumed. Again we assume that the dynamics of the prey
population happen on a faster timescale than the raptor
population dynamics so that the steady-state density of
prev can be used. Varying the parameter y 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 evalu-
ation of steady-state of equations (3.5)-(3.8). The results of
the model displayed in figure 3 show the impact of competi-
tive ability, finder's advantage and the availability of prey
items to raptors. Note that in figure 3a,c, there is a transition
from high raptor population densities to high vulture den-
sities 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 figure 3c allows the raptors to persist at higher population
densities, suppressing the increasing vulture numbers relative
to figure 3a. The effect of increasing relative competitive ability
is also realized in driving up the proportion of birds scroun-
ging. The outcome of varying the size of the finder’s fee is

evident as we can see a lower proportion of scroungers
when the amount 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 fin-
der's fee in order to benefit from the increased rate of
information acquisition that can be facilitated by scrounging.

4, Test of competitive ability

The results of our model demonstrate the potertial 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 interactions between Gyps and raptor species at
carcasses from our videos. We followed Bamford et al. [27] in
our analysis of agonistic interactions between the birds. In
each case of aggression, we noted the initiator and the
winner. 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 4). In support
of our theoretical predictions, we found vulitures are more
likely to be the initiator of an aggressive interaction (n = 274
versus 187, figure 4a, = 0.7414, s.e.=0.1987, p << 0.001,
probability = 0.68, 95% CI 0.59-0.76); vultures, are more likely
to win when they initiate the contest (1 = 265/274, figure 4b,
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Figure 4. The results of the competitive interactions show (a) 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% Cls.

B=3.6942, s.e. = 0.4134, p < 0.001, probability = 0.98, 95% CI
0.95-0.99) and raptors are more likely to win when they initiate
the contest (n=170/187, B = 2.4893, s.e. = 0.3473, p < 0.001,
probability = 0.92, 95% CI 0.86-0.96). The probability that a
vulture wins when it initiates a contest is also significantly
greater than the probability that a raptor wins when it is
the initiator (8= 1.2049, s.e. =0.4685, p = 0.0101). Finally,
vultures are more likely to win overall (n = 282 versus 179,
figure 4c, 8=0.9567, s.e. = 02303, p < 0.001, probability =
0.72, 95% C1 0.62-0.80).

5. Effects of raptor density on vulture foraging
efficiency

The producer—scrounger dynamics that we have illustrated
suggest a possible ecological interaction whereby vultures are
using raptors to locate carcasses. This would 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 NeTLoGO (28] to explore the effect of raptors on
the foraging efficiency of the vultures. Our model is a modified
version of Jackson et al. [14] and Dermody et al. [29], both
of which examined vulture foraging behaviour. The main
difference is that we include raptors alongside vultures.

Our video analysis suggests raptors can find carcasses
before vultures. The question is what is it about their biology
that allows them to achieve this? A recent study found that
lappet-faced vultures can discover carrion before white-
backed vultures despite their smaller population size [30].
We incorporate the changes they deemed likely to impact
differential search efficiencies applicable to raptors, namely,
visual acuity [31], flying height, roost departure time and
dispersion of the birds at the start of the foraging dayv
owing to different roost arrangements (see the electronic
supplementary material).

At the beginning of the IBM, the raptors were randomly
allocated in the simulation 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 which represents their roost. The raptors forage for

7 h and the vultures 5 h [30]. The vultures change direction
by 45 once every 8 min, which is based on the time they
spend in thermals [32]; as raptors are less dependent on ther-
mals, they change direction at double this rate. Both have a
constant speed as they attempt to find a single randomly
located carcass [29]. Both vultures and raptors can find the
carrion by themselves. We varied the relative detection dis-
tances between the groups such that they are equal; and
then that raptors are two, three and four times better. For
each of these, we varied the number of raptors from 1 to 10
relative to the 90 vultures present in the simulation (see the
electronic supplementary material, table S2).

In the model, vultures can detect carrion at 1 km and can
detect other scavengers on a carcass at 4 km [29], the increase
in the latter owing to local enhancement [14]. In the version
of the model whereby raptors have double the detection dis-
tance they can detect carrion at 2 km, which gives a fourfold
increase in search area. When a vulture discovers a carcass, it
‘feeds’ on it, with the model calculating the average amount
of food eaten by the vultures at the end of the simulated
foraging session. Each simulation was replicated 200 times.
We square-root transformed our data and analysed it using
generalized linear models (GLMs).

Our simulation results show a significant increase in vul-
ture foraging efficiency with raptor density (figure 5),
indicating that declines in raptor numbers may lead to
declines in vulture populations because of a reduced ability
to find or open carcasses.

6. 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. Gyps vultures
are dependent on thermals to fly [33]. Flapping flight is far
more energetically expensive than thermal soaring [34] and
would prevent vultures from exploring a sufficient area to
be effective scavengers [33]. Although raptors do exploit ther-
mals as well, their relatively small size allows them to use the
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Figure 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, B = 03214, s.e. = 0.1232, p = 0.00916), (b) twice distance (GLM, B = 0.3269, s.e. = 0.123, p = 0.00794), (¢) triple distance (GLM, 8 = 0.5047,
s.e. = 0.1198, p << 0.001) and (d) quadruple distance (GLM, B = 0.6052, s.e. = 0.1254, p << 0.001).

weaker early moming thermals compared with the larger
vultures [35]. Thus they are likely to encounter carrion
before the vultures. Kendall [18] found that, for their abun-
dance, tawny eagles were more likely to discover a carcass
than African white-backed vultures, and Ruppell’s vultures
were never the first to arrive at a carcass, which is consis-
tent with producer-scrounger dynamics. She also reported
several cases whereby the African white-backed vultures
would not feed at a carcass until a tawny eagle began to
eat. As mentioned earlier, this may be an instance of carcass
opening [18]. The Gyps vultures can then dominate the raptor
and feed on the previously inaccessible flesh. This would
certainly qualify as a producer—scrounger system.

The proposed dynamics are not the result of an abun-
dance of raptors happening upon carcasses more often than
the vultures because raptors occur at much lower densities.
In the Masai Mara, for instance, Gyps species were recorded
at an average density of 85.4 species per 100 kmm compared
with 7.4 for tawny eagles [36].

In sum, we show that foraging behaviour in Gyps vultures
is more complex than previously thought. Social information
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appendix b
Are vulture restaurants needed to sustain the densest breeding

population of the African White-backed Vulture? - Supplementary

information

Table b.1: Life history parameters for all of the species in the community under study,
values are in years Brown (1991); Pennycuick (1976); Jones et al. (2009); Monadjem et al.
(2012); Piper et al. (1999); De Magalhaes and Costa (2009).

Species Adult age Fertile age End of fertility Life expectancy
Gyps africanus 1 5 19 20
Trigonoceps occipitalis 1 S 29 30
Torgos tracheliotos 1 5 39 40
Leptoptilos crumeniferus 1 5 24 25
Aquila rapax 1 > 15 16
Terathopius ecaudatus 1 D 29 30
Aepyceros melampus 1 1 17 17
Connochaetes taurinus 1 2 22 22
Equus burchellii 1 2 40 40
Phacochoerus aethiopicus 1 1 19 19
Loxodonta africana 10 12 50 80
Tragelaphus strepsiceros 1 1 23 23
Ceratotherium simum S 6 50 50
Giraffa camelopardalis 3 E 36 36
Tragelaphus angasii 1 2 16 16
Kobus ellipsiprymnus 3 4 20 20
Hippopotamus amphibius 4 5 93 35
Syncerus caffer 3 4 30 30
Taurotragus oryx 1 2 24 24
Tragelaphus scriptus 1 1 13 13
Sylvicapra grimmia 1 1 14 14
Redunca arundinum 1 1 17 17
Hippotragus niger 1 7 22 22
Redunca fulvorufula 1 1 12 12
Hippotragus equinus 1 74 20 20
Damaliscus lunatus 1 2 18 18
Oreotragus oreotragus 1 1 17 17
Raphicerus campestris 1 1 14 14
Cephalophus natalensis 1 1 15 15
Ourebia ourebi 1 1 16 16
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Table b.2: Reproductive parameters for species of the avian scavenging guild (number of
descendants corresponds to the number of fledglings for the following species) Mundy
et al. (1992); Monadjem and Garcelon (2005); Mundy and Group (1982); Margalida and
Colomer (2012).

Species Proportion female 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 0R7/ 1
Terathopius ecaudatus 0.7 0.7 1

Table b.3: Mortality values for adults 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 Sept-Oct Nov-Apr 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: Mortality values for immatures 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 Sept-Oct Nov-Apr 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 for scavengers from carrion providing species Jones et al. (2009);
Sinclair and Norton-Griffiths (1995).

Species Meat from juveniles (kg) Meat from adults (kg)
Aepyceros melampus 14.7 19.6
Connochaetes taurinus 53.025 70.7

Equus burchellii 60.9 81.2
Phacochoerus aethiopicus 23.625 315
Loxodonta africana 1490.25 1987
Tragelaphus strepsiceros 53.55 .4
Ceratotherium simum 876.75 169
Giraffa camelopardalis 417 556
Tragelaphus angasii 24.675 329
Kobus ellipsiprymnus 56.7 7516
Hippopotamus amphibius 650.25 867
Syncerus caffer 192./5 257
Taurotragus oryx 152.25 203
Tragelaphus scriptus 12.6 16.8
Sylvicapra grimmia 4.2 5.6
Redunca arundinum 17.85 238
Hippotragus niger 56.7 156
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 315 4.2
Cephalophus natalensis 315 4.2
Ourebia ourebi 4.2 5.6
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Table b.6: Initial and maximum density of all the species considered in the ecosystem/
model. For the birds we calculated the area potentially available to each species in
Swaziland and then used recorded density estimates to determine the maximum number
we would expect in such an area. Initial is equivalent to max density for the ungulates
given our model assumptions mentioned above. The birds are in pairs, the ungulates are
individuals (Monadjem et al., 2003).

Species Initial density Maximum density
Gyps africanus 300 1000
Trigonoceps occipitalis 6 20
Torgos tracheliotos 1 66
Leptoptilos crumeniferus 19 100
Aquila rapax 1 20
Terathopius ecaudatus 15 30
Gyps coprotheres 15 15
Aepyceros melampus 16500 16500
Connochaetes taurinus 1700 1700
Equus burchellii 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 ellipsiprymnus 260 260
Hippopotamus amphibius 25 25
, Syncerus caffer 40 40
} Taurotragus oryx 40 40
l Tragelaphus scriptus 250 250
Sylvicapra grimmia 550 550
§ Redunca arundinum 120 120
« Hippotragus niger 20 20
Redunca fulvorufula 200 200
Hippotragus equinus 7 7
Damaliscus lunatus 16 16
Oreotragus oreotragus 200 200
Raphicerus campestris 140 140
Cephalophus natalensis 80 80
Ourebia ourebi 50 50
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Table b.7: Daily Food Requirements for the avian scavenging guild. Marabou Stork food

requirements are taken to be the same as the similarly sized Cape Griffon Mundy et al.
(1992); Mundy and Group (1982); Calder (1996).

Species Daily food requirements (g)
Gyps africanus 400
Gyps coprotheres 520
Trigonoceps occipitalis 350
Torgos tracheliotos 500
Leptoptilos crumeniferus 520
Aquila rapax 160
Terathopius ecaudatus 160

Table b.8: A summary of the changes in ungulate mortality, vulture food requirements
and, foraging radius throughout the year and according to the periods considered.

Month Season Young Food requirements Foraging radius Period
Jan Wet N/A Low N/A 3
Feb Wet N/A Low N/A 3
Mar Wet N/A Low N/A 5
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 definitions used in the model.

Parameter Concept

8i2 Is equal 1if the species i is facultative otherwise it is equal 0.
8i2 Age animals of species i get to adult size.

8i3 Age females of species i start to be fertile.

Si4 Age females of species i end their fertiie period.

gis Life expectancy of species i

Mi1.e Probability of death of young animals of species i in the period c.
Mic Probability of death of adult animals of species i in the period c.
kii Sex ratio of species i.

k1,2

Probability to reproduce a female of species i.
£ lia Biomass (meat) of young animals of species i leave when they die.

£l Biomass (meat) of adult animals of species i leave when they die.

fruia Amount of useful biomass of young animals of species i.

f,uin Amount of useful biomass of adult animals of species i.
Fedins Necessary biomass for young animals of species i in the period c.
fifize Necessary biomass for adult animals of species i in the period c.

Pic Probability that animals of species i move when the resources are insufficient in period c

qi Number of animals of species i and age |.

Ni2 Floating population of species i.

d;

maximum population (carrying capacity) of the species i.
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PDP Model Components

Following Colomer et al. (2013), there are four main components to the model: 1) A set
of environments that are connected according to some prefixed relation, and which can
be formally described by a network; 2) a membrane structure that provides the hierarchy
among the different membranes that constitute the cell contained in each environment;
3) objects involved in the system under study (individuals, resources etc.) are represented
by alphabetic characters; 4) A set of rules that specify the behaviour of the objects in the
model and a set of rules for the model environments which define how individuals can
move between the environments as well as generating values for the variables correlated

between environments.
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PDP Systems Full Model
Membrane structure

p=I0 Ll L[ la-T lelo

u is the membrane structure of the model. Internal membranes of the membrane skin are
associated with the four periods considered. The p represents the number of membranes.

Initial objects
wo={xV1<i<N1<j<gis}u {xF" DY, 1 < i< CNY} U {coy).

p={RL1=<i<P.

Each animal that has its territory in the ecosystem is associated with an object X; ;, i and j indicate
the species and the age respectively, g; ; is the number of animals of the species i and age j. Each
animal that belongs to the floating population is associated with an object XF;, N; 5, is the number
of floating animals of species i These floating species are animals that 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. DY; is an object that
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 co;, controls the seasonality of the model and the object R is a counter that allows
synchronization of the model.

Step 1

The membrane is activated for the period to simulate changing its polarization.
n=sco[ Je—[ & 1<sc<P

Step 2

The counter R of the activated membrane begins to evolve and this counter allows for
synchronization of the model.

=R — k). 1=2c=F

The objects associated with the animals enter the activated membrane
rs =Xyl 12— [Xyy], 0<j<giss1<c<P,1<i<N.

The XF'; component is a copy of XF; necessary for the next step.

1y =XF[ )& > [XF,XF']]. ,\1<c<P,1<i<CNY.

# represents the dissolution of the objects in the model. This rule ensures that any object with 100 in
the second index disappears.

re EX500l 1t —[#l. . 12c2P1<i<N.



There is an object DY for each species of avian scavenger, these objects evolve, creating objects of
type a and e that allow control of the maximum load of each species. Objects a and their
superscripts are used to control the maximum load capacity whereas objects e and their
superscripts are used to generate randomness in the load of the animals. The parameter d;
represents the carrying capacity of species i.

re =DK[ 1F —[DY, a)®%,e/*™] ,1<c<P,1<i<CNY
Step 3

Evolution of the counter and the object e allows small random variations in load.

The objects associated with the animals start the reproduction process that is performed in period 1
(Membrane 1), can reproduce fertile females (when these reach the age of maturity they are able to
have a first breeding attempt) creating new objects.

Evolution of the objects Y;; associated with fertile females that reproduce.
; ki . !
ro =Xy =Y, %3] g <i<glsisA.

Evolution of the objects associated with fertile females that do not reproduce.

o 1=kizkis ' .
1 =[X,r‘j—»Yi'j]1 iz < S g LSS N;

Evolution of the objects associated with infertile adult animals.
rip =Xy ;> Yy, 1914 <J < gis 1 S LS N.

Evolution of the objects associated with infertile young animals.
3 (X >Vl 0<j<gisl1<i<N.

In the remaining periods no reproduction occurs, therefore the objects evolve but these do not
generate new objects.

7ﬂEHU~KAvOSj<m51$iSMZSCSR

rs =E[XFi>YF],,1<i<CNY,1<c<P.
Step 4

716 =[R2 @ R3], 1 <c<P.




Begins the process of mortality, the scavengers are separated from other animals whose biomass is
left in meat.

Young scavengers survive generating objects Z;;.

1-my; ¢

ny =Y, ——= 7 ] 0<j<ginl<i<CNY,1<c<P.
Young scavengers die.
rlg_[y —"-‘——>#] U2 jegpl<i<ONYASE <P,

Young animals that are not scavengers who survive

1-misc

re =[V ——5 7, ] ,0<j<giznCNY+1<i<N1<c<P.

young animals that are not scavengers who die leaving biomass. The model takes into account that
the population of animals that are not scavengers remains constant; therefore the object associated
with the animal evolves but does not disappear.

Mic

rao =[Yyj — ¢ M 7, 0Sj<giaCNY+1SisN1<cs<P.

Adult scavengers who survive.

l—mL ,C ) .
ry =y ——52,) .g2Sj<gis1SISCNY,1<c<P.

Adult scavengers who die.
Mi2.c
T22 E[yi,j—"#] Wi ] <05l SI<SCNY. 1<e=<P.
c

Adult animals that are not scavengers who survive.

1-mi, ¢

ros =¥ ——= 2, ] i Zi L gV +1sizsNize <P,
Adult animals that are not scavengers who die.

Miz,.c i2 fug i2'fug 3 .
5 E[Yi,j—i_’cifll'- fu Ml-ﬂ" fu 'Z’f]c ,0i2<j<9is,CNY +1<i<N,1<c<P.

Flotant population
s =YF,—=2ZF].,1<i<CN¥,1<c<P.

The animals when they reach life expectancy will disappear from the ecosystem; it is assumed that in
each period 25% die.

—— e ylhaTv g 1<i<N1<c<P.

T26 E[Yivgls lgls] =

0.75

T27 E[Yi,givs — Z;

l_gilsc,lSLSN,IScSP.



Step 5

12 S[R3l —[RJF15c =P

There are no limitations on food for animals that are not scavengers, therefore all evolve
rae =[2,], = [Wiy]0<j < gis, CNY +1<i<N1<c<P.

There are priorities for food available to scavengers in the simulator; species are entered according
to this criterion, so after species 1 eats species 2 will eat and so on. This is achieved by Znumber
(21,..Z7) and ZFnumber (ZF1,... ZF7). The hierarchy in our model is, in order of arrival, 1) Bateleur, 2)
Tawny Eagle, 3) White-backed Vulture, 4) Lappet-faced Vulture, 5) White-headed Vulture, 6) Cape
Vulture, and 7) Marabou Stork ™

rso =[Zi], = [21]],0<j < gis 1 SIS CNY,1<c <P,
r31 =[ZF;]. = [ZF1)(,1<i<CNY,1<c<P.

Step 6

T3, =[Ry — Rg]i, 1< c < P.

If there are sufficient resources all the animals of species 1 will eat.
ris =[21y;, MPae - Wy ]T,0< < g1 1< c < P.

rsa =[21y 0, M T2e Wy ] g < j S g5 1S <P

rys =[ZF1, M2 > #]T, 1< c < P.

The other objects associated with the remaining species evolve Z2 type objects.
rss =21, —>22,,]7,0< < gi5,2 SIS CNY, 1< c < P.

r3; =[ZF1; > ZF2;){,2 < i< CNY,1<c<P.

Step 7

738 =[Rs — Rgld, 1 < c < P.

If resources are left over animals of species 2 eat.

139 =[225 ), M/ 21c — Wz,j]::o £j<gazlscsP

Tao =[222), a0, M T22c = Wy )7, 055 < j < go5 1 S c S P.

Ty S[2F25, M ze 5 4], 1< c < P,

The remaining animals evolve

T2 =[22;;—>23;,]7,0<j < g;5,3 < I S CNY,1<c <P.

Te3 S[ZF2,—> ZF3;],3 <i<CNY,1<c < P.




Step 8

T4s =[Rg— R;]E,1<c < P.

If resources are left over, the animals of species 3 will eat.
Tys =[233;, M/ Tore = W3 )]0 < j < gg3, 1< c < P.

+ ¢
Tss =[233,a3, M 2 > W3], 933 < j < g3s, 1< c <P

Ty =[2F35, M B2c 5 4], 1< c < P,

The remaining animals evolve

Tag E[z3i'j_,z4i_j]:,0 £iE gt SIS ONY,12cs P
Tag =[ZF3; — ZF4)]{,4<i<CNY,1<c<P.

Step 9

rso =[R; = Rglt, 1< c <P.

If resources are left over, the animals of species 4 will eat.

red 5[244,,',Mff“v1v‘—'W4,j]:.0 Sj<Gusl=ScsP

rs2 =[Z44 5,00 M Ts2e > W, )7, 643 < j S gas 1S S P.
Tsg S[ZF4y M/ aze #]:,1 e P.

The remaining animals evolve

ros =[24,;—25,]7,0<j < ;5,5 < i< CNY, 1< c <P,
Tss =[ZF4; > ZF5;]f,5<i<CNY,1<c<P.

Step 10

res =[Rg—R]f, 1< c < P.

If resources are left over, the animals of species 5 will eat.

ry; =[255 ), M e S W5 ]T,0 < j < gsp 1< c < P.

rog =[255 5, a5, M s2e > Wy 17, 955 < j < gys 1 S ¢ S P,
ryg =[2F5s, M s2e 5 #]",1 < c < P,

The remaining animals evolve

reo =[25,;—26,,]],0<j < g;5,6 SIS CNY,1<c <P,

res S[ZF5;— ZF6,]t,6 <i < CNY,1<c<P.



Step 11
Tgs E[Rg‘—’Rlo]g, 1<c<P
If resources are left over, the animals of species 6 will eat.

ros =[266,;, MTorc =W j]7,0 < j < gz 1< c < P.
Tes =[266), a6, M oze > W', 963 < < ges 1S c < P.

Tes =[ZF6e, M ozc 5 #]", 1< c < P.

The remaining animals evolve

res =[26,;— 27;;]7,0 < j < gi5, 7 SIS CNY,1 < c <P.
Te7 =[ZF6;— ZF7;]t,7<i<CNY,1<c<P.

Step 12

Tes =[R10]é> [Rilc, 1< c < P.

If resources are left over, the animals of species 7 will eat.

res =(277,5, M Fae] = [Wy,]0,0<j < g5 1< c <P,
T 5[277,j,a7,Mff7r2vC]: - [W7,j]:'.97,3 St gnlges?,
ryy =[2F7;, M F2c]” 5 [#]7,1<c <P,

Step 13

792 =[R11]7 = [R]c,1<c<P.

The objects that are associated with the floating population disappear; the floating population
without access to food rescurces goes to another area.

T3 E[ZF1,]7 - [#], 1< c < P.

Scavengers with insufficient food resources in the area, depending on the time of year can move to
other areas to eat the necessary food and return to their territory. So objects can evolve and not
necessarily to disappear. Objects associated with some non facultative animals (g;; = 0) can
disappear from the ecosystem.
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In the last of the four periods, the second index is increased by 1 (a year has passed), so the animals
will move into the next year.
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Young animals are recorded individually, while adults in pairs, as they reach their reproductive age,
new breeding pairs are generated from two young individuals.
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Finally the objects associated with animals that have had enough food resources evolve, the young
to X'and adults to X.

riso (Wi — X'yl 1605/ <gi31<i<CNY,1Sc<P-1
ris1 E[Wyl,— Xyl 10913 Sj<9i51SiSCNY,1<c<P-1
ris2 =[Wi],—— X'i;[ 150 <j < gi3,1<i<CNY.

T153 E[ngm_l, ai];—’xi,gw[ lp,1 < i < CNY.

T154 E[Wi,j];—’ Xije1l 1p. i3 <J < gis, 1 < i< CNY.

riss E[Wi ] — X[ 10<j< g5 CNY+1<i<N1<c<P.
The objects associated with uneaten food are dissolved.

e =iMie—— ] lol=es 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.




T157E[Cl‘]c—’cl'[ ]C,lslSN,ISCSP
a; left over objects are dissolved.
11sg =[a)lc—[ ]o1<i<N,1<c<P.

DY'object evolves to object DY.When the above rules have been executed the period is completed
and the object co;must record the new period in its index.

tysg SV l;—DY] l.1s5i=Nl=c=sPh
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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 white-backed vulture Gyps
africanus. We collected data on life-history parameters of the avian scavenging
guild of the area as well as the potential food available from the ungulate fauna.
Using novel Population Dynamics P-Systems, we show that carrion provided by
wild ungulates biomass 1s currently enough to sustain this vulture species.
However, in light of the forecasted population increases, food will become a
limiting factor. We discuss the significance of mass closure of supplementary
feeding stations in Swaziland which now forces these birds to forage farther afield
endangering them to poisoning events. We put these results in the context of
biomass management and suggest conservation actions to secure the viability of
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Introduction

Carrion ecology examines the link between the organic
material provided by animal carcasses and ecosystem func-
tioning (Barton er al., 2013). Carcasses are an ephemeral
resource and among members of 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 are entirely dependent on dead animal biomass
(Mundy er al., 1992). Given the patchiness of carrion, vul-
tures are under selection pressures to be as energetically
conservative as possible in order to exploit such an unpre-
dictable food (Ruxton & Houston, 2002, 2004).

In sub-Saharan Africa, alongside poisoning, food reduc-
tion and habitat loss are the key threats to the avian scav-
cnging guild (Monadjem et al., 2003). Thus, the practice of
providing supplementary resources is @ common conserva-
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vulture populations and the important ecosystem services they provide.

tion tool (Piper, Boshoff & Scott, 1999: Piper, 2005). As
these ‘vulture restaurants’ or ‘feeding stations’ can make
carrion more predictable in space and time (Oro er al..
2008), there are implications for the ecosystem services and
foraging behaviour of the species affected (Deygout er al..
2010; Margalida eral., 2013; Monsarrat eral., 2013).
Although these i1ssues have important management and con-
servation implications. studies focused on the effects of food
shortage on vulture species have not been documented until
recent times (Piper, 2005; Camiiia & Montelio, 2006;
Zuberogoitia et al., 2010).

The African white-backed vulture (AWBYV) population
of Swaziland is an interesting case study for examining the
effect of potential fluctuating food availability given that, at
an estimated 300 pairs, it represents the densest nesting
population of the birds in the world (Monadjem &
Garcelon, 2005). Historical data show that this AWBV
population has increased during the latter part of the 20th
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century (Monadjem ez al., 2003). In one conservation arca
(Mkhaya), the species founded a nesting population in the
1980s which grew to 15 pairs in the late 1990s (Monadjem
et al., 2003). Supplementary feeding sites have also been
established in the country, but of seven vulture restaurants
that were operational in Swaziland at the turn of the
century only onc is currently operational. These sites
would have provided the vultures with a significant
proportion (40%) of their 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 (Monadjem &
Garcelon, 2005). Thus, we hypothesized that there are
enough carcasses from wild fauna to sustain the AWBV
population of Swaziland. Our aim was to determine the
energy 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
of the AWBV population, estimated food availability for
the population in Swaziland and modelled whether current
trophic resources are theoretically sufficient to maintain
their population.

Materials and methods

Study area and species

The Hlane-Mlawula-Mbuluzi reserve network in Swaziland
contains the majority (at least 202 nests) of the country’s
AWBY breeding population (Monadjem & Garcelon. 2005)
(Fig. 1). Located in the cast of Swaziland, the arca is char-
acterized as lowveld savanna (Acocks, 1988) with Acacia
providing suitable nesting trees for the vultures present
(Monadjem & Garcelon, 2005). The rest of the nesting birds
are known from other non-contiguous conservation arcas
(c. 12 nests at Mkhaya) and protected cattle ranches (19
nests at the Big Bend Conservancy 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 take a considerable portion of
their diet as carrion. The majority of the large ungulates in
Swaziland also live in this Hlane-Mlawula-Mbuluzi reserve
(Monadjem et al.. 2003) (Table 1).

Model parameters for avian scavengers
and ungulate carrion

We first determined the potential foraging range of the vul-
tures to see which habitats harbouring natural fauna are
available to the birds. We used an extension of the central
place forager theory known as the foraging radius concept

A. Kane et al.

which was developed by Pennycuick (Sinclair &
Norton-Griffiths, 1995). The concept states that every
animal is energetically constrained in terms of the spatial
range they can cover while foraging (Sinclair &
Norton-Griffiths, 1995). Factors such as cost of movement,
basal metabolic rate, presence of dependent young, etc.,
contribute to the overall cost of 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 of the closely related Ruppell’s
vulture Gyps rueppellii which was used to estimate the for-
aging radius of that species (Ruxton & Houston, 2002):

QC+le—T(Em+%)

r

~
2k+ﬂ
‘/

We employed the same model and applied values from our
focal species, the AWBYV, where available. Q is the energy
density of the carrion (5.2 x 10°J) (Ruxton & Houston,
2002), ¢ is the bird’s crop capacity (1.2 kg) (Houston &
Cooper, 1975), dis the digestion rate (0.055 kg h™') (Ruxton
& 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 ecach day (Mundy er al., 1992). k is the
flight cost (2.0 J m™") (Pennycuick, 1972), V' is the flight
speed (45 km h™') (Pennycuick. 1972; Tucker, 1988) and r is
the foraging radius. If values for the AWBV were not avail-
able, we used other Gyps species as a close approximation,
in this case for 7, the foraging time (8 h) (Xirouchakis, 2007);
E,. and E,, arc 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 of individual AWBYV 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 (see Supporting Information Table SIA-F) (Pennycuick,
1976; Mundy. 1982; Brown, 1991; Mundy et al., 1992;
Monadjem et al., 2003, 2012).

To determine carrion availability, we collected the most
recent ungulate population data covering all of Swaziland
(Monadjem et al., 2003), life-history values from the
PanTHERIA database (Jones et al., 2009) and estimates of
adult and infant mortality (Sinclair & Norton-Griffiths,
1995). (More details can be found in the Supporting Infor-
mation — ‘Details of Model Assumptions’.)

Animal Conservation « (2014) se—ee © 2014 The Zoological Society of London
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Kruger
SOUTH AFRICA

Mawewe Cattle/Game Project
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Figure 1 Foraging radius (45 km) of African white-backed vultures when they have dependants on the nest. The points represent recorded
nesting sites with Hiane as the origin of the circies. 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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Table 1 Identity, number of species and average carrion provided per year of the ungulate population of Swazland

Average carrion per year (kg) Percentage of total carrion

Species Initial population size (individuals)
Aepyceros melampus 16 500
Connochaetes taurinus 1700
Equus burchelli 1500
Phacochoerus aethiopicus 2300
Loxodonta africana 40
Tragelaphus strepsiceros 1300
Ceratotherium simum 50
Giraffa camelopardalis 80
Tragelaphus angasii 1000
Kobus ellipsiprymnus 260
Hippopotamus amphibius 25
Syncerus caffer 40
Taurotragus oryx 40
Tragelaphus scriptus 250
Sylvicapra grimmia 550
Redunca arundinum 120
Hippotragus niger 20
Redunca fulvorufula 200
Hippotragus equinus 7
Damaliscus lunatus 16
Oreotragus oreotragus 200
Raphicerus campestris 140
Cephalophus natalensis 80
Qurebia ourebi 50

48 233.35 32.92
18 666.35 12.74
13 276.95 9.06
12791.8 873
1143945 7.81
10 039.95 6.85
8570.25 5.85
4909.35 3.35
42315 2.89
4174.25 2.85
3976.75 2.71
14784 1.01
1284.95 0.88
700.9 048
563.65 0.38
480.3 0.33
4194 0.29
364.65 0.25
364.5 0.25
208.55 0.14
122.85 0.08
95.15 0.06
55.05 0.04
51.9 0.04

Population dynamics P system model

Using this information, we developed a population
dynamics P system (PDP) model (Colomer, Margalida &
Pérez-Jiménez, 2013). This integrated data on food avail-
ability, food requirements and population dynamics of the
avian scavenging guild and the ungulate populations of
Swaziland (Fig. I and Supporting Information) to deter-
mine if carcass availability could meet the demands of the
AWBYV population over a 20-year period [AWBYVs have
been recorded as living for 20 years (Flower, 1938)]. PDP
models are computational methods that are analogous to
the machinery of cells (Colomer er al., 2013). The analogy
of a PDP system to a real ecosystem has been drawn
before (Colomer et al., 2011, 2013; Margalida, Colomer &
Sanuy, 2011) and serves well to illustrate the intuition
behind this relatively new method. The cells of the model
correspond to the physical space of the environment.
Animals (which along with things such as resources, are
represented by model ‘objects’) will feed, reproduce,
develop, etc., within an environment which is accounted
for by a set of mathematical rules describing these behav-
iours in the model. Just as animals can move between dif-
ferent areas when circumstances become unfavourable (e.g.
food shortages), their simulated counterparts can migrate
between the different spatial environments of the model
(e.g. between South Africa and Swaziland). The mem-
branes within the cells of an environment separate out spe-
cific processes that are applied to the objects in the model
(c.g. the different rules associated with different scasons)
(see Supporting Information ‘PDP Model Components’).

The advantage of this approach is that PDP models can
integrate a large volume of information and compute the
output of a large number of species in parallel and in a
relatively short time. In addition, PDP models have been
developed and applied to similar ccosystems before
(Margalida & Colomer, 2012).

There are two environments in our model delimited by
the foraging radius of 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 environment where
food is not limiting (Fig. 1). This restricts the birds to game
reserves in Swaziland when they have a reduced foraging
potential. A bird outside of the breeding scason could range
hundreds of 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 and Period 4= May-June. These
periods reflected differences in food availability, foraging
ranges and food requirements (this is described in Table S3
in the Supporting Information).

Results

Foraging radius

During the period of nestling dependency. the foraging
radius of the breeding vultures is estimated at 45 km
(Fig. 2). If we remove the cost of provisioning the chick, it
gives a value of approximately 260 km. Thus, the foraging

Animal Conservation = (2014) ee—ee © 2014 The Zoological Society of London
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radius the vultures have during the time of nestling depend-
ence restricts them to foraging in the national parks of
Swaziland.

PDP model

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 burchelli (9%) with the remaining 21 species
contributing the remaining carrion (Table 1). Initially, 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 S and 13 respectively.
Period 4 (May-June) also develops a decline, although at a
shallower rate (see Fig. 3). Period 3, which never sces
enough carrion to sustain the scavengers, is a time when the
birds 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) (Fig. 4).

Discussion

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

Animal Conservation « (2014) ee—ee © 2014 The Zoological Society of London
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Period 1

July — August
(Dry season)

Period 2

September — October

(Wet season)
Figure 2 Flow diagram representing the
changes In the status of the avian scaven-
gers through time (Periods 1-4). The itali-
Period 3 cized text show conditionals for food

availability which determine the path the

November — April birds can take. If we start at the ‘Reproduc-

(Wet season) tion’ stage, at the upper left hand side, this
represents the point at which the birds
have their young on the nest. They will
undergo ‘Natural mortality’ during this
period and ‘Feeding’. If there is enough

henod 3 food during this time, they can progress to
period 2; otherwise they perish and so on

May - June through the year until they reproduce again

(Dry season)

The ‘Movement’ stages indicate points
whereby the birds can leave Swaziland
because they are not constrained by the
presence of young

the current AWBYV population and most of the other scav-
enging avifauna (Fig. 4). but only for the time being (Fig. 3).
The trend of the energy balance makes it clear that, as
vulture numbers rise, food will soon become a limiting
factor. There is already a predicted net deficit in energy
balance for six months of the year, from November to April
(Fig. 4). Fortunately, this is a period during which the birds
can forage outside of 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 if adult
survival is affected (Monadjem ez al., 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 er al.,
1992). A more recent study of immature AWBYV showed a
mean distance travelled per day of 33.39 km (Phipps er 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 of 260 km (Houston &
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 of the radius.

These findings suggest further intervention and modifica-
tion of existing strategies will be required. Vulture
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Figure 3 Carrion balance across time in the different periods of the
year. The horizontal bar represents the point at which the demands of
the avian scavenging guild are no longer met by the carrion provided
by wildiife in Swaziland. Periods 1 and 2 are the life stages when
young are present and food requirements are higher as a result

restaurants could be established and stocked more fre-
quently during times of food deficiency. Although there are
a number of problems associated with supplying supple-
mentary food to wild populations, such as a conditioned
dependence on supplemental food (Robb er al.. 2008), a
well-managed vulture restaurant could minimize these
issues  while maximizing the benefits. For instance,
Monsarrat et al. (2013), in their study of Gyps fulvus,
showed that ‘feeding stations were particularly used when
resources were scarce (summer) or when flight conditions
were poor (winter), limiting long-ranging movements’. Sup-
plementary feeding can minimize the risk of poisoning
(increasing survival) that follows from species foraging
outside of protected areas which has been documented in
other vulture species (Oro er al., 2008). Although our model
suggests that AWBVs in Swaziland will see an increase in
their population for a while, the temporal food shortages
identified could reduce their breeding output during this
period of growth. In Europe, for example, after the out-
break of bovine spongiform encephalopathy in 2001, car-
casses were destroyed in authorized plants which reduced
the amount of food available to the vultures (Margalida
eral., 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. Colomer & Oro, 2014).
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Avian scavenger population trends
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Figure 4 Number of pairs of avian scavengers living in Swaziland
across time. All species, except the Lappet-faced vulture, see a
population increase because of the amount of wild carrion available
The one extinction occurs owing to its tiny initial population size. The
bottom panel shows the African white-backed vulture trend sepa-
rately for reasons of clarity because of its much larger population
size

Swaziland seems well placed to act as a habitat for a
greater number of AWBVs than that of the current popu-
lation. With the species on the decline globally, it is incum-
bent on us to secure this valuable population. By ensuring
that there is no deficit of carrion at any stage of the year
(Fig. 3), we would give the birds the best chance to flourish
in this arca. 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 that it would create the opportunity to
capture and tag these birds. High resolution data on the
foraging behaviour of this population specifically and
AWBVs in general are lacking. We know little of their age-
class structure and whether other vagrant populations visit
Swaziland without nesting in the county (Monadjem er al.,
2003). Tracking data would improve our knowledge about
these issues allowing managers and policymakers to adopt
more objective decisions based on the evidence.

The value of theoretical modelling, such as the PDP P
systems, 1s also underscored by the results generated in this
study and others like it (Margalida er al., 2011: Margalida &
Colomer, 2012). We should note that any model is only as
good as the data used to parameterize it. Consequently,
basic and up to date biological data are of utmost impor-
tance if we are to derive accurate predictions. These

Animal Conservation == (2014) se—ee © 2014 The Zoological Society of London
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methods are another tool for stakeholders to use in identi-
fying threats and solutions to conserving the target species.

The conservation implications obtained with this theo-
retical approach is that the carrying capacity of AWBV in
Swaziland is reaching maximum values according to natural
food provided by the ecosystem. The dependence of the
birds on food resources provided by neighbouring areas
shows the importance of international agreements for con-
servation and the coordination of management actions
(Lambertucci er al., 2014). The establishment of well-
managed vulture restaurants in Swaziland should be seri-
ously considered.
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A suggestion on improving
mathematically heavy papers

C. P. Snow spoke of the split of the “two cultures” of 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 of potential solutions. The
authors note the risks of moving the majority of 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 of an in-text drop-down
box whereby a reader can reveal more of the detail as (s)he
reads the paper if (s)he chooses. These text boxes could contain

E3056 | PNAS | November 6,2012 | vol. 109 | no.4S

the information in the appendix with perhaps some more ex-
planation of the derivations. Surely, in the age of Web 2.0, this
would be something trivially easy to implement. It would also
remove the problem of 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 of 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 possible.

Adam Kane'
Theoretical Ecology Research Group, School of Natural Science,
Trinity College Dublin, Dublin 2, Ireland

1. Fawcett TW, Higginson AD (2012) Heavy use of equations impedes communication
among biologists. Proc Nat/ Acad Sci USA 109:11735-11739.
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Abstract

Investigating the ecology of long lived birds is particularly challenging owing to the time 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 of 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 time is highlighted. Clearly, any attempt at conserving a
species will require a detailed understanding of its population structure, of the sort examined here.
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Introduction

Survival estimates are critical parameters for various ecological
models, particularly population dynamics, which in wrn inform
conservation [1]. This is particularly important for long-lived
vertebrates which may take several years to mature into breeding
adults [2], [3]. However, survival estimates are often not available
for long-lived birds such as storks; the only species for which robust
estimates of both subadults and adults are available is the white
stork Ciconia cicoma [4], [5]. [6]. Survival in the marabou stork
Leptoptilos crumeniferus has been crudely estimated by comparing the
proportion of immature to adult birds [7], however robust
esuimates of survival must be based on following marked
individuals through time [8].

The marabou stork is a widespread scavenging bird occurring in
savanna habitats throughout sub-Saharan Africa [9]. Despite its
extensive distributional range, this species breeds at a rather
limited number of localities [10]. For example, despite having
been recorded across most of eastern, central and northern South
Africa, it has not yet successfully bred in that country [11]. In fact,
in all of southern Africa, this species breeds at just one site in
Swaziland [12] (Figure 1), one site in Botswana [13] and less than
a dozen scattered sites in Zimbabwe [14]. Hence this species has a
metapopulation structure [15] with breeding birds concentrated in
discrete colonies (Figure 2).This raises the possibility that the
breeding populations act as sources for the South African sink.
Dispersing birds can cover extensive distances of up to 1500 km
thus allowing for dynamics of this sort to occur [10].

One way to infer a metapopulation structure for this species
would be through a population dynamics model. Such models
require a number of parameters for them to have any predictive
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power, notably probability of survival and fecundity rates [16].
Moreover, in most species these parameters will change as they
age; a first year marabou stork, for instance, is not going to be
involved in reproduction [17]. This is the shortcoming of
exponential or geometric decay models of population growth
which treat all life stages equally, resulting in a serious
oversimplification [18]. An extensive knowledge of the breeding
ecology and demographics of marabou storks is therefore
necessary before such population dynamics modelling can be
conducted.

The aim of this paper is to elucidate the population ecology of
the marabou stork in southern Africa. It is hypothesized that
survival is age dependent and that this species has a positive
population growth rate. The objectives of this paper are to:

1) Relate fecundity of marabou storks breeding in Swaziland
over a nine year period with climatic conditions,

2) Estimate survival rates based on resightings of tagged
nestlings and free-flying marabou storks in southern Africa,

3)  Use the breeding data and survival estimates of the breeding
population in Swaziland to model the population dynamics of
this species.

Materials and Methods

Study area

The collection of breeding data and the tagging of nestlings was
conducted in the 16 000 ha Hlane National Park (31°53'S,
26°18'E), Swaziland. The vegetation is dominated by knobthorn
Acacia mgrescens woodland interspersed with riverine forest. The
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Figure 1. Map showing the distribution of marabou stork nests
(black circles) at Hlane National Park. The inset shows the |ocation
of Hlane National Park within Swaziland.
doi:10.1371/journal.pone.0046434.g001

climate is subtropical [see [12], [19] for more details on
topography and climate]. The marabou stork breeding season
covers the austral winter: 2-3 eggs are laid in May or June: eggs
hatch after approximately 30 d incubation, usually in June or July,
which is the coldest time of year; and the chicks fledge in October
[20], [10], [19], [21].

Free-flyving marabou storks were captured and tagged at the
Moholoholo Wildlife Rehabilitation Centre (24°30'S: 30°54'E,
600 m above sea level), north-eastern South Africa. The site is
situated in low-lying savanna, to the west of the Kruger National
Park.

There is no Ethics Committee at the University of Swaziland to
oversee the compliance of biological studies. However, the current
study was conducted under a permit from the Swaziland National
Trust Commission to Ara Monadjem. As outlined in our methods,
the only contact we had with the study animals was tagging 210
birds based on a standard technique applicable throughout the
World. Furthermore, we did not harm or compromise the health
of any species during this study.

Patagial tagging was implemented as the preferred method of

colour-marking for large raptors, vultures and storks by the Birds
of Prey Programme of the Endangered Wildlife Trust in 2006. An
extensive review and assessment process of a range of methods was
conducted over a period of 18 months before the members and
associates of the Programme agreed on and approved the tagging
protocol for the use of this method at its Annual Conference [22].

The review included a clinical assessment of the condition of

captive and recaptured free-flying tagged birds by independent
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Figure 2 Map showing the distribution of marabou stork
[ 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) Hiane
National Park, Swaziland [12]; (B) Gonarezhou National Park, Zimbabwe
[14]; (C) Imbgwa Farm, Zimbabwe [14]; (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:10.1371/journal.pone.0046434.g002

veterinarians after tagging and no signs of infection or other
potentially negative symptoms resulting from the tagging have to
date been found [22]. Based on the results of the survival and
movements of tagged birds, the method also does not seem to have
a detrimental effect on the mobility and foraging ability of other
large birds e.g. vultures [23].

Data collection

Breeding marabou storks were monitored regularly between
2003 and 2011 at Hlane National Park. Originally nests were
located on foot, but from 2008 we used a microlight to search for
nests from the air once per year in July. Active nests (a nest on
which eggs were found or adult activity was observed) were visited
twice weekly until the chicks hatched or the nest failed. Fledging
date was taken as the date of the last visit on which the chick was
still on the nest. The mass and wing length was measured during
cach visit.

Free-flying birds were captured in a specially designed walk-in
trap for vultures [24], [25] that was erected alongside the vulture
restaurant at Moholoholo Wildlife Rehabilitation Centre. Cap-
tured birds were aged and had their mass and wing length
measured. Ageing was based on plumage characteristics [26] and
birds were assigned to one of three age classes: juvenile (1™ year
bird), subadult (24 vears old) and five years old or older. Each
bird was fitted with a metal ring issued by AFRING (Animal
Demography Unit, University of Cape Town) and a patagial tag.
Patagial tags were fitted according to the standard protocol
adopted for this practice in southern Africa [22]. It involved the
use of a double set of standard cattle tags engraved with a unique
number which was fitted to the patagial area on each wing of each
bird using a tag applicator. This method was extensively assessed
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prior to this study and found not to be detrimental to the birds’
health or inhibiting their ability to forage [22]. All tagged marabou
storks were released unharmed and within 120 min of caprure.

A dedicated resightings programme was established using radio
and television broadcasts, newspaper and magazine articles, and
posters in Kruger National Park rest camps. A significant
proportion of resightings was submitted by the staff at Moholoholo
who kept a daily watch at the vulture restaurant, at which the
marabou storks were frequently observed. Resightings were also
reported inter alia by managers of other vulture restaurants, game
ranchers, farmers and tourists.

Sexing

Only nestlings were sexed. DNA extraction was conducted
using the QiagenDNeasy® Blood and Tissue Kit. The extraction
protocol as outlined in the manufacturer protocol was followed.
CHDI1 gene amplification was conducted using the 2550F/2718R
[27] primer set at the National Zoological Gardens of South
Africa. Amplification was carried out using 25 ul reaction volume
and polymerase chain reaction was conducted with PromegaGo-
Taq® Flexi DNA polymerase (Promega Corporation) which has a
1% buffer containing 10 milli molar (mM) Tris®-HCI (pH 9.0),
50 mM potassium chloride (KCI) and 0.1% Triton® X-100. The
final reaction conditions were as follows: 1 X PCR buffer, 1.5 mM
MgCl2, 200 micro molar (uM) of each 2'-deoxynucleotide
triphosphate (ANTP), 5 picomol (pmol) of each of the forward
and reverse primer, 0.25 unit (U) Taq DNA polymerase and 10-
20 nano gram (ng) genomic DNA template. A no template control
as well as positive controls for a male and female bird of known sex
was included. The conditions for PCR amplification were as
follows: 2 min at 95°C initial denaturation, 30 cycles for 30 s at
95°C, 30 s at 50°C and 2 min at 72°C, followed by extension at
72°C for 10 min. The PCR reaction was carried out in the
BOECO TC-PRO Thermal Cycler. PCR products mixed with
tracking dye were separated by clectrophoresis in a 2% agarose gel
for 45 min at 100 V in 1x Tris-borate- EDTA buffer.

Data analysis

Fecundity is a measure of reproductive success and was defined
as the number of fledglings successfully raised per pair per annum
[28]. A Pearson’s correlation was used to test whether fecundity
was related to rainfall in the preceding summer (October to
March, inclusive) and rainfall during the winter breeding scason
(May to September), as these variables had previously been shown
to be important for marabou stork breeding [19].

The program MARK was used to estimate survival and
recapture of marabou storks using the standard Cormack-Jolly-
Seber model [29], [30]. A variety of models that included time
dependence, sex and age were developed. Models were ranked
using Akaike’s Information Criterion corrected for small sample
size (AIC,) [31]. The model with the lowest AIC, was deemed the
best model: where AAIC, for any two (or more) models was <2.0,
they were both deemed to be equally good.

Survival was estimated separately for the birds tagged as
nestlings from those tagged as free-flying. A subset (n = 100, tagged
between 2008 and 2011) of those tagged as nestlings were sexed,
and were used to test for the role of sex in survival of marabou
storks. Models which included sex performed poorly compared
with those that did not (AAIC.>2.9) and hence sex was removed
as a factor. Subsequently, the data for the sexes of the nestlings
were pooled and only age and time dependence were included.

To test for violations of the assumptions of homogeneity of
survival and recaptures, GOF (goodness of fit) tests were
conducted in the program Release [32]. Test 2 tests the
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assumption of equal catchability (in our case, resightings) of
marked individuals. Test 3 tests the assumption that all individuals
have equal probability of survival independent of when they were
marked.

Model Building

Leslie Matrices are used to chart the development of a
population over time by separating the given group into distinct
age classes, with matrix elements representing probability of
survival and fecundity of these classes [33]. A variation of a Leslie
Matrix was developed to investigate the population dynamics of a
marabou stork population. The model used information from
females only as they are responsible for reproduction in the
population [34] and assumes that the above parameters are
constant for each age class. The number of females in each class is
given by a column vector N, such that the number determined at
tume t+] is given by N, =LN, where L represents the Leslie
Matrix. This process is repeated for each time step. In this case t
represents one vear. This gives the following general equation:

ni(r+1) N o K] [m@)
nm(t+1) s 0 -~ 0 n(2)
|0 s o0
ne(r+1) 0.0 sp=i O (1)

where“f” is fecundity and *s” is the probability of survival from
one age class to the next. The dominant eigenvalue of the matrix is
the A value and represents the growth rate of the population. If
2>1, the population is growing, 0<A<I, it is decreasing and
%=1, the population is stable. The right eigenvector of a given
matrix represents the stable age distribution of the group i.e. the
proportion of birds in each stage. This is a measure of the
contribution the life stages have to overall population growth [35].
So although juveniles do not reproduce they still make a
contribution here.

A variation of the Leslie Matrix known as the Lefkovich Matrix
was used in order to separate the storks into distinct life stages [16]:
juveniles, subadults and adults,

Py B By
G P, 00
0 G P3; 0
00 Gy P

00 0 Gs

Gx (on the subdiagonal) is the probability of surviving for a year
and moving into the next stage; Px (on the diagonal) is the
probability of surviving for a year and remaining in the same stage;
Fx represents fecundity. The model did not take into account
density dependent effects. The matrix was created in MS Excel
using a variation of a template developed by Spangenberg and
Jungck [33] (see results section for the values used to parameterize
the model). Seeing as subadult and adult birds can remain in their
respective stages for more than a single vear this was corrected for
accordingly with the following equations,

il
pPi= |- ] ————(S,')d" i
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The probability of remaining in an age class at next year is given
by p; and q; is the probability of moving up an age class at next
vear. S, is the survivor rate for i year and d, is the length of time
spent in this i stage (taken from [16]).

The below matrix was developed using the values from our
results which corrected the original parameters for stage duration
and fecundity,

0 0 0525 0
0644 0587 0 0
0 0205 0865 0
0 6 0.008 0

This matrix has the three defined age classes i.c. the columns
(there is a small non-zero probability that the birds will live past
the third stage and fall into a fourth category but any individuals
here have zero probability of surviving to the next time step).
Subadult birds spend years two to four in their stage and adults
spend from age five to 25 in their stage. This assumes a life
expectancy of 25 vears for wild marabou storks [36], [11]. The
fecundity value shown here was taken as an average from 2003
2011 (see Figure 3). The model was run with a varying starting
population of three to 10 adult females: the lower number
represents a minimum estimate of the nesting population in

1200
1000
800

600

Rainfall (mm)

400

200

WLLALR

> 5 3 %
s & & & &

Year

2

|
|
%
LS

Survival and Population Dynamics of Marabou Stork

Swaziland during the early 1960s [37]. However, seeing that
nesting sites can casily be overlooked by observers on the ground
we also ran the model with a starting population of up to 10
females.

Results

Between 19 and 31 pairs of marabou storks bred annually at
Hlane National Park that fledged between 11 and 43 chicks. The
fecundity of marabou storks breeding at Hlane National Park
differed greatly between years (Figure 3), with a mean of 1.05
fledged offspring per pair per annum. There was no correlation
between fecundity and rainfall in the previous summer (r = 0.401,
df=7, P=0.284), however, there was a significant inverse
correlation with rainfall during the breeding season (r=—0.785,
df=9, P=0.012).

A total of 193 nestlings and 17 free-flying marabou storks have
been tagged since 2005 and which have been resighted 811 and
834 tmes, respectively. On fledging, male marabou storks had
significantly larger mean (* SE) wing lengths (663.1£4.63 mm vs
596.1%5.85 mm; t=8.98, P<0.0001, DF = 98) and heavier mean
(= SE) masses (74372110 g vs 6155+ 114 g; t=28.09, P<0.0001,
DF =98) than females. Free-flying birds had mean (+ SE) wing
length of 700.7%7.88 mm (n=17), and mean (= SE) mass of
5038+291 mm (n=13).

In the nestling analysis covering the seven years between 2005
and 2011, survival of nestlings post-fledging was age-dependent.
The best model for survival had three age classes, 1™ year birds,
2% 4™ vear birds and =5"year birds (Table 1). The next model
had AAIC, <2 compared with the best model, and had survival
separated into five age classes. For both of these models recapture
rates were age and time independent (Table 1). The next three
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Figure 3. The relationship between fecundity of marabou storks and rainfall between 2003 and 2011 in Swaziland.

doi:10.1371/journal.pone.0046434.9003
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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.

Survival and Population Dynamics of Marabou Stork

Table 3. Survival and recapture (resightings) rates of
marabou storks tagged as nestlings and free-flying adults in
South Africa between 2005 and 2011.

AlCc

Model AlCc Delta AICc Weights N
phi(age1, 2-4, =5) p() 489.751 0 0.13917 4

phi(agel, 2, 3, 4, =5) p() 490.1439 0.3928 0.11435 5

phi(age1, 2, 3, 4, =5) p(agel, 492.1082 23572 0.04282 6

=2)

phi(agel, 2, 3, 4, =5) p(t) 494.1198 43688 0.01566 10
phi(age1, =2) p() 4943246 45736 0.01414 3

phi(t) p(.) 495.4601 5.7091 0.00801 7

phi(agel, 2, =3) p(.) 496.0157 6.2647 0.00607 4

phi(t) p(t) 496.0794 6.3284 0.00588 10
phi(age1, =2) plagel, =2) 496.2424 6.4914 0.00542 4

phi(agel, 2, 3, 4, =5) p() 497.811 8.0600 0.00247 S

phi(age1, =2+t) p() 500.4836 10.7326 0.00065 n
philage1-2, =3+t) p() 502.8863 13.1353 0.0002 n
phi(agel, 2, =3+1) p() 505.8063 16.0553 0.00005 15

Estimates of survival (phi) and recapture (p) were modelled with time (t), and/or
age class of the birds (age). Age1-5 refers to age classes of 1*' year birds
through to 5" year birds. The number of parameters is indicated by “n”. The
models are arranged from best (top of table) to worst (bottom).
doi:10.1371/journal.pone.0046434.t001

models all had survival being age dependent. The first model to
have survival independent of age had a AAIC.>5 (Table 1). All
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.

In the analysis of the free-flying birds, the best model had
survival separated into two age classes (Table 2). In this model, the
two age classes were 1* year birds, and subadult/adult birds (i.c.
no difference in survival of subadults and adults). The next three
best models all had AAIC <2, suggesting that they were not

statistically distinguishable from the best model. In all three of

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.

Delta AlCc
Model AlCc AlCc Weights n
phi(age1, =2) plage1, =2) 520191 0 029804 3
phi(age1, 2, =3) plage1, 2, =3) 52.554 0.5349 022810 4
phi(agel, 2, =3) p(agel, =2) 52.5604 0.5413 022737 4
phi(age1, 2, =3) p(.) 53.2647 1.2456 0.15988 4
phi(age1, 2, =3) p(t) 59.7627 7.7436  0.00621 6
phi(agel, 2, =3+1) p(agel, 2, =3+t) 66.2284 14.2093 0.00024 8
phiagel, 2, =3 *t) p(agel, 2, =3 *t) 79.696 276769 0 n

Estimates of survival (phi) and recapture (p) were modeled with time (t), and/or
age class of the birds (age). Age1 refers to age classes of 1% year birds, age2 to
subadults (2™ to 4" year birds) and age3 to adults (=5" year birds). The
inclusion or exclusion of interactions in the models are symbolized by () or (+),
respectively. The number of parameters is indicated by “n”. The models are
arranged from best (top of table) to worst (bottom).
doi:10.1371/journal.pone.0046434.t002
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li Survival of 1% year birds 0.6440 0.0765
Nestlings Survival of 2"“~4" year birds 0.7917 0.0597
Nestlings Survival of =5% year birds 0.2193 0.1459
Nestlings Recapture rate 0.4226 0.0523
Free-flying Survival of 1* year birds 0.2500 0.2165
Free-flying Survival of = subadult birds 0.8727 0.2483
Free-flying Recapture of 1* year birds 0.9999 0.0004
Free-flying Recapture of = subadult birds 0.2545 0.1559

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 survival was separated into three age classes. In the
top three models, recapture rates were age dependent, whereas in
the fourth best model recaptures were independent of both age
and tume (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 survival rates of marabou storks varied considerably
between age classes and the datasets analysed (Table 3). Typically,
first year survival was lower than that of older birds. Based on the
analysis of birds tagged as nestlings, survival to the end of the first
year was 0.6440. However, based on the analysis of free-flying
birds, the survival of 1" year birds was only 0.2500. Survival of
older age classes (subadults and adults) was generally high ranging
from 0.7917 to 0.8727 (Table 4). The only exception was =35"
vear birds tagged as nestlings where survival dropped to 0.2193,
suggesting loss or fading of tags.

The resulting A value was 1.0212 indicating a population
increase over time (see Figure 4). The population in this model
developed from exclusively adults to an age structure which
stabilizes at 43.8% adults, 33.4% subadults and 22.5% juveniles
(Table 5). The reproductive value increases with age in marabou
storks with the adult stage being the highest (see Table 5).

The final population in the model is clearly dependent on the
initial number of founding individuals and the fecundity of the
storks. Starting with three females a total population of 26 birds is
produced over the 50 vear ime frame; 10 females resulted in 86
birds (Figure 4). The total number of adult females was six and 19
respectively (Figure 4).

Table 4. Parameters used in matrix.

Stage Fx Px Gx

Juveniles 0 0 0.644
Subadults 0 0.587 0.205
Adults 0525 0.865 0.008

Fx = Fecundity; Px = Probability of remaining in age class at next year;
Gx = Probability of moving up an age class at next year.
doi:10.1371/journal.pone.0046434.t004
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The initial population was set to 10 females in this case. ».=1.0212.
doi:10.1371/journal.pone.0046434.g004

Discussion

This study presents the first estimates of survival for the
marabou stork based on resightings of tagged individuals that also
accounts for recapture (resightings) probability. A previous study
estimated the survival of marabou storks based on the proportion
of immature birds to adult birds, vielding survival rates of 28% for
first year birds, 72% for subadults and 92% for adults [7], [38].
Our estimates are lower than these for adults but higher for
juvenile and subadult birds. Our estimate for sub-adult survival
mentioned above also matches those for the wood stork, Mycteria
amenicana [39]. From the tagging of nestlings, our estimate of 1%
year mean survival is 64%. This is higher than survival rates for 1
vear white storks estimated at 47% [40], 48% [4] and 33-42%
[41], and for 1" year wood storks at 44% [42]. This is not
surprising since the marabou stork is larger than these two species
and survival rates are directly related to size [38]. However, the
estimate of 1% vear survival based on the tagging of 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.

Stage Stable Age Distribution Reproductive Value
Juveniles 0.2251 1.00
Subadults 0.3337 1.59
Adults 04378 336

doi:10.1371/journal.pone.0046434.t005
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stage over a 50 year period commencing in 1962.

birds was exceptionally low (25%), lower than that reported for the
white or wood storks. Undoubtedly, this estimate suffers from
small sample sizes as only four free-flying 1% year birds were
captured and tagged compared with 193 nestlings.

Adult survival was higher. but the specific value depended on
the dataset that was used. Based on the free-flving birds the
survival rate was 87% and apparently did not differ between
subadults and adults. Subadult (2"-4" year birds) mean survival
rates based on resightings of tagged nestlings was 79%, with adult
(=5" year birds) survival rate dropping to 22%. This clearly is not
an accurate reflection of adult survival, where captive marabou
storks may live to 31 years [11], but may be related to tag loss (see
below). The annual survival of adult white storks in Europe
exhibited considerable inter-annual variation over a 19-year
period ranging from a low of about 70% to almost 100% [41].
By contrast, mean annual survival rates in declining populations of
white storks in Europe ranged between 58% and 75% [4].

Survival rates of the marabou stork were not time-dependent. In
contrast, the variation in survival rates of the white stork has been
linked to rainfall in the Sahel where this species migrates to in the
northern winter [40]. The marabou stork is not a migrant [11]
which may explain the lack of time-dependence in this species.
The lack of time-dependent survival, however, is still surprising in
the marabou stork, especially since reproductive success of this
species is strongly related to rainfall [19]. The current study
corroborated the findings of a previous study [19] showing
fecundity to be negatively related to rainfall during the breeding
season. The reasons for this have previously been argued to be
related to food availability and foraging efficiency of the parents
[19] rather than due to the inability of the chicks to thermoreg-
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ulate in cold and cloudy conditions [43]. Marabou storks are
scavengers feeding on a wide range of food resources including
carrion from large mammal carcasses, aquatic vertebrates and
human waste (7], [17], [44]. The exact nature of the relationship
between rainfall, food and marabou stork fecundity remains
unclear, but we suggest the following. Since rainfall is necessarily
linked with cloud cover, increased rainfall during the breeding
scason represents increased cloud cover during this period of food
stress when parents need to fend for themselves as well as growing
chicks. However, marabou storks require thermals for foraging
[17], which are only available on sunny days, and hence increased
cloud cover may result in less soaring time and less efficient
foraging.

There are a number of hypotheses that have been put forward
to explain the relationship between rainfall and breeding success.
One suggestion is that high rainfall impedes the formation of
thermals on which the Marabous soar while they forage [19].
Another is that rainfall impacts on breeding success indirectly by
influencing food availability for the storks. During the breeding
season freshwater fishes make up a significant portion of the storks’
diet [44]. Indeed the nestlings were observed to regurgitate fish on
which they had recently been fed [19]. Low rainfall would grant
the birds easier access to fish stocks as they wade through rivers
and streams with lower water levels [19].

There was no apparent difference in the survival of male and
female marabou storks. A similar result has been reported for the
white stork [4]. However, female wood stork fledglings had
survival rates of up to five times higher than in the larger males
[41]. In line with a previous study [21], male marabou storks had
larger masses and wing lengths than female storks. Larger size may
be correlated with larger mortality, especially under difficult
environmental conditions [45]. This, however, was not the case in
this study.

Tag loss or fading is a serious violation of the assumptions of
capture-mark-recapture studies [46], [47]. In our study, tag loss
seems to have been a factor in the older age classes (=5" vear
birds). A similar resightings study of African white-backed vultures
fitted with the same tags showed that they were fading and become
illegible from about 5-6 years of age and older [23]. In this study,
we report a sudden and significant drop in survival rate from the
age of 5 years and above, suggesting that the same fate befell these
tags. Hence our survival estimates are only applicable up to the 5t
year of a bird carrying the tags. We suggest that future studies
investigate the possibility of using more durable tags for tagging of
marabou storks.

Pastor [18] proposes that source and sink dynamics could be
explored using stage-structured models like the one used here. If
two subpopulations are linked one would expect opposite lambda
values because one population is supplying the other. Given the
proposal here that Swaziland is the source, an investigation of the
Kruger population could confirm this hypothesis. The fact that
marabou storks have yet to breed successfully within the Kruger
area (48] supports this statement. A positive correlation between
breeding success and colony size for marabou storks has been
reported [17]. Birds that bred successfully were typically in close
proximity to other breeding pairs, often in the same tree [17]. So
there may be Allee effects [49] at play in marabou nesting sites.
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This may explain the number of reported failed nests in Kruger
National Park where breeding attempts involved single breeding
pairs.

The lambda value from the matrix produced a population that
either underestimated the modern day population completely or
hit the lower range of the known breeding population encountered
today of 19 pairs. This is with three and 10 breeding females
respectively.

In general, this may be indicative of a metapopulation structure
for marabou storks whereby more birds must be recruited to the
local population in order to produce the numbers seen today [50].
The only data required to determine this are a local census and the
A [50]. So this is a potential way of predicting metapopulations
with relatively little information. As noted above, one proviso is the
sensitivity the model shows to the fecundity value, which varies
year on year.

Specifically the lambda values reported here show that the
Swaziland population of marabou storks is increasing. The
metapopulation structure of marabou storks in southern Africa
could explain the presence of a large population (300-400
individuals) of non-breeding birds in the Kruger National Park,
South Africa [51]. The rate of increase seen in Swaziland is not
enough to account for an assemblage of this size over a reasonable
time period but if the breeding sites in Botswana and Zimbabwe
are considered alongside (assuming similar population dynamics)
the South African numbers could be explained. Juvenile marabou
storks are capable of dispersing up to 1500 km after fledging, easily
allowing them to cover the relatively short distance (<100 km)
between the study site in Swaziland and Kruger National Park in
South Africa [10] (see Figure 2).

The high reproductive value of adult marabou storks is worth
highlighting. This value represents the contribution that birds at
any stage make to population growth. Our analysis showed that
adults contributed twice as much as subadults and over three times
as much as juveniles to the growth of the population. The
population growth of wood storks was similarly shown to be highly
sensitive to adult survivorship [39]. Clearly, this is an important
point to recognize for conservation efforts targeting long-lived
species [52]. The inverse relationship between survival and
reproductive value means that the emphasis should be on ensuring
the survival of adults.
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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 public information transfer, leading to cultural evolution

and divergence among colonies.

olonial animals are constrained by their
' colony locations, which are ulumately lim-

ited by resource availability (/). However,
within species, potential colony home ranges
often overlap, implying that competition among
colonies may also be limiting (2). In eusocial
central-place foragers, the spatial effects of di-
rect competition among colonies are well under-
stood (2). By contrast, the spatial influences of
indirect competition and information transfer on
nonterritorial species (e.g., seals, swallows, and
seabirds), where levels of relatedness are much
lower. remain conjectural. For example, the hinter-
land model (3) predicts that breeding seabirds
segregate along colonial lines, because of in-
equalities in travel costs from each colony. Pre-
dicted home ranges therefore comprise Voronoi
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polygons (Fig. 1A), as seen in some territorial
animals (2). Food availability is assumed to be
proportional to polygon area, limiting colony
size. An alternative model proposes that density-
dependent competition 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-
teractions among colonies and tacitly assumes
that adjacent colonies’ home ranges overlap (5).

Indirect evidence exists to support both mod-
els (3, 6, 7). and recent tracking studies suggest
that seabirds and pinnipeds segregate along co-
lonial lines (8-/2). However, these studies proved
inconclusive on the causes and ubiquity of seg-
regation, largely because few colonies were sam-
pled or tracking resolution was low. Here we used
high-resolution satellite tracks of the foraging
movements of 184 chick-rearing northem gan-
nets, Morus bassanus (hereafter gannets), from
12 of the 26 colonies fringing the British Isles
(median 17 birds/colony), representing ~80% of
the area’s breeding population (Fig. 1A and table
S1), to test whether among-colony segregation oc-
curs 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 of enhanced production, primarily on
shoaling, mesotrophic fish and to a lesser extent,
fisheries discards (/3-/5). In almost all cases,
we tracked birds from adjacent colonies simul-
taneously (/6). Individual gannet tracks (Fig. 1B
and fig. S1) and percentage utilization distribu-
tions (UDs) (Fig. 2A and fig. S2) showed a dis-
tinctive pattern of between-colony variation and
spatial segregation, within and across years (fig.
S3). The size of 95% foraging UDs was strongly
dependent (F 5 = 149.7, P < 0.001, R* = 0.94;
fig. S4) on square-root colony size (N). Likewise,
maximum foraging range and trip duration were
dependent on A [linear mixed-effects (LME)

models, P = 0.002 and < 0.001; tables S2 and
S3]. Birds from colonies of all sizes divided their
tme equally between foraging and chick atten-
dance (LME, P = 0.191: table S4), and the number
of foraging trips per day was negatively depen-
dent on N3 (LME, P = 0.024; table S5). Prey
delivery rate, for which we assume trips per day
is a proxy, is therefore negatively dependent on
N3, supporting the prediction that colony size
is limited by density-dependent competition (4, 6).
Contrary to the hinterland model (3), we found
no relationship between colony Voronoi polygon
area and colony size (F, 3¢ < 0.01, P=0.699, R* <
0.01; fig. S5).

Using empirical relationships between colony
size and foraging area, we devised a population-
level null model of the distribution of foraging
gannets, assuming negligible competition between
birds from neighboring colonies (/6). This suc-
cessfully explains among-colony segregation when
colonies are far apart but predicts extensive over-
lap between several study colonies, particularly
in the Celuc Sea (Fig. 2A). However, observed
UDs were largely mutually exclusive (fig. S2).
overlapping markedly less than predicted (fig.
S6). For example, the null population overlap
index (POI) [the number of potential pairwise
interactions between birds from 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 trips
were directed away from closely neighboring
colonies (Fig. 1B). 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. 1B and fig. S2)
but typically occurred closer to the smaller colony,
a phenomenon also observed in penguins (9).
Hence, the predictive performance of the hinter-
land model (log-likelihood, L = —0.54. AIC
3691; table S6) was poor in comparison to that
of the null model [L = —0.30, Akaike informa-
tion criterion (AIC) = 2231].

Given the inability of existing models to ex-
plain gannet distribution 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 of prey depletion or disturbance (6) until their
home ranges overlap. At low densities, birds from
different colonies may forage together. but as prey
availability decreases, populations 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 of new birds foraging
in an area (/6). However, the trade-off between
transport and competition costs means that birds
favor areas close to their own colonies, so den-
sity declines with colony distance d (/0). Hence,
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when colonies are large or close together, segre-
gation between home ranges may become abso-
lute. Using these assumptions, we modeled the
development of spatial segregation as colonies
grow (/6). We aim to replicate colony growth at
the onset of 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, /4).
Initial comparisons with our tracking data showed
that weighting the relative rate of 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 (L = -0.61, AIC =
27015; table S7: compare Fig. 2, A and B). Fur-
thermore, unlike the null, the DDH model success-
fully predicted the POI (fig. S6) and the angular
displacement of the center of gravity of the 75%
UDs from their colonies (circular correlation, ob-
served versus predicted directions, null model. r =
0.214, P=0.463, n = 12: DDH model, = 0.761,
P =0.020, n = 12). The shapes of 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 (s =

0.45) (/6). 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 7 test, square-root mean dis-
tance 4 = 4.542, P < 0.001), which implies that
indirect competition from 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 (3) form Voronoi
polygons, bounded by lines of
equidistance between colonies
(black lines). (B) Satellite tracks
from 184 individuals show that |
foraging birds direct their move- i
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 lines, 200
and 1000-m isobaths; LS, Little
Skellig; TB, Bull Rock (mentioned
in the text; see table S1 for co-
lony details). 0
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Fig. 2. Density-dependent
competition and colony seg-
regation. Density-dependent
competition within and between
colonies explains large-scale 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
(predicted 75 and 95% UDs, solid
and dashed lines), which assumes
density-dependent competition
only within colonies, predicting
broad overlap between some UDs.
(B) The density-dependent hin-
terland (DDH) model additionally
assumes competition between col-
onies, providing a better fit to
the tracking data.
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patches (/7). 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 (/9-21) or at sea (22, 23), although em-
pirical evidence remains limited (24). To examine
these hypotheses, we developed a range of two-
dimensional individual-based models of gannets
foraging from two colonies (30 and 300 individ-
uals), constrained by energy reserves (Table 1),
to determine whether segregation emerges through
information sharing (/6). 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 S10).

Public information is probably transmitted
unintentionally, as in other colonial species
(18, 21, 23, 25, 26). Several traits make this like-
ly: Specifically, on arrival and departure from
the nest, gannets signal visually and audibly. Be-
fore beginning foraging trips they land on the
sea, near the colony, frequently departing in groups
(/4). These behaviors may allow conspecifics to

follow or copy successful birds (20, 27), chan-
neling information from 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 of minutes to
weeks, gannets have overlapping generations
and a long prebreeding period (>4 years), dur-
ing which they attend colonies with increas-
ing regularity (/4, 27). This is thought to allow
young birds to learn about prey distribution.
If this involves public information acquisition,
the preconditions exist for cultural evolution of
foraging behavior over much longer time scales
(8, 28).

Our results suggest that density-dependent
competition, rather than territoriality, causes spa-
tial segregation in a model colonial central-place
forager. Although the mechanisms remain unclear,
there is increasing recognition that nonterritorial
colonial central-place foragers utilize public infor-
mation to inform decisions (/8, 21, 23, 25, 26, 28).
Contrary to the prevailing view, we predict that
between-colony segregation is the norm when
aggregations of animals such as bats, seals, bum-
blebees, and birds occur at high densities (ie.,
when colonies are clustered or large), forcing a

Table 1. Rules governing information use in individual-based models of foraging gannets

(see table S10 for details).

Foraging rules Description
Null Birds forage randomly during each trip
Memory (ME) Birds return to previously successful locations (private information)
Local enhancement ME + uninformed birds may follow informed birds at sea (private
(ME + LE) and public information)
Information centre ME + uninformed birds may follow informed birds from their
(ME + 10) colony (private and public information)
All sources combined ME + uninformed birds may follow informed birds from the colony
(ME + LE + 10) and at sea (public and private information)
A Null Model Memory Local Enhancement B D 25km <90 km <180 km
52
_§ g 15_
29
o=
Memory + All Information S 3
Information Center Sources =3
S 2 10-
3a
38
a —————
~—
5- i
Nl ME  MEYIC MESLE 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.
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reexamination of our understating of their forag-
ing ecology.
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Maximum lifespan in birds and mammals varies strongly with body mass
such that large species tend to live longer than smaller species. However,
many species live far longer than expected given their body mass. This may
reflect interspecific variation in extrinsic mortality, as life-history theory pre-
dicts investment in long-term survival is under positive selection when
extrinsic mortality is reduced. Here, we investigate how multiple ecological
and mode-of-life traits that should reduce extrinsic mortality (including
volancy (flight capability), activity period, foraging environment and fossori-
ality), simultaneously influence lifespan across endotherms. Using novel
phylogenetic comparative analyses and to our knowledge, the most species
analysed to date (n = 1368), we show that, over and above the effect of
body mass, the most important factor enabling longer lifespan is the ability
to fly. Within volant species, lifespan depended upon when (day, night,
dusk or dawn), but not where (in the air, in trees or on the ground), species
are active. However, the opposite was true for non-volant species, where
lifespan correlated positively with both arboreality and fossoriality. Our
results highlight that when studying the molecular basis behind cellular
processes such as those underlying lifespan, it is important to consider the
ecological selection pressures that shaped them over evolutionary time.

1. Introduction

Lifespan, or longevity, is a fundamental life-history trait that exhibits con-
siderable variation both within and among species. Maximum lifespan in
vertebrates, for example, ranges from up to 211 years in the bowhead whale
(Balaena mysticetus; [1]), down to just eight weeks in the pygmy goby (Eviota
sigillata; [2]). Like most other life-history traits, lifespan varies strongly
with body size such that large species tend to live longer than smaller species
[3-6]. However, many species have far longer, or indeed shorter, lives than
expected given their body mass (figure 1). Understanding the mechanisms
underlying these deviations from predicted lifespan may reveal the secrets to
treating and combating human ageing (7,8].

One explanation for species living longer than expected, given their body
size, is that low extrinsic mortality (i.e. low risk of death owing to external
causes such as disease, predation, food shortages or accidents) will, on average,
select for longer lifespans than when extrinsic mortality is high [9,10]. This is
because when untimely death is more likely, investment in early and frequent
reproduction is favoured rather than investment in long-term maintenance and
survival. Therefore, species with adaptations that reduce the risks of extrinsic
mortality should live longer than expected, given their body mass [11]. These
ideas have led to myriad, taxon-specific hypotheses about traits that may
reduce extrinsic mortality and result in increased lifespan (reviewed in [7]).
However, there is little consensus about the general drivers of increased
lifespan across clades.

© 2014 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Relationships between body mass and maximum lifespan in birds
and mammals. Silhouettes highlight a selection of species with much longer
or shorter lifespans than expected given their body size. These species are
(A) Myotis brandtii, Brandt's bat; (B) Heterocephalus glaber, naked mole rat;
(C) Vultur gryphus, Andean condor; (D) Loxodonta Africana, African elephant;
(E) Dromaius novaehollandiae, emu; (F} Dorcopsulus macleayi, Papuan forest-
wallaby; (G) Ceryle rudis, pied kingfisher and (H) Myosorex varius, forest
shrew. Blue points and line represent volant birds and mammals (n = 662;
slope = 0.25, intercept = 0.73). Red points and line represent non-volant
birds and mammals (n = 706; slope = 0.13, intercept = 0.89). Blue triangles
represent bat species and red triangles represent non-volant bird species. Esti-
mates of slopes and intercepts represent back transformed values from mean
centred values given in table 1. (Online version in colour.)

The ability to fly, and thus more easily escape predation
and unfavourable conditions, is perhaps the most effective
way a terrestrial species can evolve to reduce its extrinsic
mortality and increase its lifespan [11-13]. 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 known to
influence extrinsic mortality risk; including flight capability
(volant or non-volant), activity period (diurnal, crepuscular
(i.e. active at dawn 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 burrows; fossorial, semi-fossorial,
non-fossorial). We then test these hypotheses across birds
and mammals using, to our knowledge, the largest
number of species to date (7 = 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 analyses

allow unprecedented testing of these key hypotheses that
underpin life-history 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 conditions
[11-13]; (i) nocturnal, 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 which forage in non-terrestrial
environments (i.e. species which feed in trees, water or aeri-
ally) will live longer than terrestrial foragers, because they
will be more capable of escaping from predators than species
that feed on the ground [13,17,20]; and (iv) fossorial
(i.e. species that live in permanent burrows) and semi-fossor-
ial 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 fly.
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 measure 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-quality longevity
data available. We obtained data on maximum longevity
(years) 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 longevity estimated from fewer than 100 longevity
records. This should show whether data quantity 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 may not necessarily
correlate with increased data quality. Note that longevity
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 captive 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 relationships between
lifespan, mode-of-life and ecological traits, we collected data on
the flight capability (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 (q) and flight capability (volant or non-volant) in 1368 birds and mammals. (Estimates n

are modal estimates from 500 models. Lower (I = lower 95% confidence interval from 500 models. Upper (I = upper 95% confidence interval from 500
models. Posterior distribution = distribution of estimates from 500 models. Body mass : flight capability = interaction between body mass and flight capability.
Notes: 24 000 000 iterations with 4 000 000 burn-in and thinning interval of 10 000.)

estimate ()

fixed terms

intercept —0.145

body mass 0.554

flight capability volant 0.507

body mass: flight capability 0.456
random terms

residual variance 0.107

phylogenetic variance 1.542

(terrestrial, semi-arboreal, arboreal, aerial or aquatic) and fossori-
ality (fossorial, semi-fossorial or non-fossorial) of each species
using Walker's Mammals of the World [24], the Handbook of Birds
of the World series [25], the Handbook of the Birds of Europe, the
Middle East and North Africa series [26] and some additional
(electronic  supplementary material, appendix 1,
[27-29]). These categories are described in detail in the electronic
supplementary material, appendix 1. We used the taxonomy of
Wilson & Reeder [30] for mammals and Jetz et al. [31] for birds.
We excluded purely aquatic mammals (Cetacea and Sirenia)
from the analyses, because we expect selection pressures to be
very different in these groups. We also excluded gliding mam-
mals, because there were too few species (n=9) to run a
separate analysis and because this group could equally fit into
either the volant or non-volant subgroups.

Rather than basing our analyses on just a single phylogenetic
tree and assuming this tree was known without error, we instead
used a distribution of trees. We extracted 500 bird trees from the
posterior distribution of a recent bird phylogeny generated
under a Bayesian inference framework [31], and used the
10 000 mammal trees constructed by Kuhn et al. [32]. Each indi-
vidual mammal tree comprises one resolution of the polytomies
of a previously published supertree [33]. We treat these as equiv-
alent to a Bayesian posterior distribution of trees, because no
such tree analysis exists for all mammals. As we needed a distri-
bution of phylogenies containing both birds and mammals, we
randomly selected one bird tree and one mammal tree (without
replacement) and bound them to make a combined tree. The
trees were bound with a root age of 315 million years, corre-
sponding to the fossil calibration for all amniotes, ie.
Archerpeton anthracos (electronic supplementary material, appen-
dix 1; [34]). We repeated this procedure 500 times to generate a
distribution of 500 combined bird and mammal trees.

Many studies on vertebrate ageing have noted a strong corre-
lation between maximum longevity and metabolic rate. Opinion
is divided as to whether this is a causative relationship or merely
confounded with 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; Wg™') data (see the
electronic supplementary material, appendix 1).

In total, our analyses used data from 589 birds (579 volant and 10
non-volant) and 779 mammals (83 volant and 696 non-volant; see
the electronic supplementary material, appendix 3: table Al for
more details and 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 with 100 or more longevity records.

sources
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(b) Analyses

To test our hypotheses, we fitted the following three models,
with maximum longevity and body mass incorporated as con-
tinuous variables; flight capability, foraging environment, activity
period and fossoriality as factors and with body mass: flight
capability representing the interaction between body mass and
flight capability.

(1) For all species (n = 1368):
maximum longevity = f(body mass — flight capability — body
mass : flight capability).

(2) For volant species only (n = 662):
maximum longevity = f(body mass -+ foraging environment -
activity period).

(3) For non-volant species only (n = 706):

maximum longevity = f(body mass + foraging environment -
fossoriality - activity period).

All analyses were carried out in R v. 3.0.2 [35]. Maximum
longevity and body mass (and BMR, see below) were log, trans-
formed to correct inherent skewness before being mean centred
and expressed in units of standard deviation.

We fitted our models using Bayesian phylogenetic mixed
models from the MCMCglmm package [36], to account for non-
independence in species traits introduced as a result of common
ancestry [18]. MCMCglmm uses a Markov chain Monte Carlo
(MCMC) estimation approach and accounts for non-independence
among closely related species by including the phylogenetic
relationships among species as a random variable. We determined
the number of iterations, thinning and the burn-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), with all models required to have a PSR below 1.1
[38]. Following the recommendations of Hadfield [36], we used
an uninformative inverse-Wishart distribution (with variance, V,
set to 0.5 and belief parameter, nu, set to 0.002) and a parameter
expanded prior, with a half-Cauchy distribution (described by
the parameters V = (0.5, nu =1, the prior mean alpha.mu =0,
and alpha.V = 10°, which represents the prior standard deviation
with a scale of 10), for the random factor to improve mixing and
decrease autocorrelation among iterations.

As noted earlier, rather than using one phylogenetic tree and
assuming this tree was error free, we instead used a distribution
of 500 combined bird and mammal trees and fitted each of our
models to each of these trees. We then combined the resulting
model outputs to give model estimates which incorporate the

qndfyaposjedorqdss

86707107 :L8T g 05 Y 201 bioh




Table 2. Relationship between maximum longevity (years), body mass (g), foraging environment and activity period in 662 volant birds and mammals. n
(Estimates are modal estimates from 500 models. Column heads explained same as given in table 1. Notes: 12 000 000 iterations with 2 000 000 burn-in and

thinning interval of 5000.)

estimate ()
fixed terms
intercept 0.668
body mass 1.035
foraging environment
aerial 0.116
arboreal 0.068
semi-arboreal 0.124
aquatic —0.166
activity period
cathemeral 0.085
crepuscular —0.479
nocturnal —0.131
random terms
residual variance 0.184
phylogenetic variance 1155

error across the 500 trees. As the posterior outputs of MCMC
models are combinable, coefficient distributions were created
by amalgamating each coefficient posterior.

Finally, to determine whether our conclusions held when we
excluded species with fewer than 100 longevity records or when
metabolic rate was included in our models, we repeated models
1-3 with either the reduced dataset of species with 100 or more
longevity records or with BMR as an additional linear covariate.
We also repeated models 2 and 3 for birds and mammals (rather
than volant and non-volant species) separately to ensure that differ-
ences between the volant and non-volant subgroups were owing to
differences in flight capability and were not simply representing the
difference between mammals and birds. We calculated the
deviance information criteria (DIC), a hierarchical generalization
of the Akaike information criteria, for each bird and mammal
paired models and compared it to the paired volant and non-volant
models to compare model ‘fit’ of each approach.

3. Results

We found that volant species live longer than non-volant
species of a similar body mass (table 1 and figure 1). Inaddition,
fora given increase in body mass, the lifespans of volant species
(modal slope estimate (after converting from mean-centred
values) = 0.25; table 1) increase significantly more than the life-
spans of non-volant species (modal slope estimate (after
converting from mean-centred values) = 0.13; table 1).

The relationships among our ecological variables and life-
span differed between the volant and non-volant subgroups.
Within volant taxa, crepuscular species (i.e. those active at
dusk and dawn) had significantly shorter lifespans than both
diumal and nocturnal species (table 2). By contrast, activity
period was not associated with lifespan in non-volant species
(table 3). Foraging environment did not influence lifespan sig-
nificantly in volant species; bats and birds that forage on the
ground do not have shorter lifespans than species that forage
in the air or in trees (table 2). Within non-volant species,
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however, those foraging arboreally have longer lifespans
than those foraging terrestrially, and fossorial (i.e. burrowing)
species live longer than non-fossorial ones (table 3).

In the supplementary analysis with maximum longevity
estimates based on 100 or more records, the models showed
qualitatively comparable results to the findings in the main
analysis (electronic supplementary material, appendix 3:
tables A2-A4). When we included BMR as an additional
linear covariate into models 1-3, the results showed similar
general trends as those without BMR except with no significant
effect of crepuscularity in volant species, no effect of semi-
arboreality in non-volant species and a negative correlation
between BMR and longevity in non-volant species (electronic
supplementary material, appendix 3: tables A5-A7). We
also repeated models 2 and 3 for birds and mammals (rather
than volant and non-volant species) separately. The results
were qualitatively identical apart from a predictable reduction
in the phylogenetic residual term and also a lower combined
DIC value for models 2 and 3 (modal volant and non-volant
DIC = 1184) in comparison to a taxonomically split model
(modal birds and mammals DIC = 1227) (electronic sup-
plementary material, appendix 3: tables A8-AY). The
phylogenetic residual term was high in all of our models
(model 1: 1.542; model 2: 1.555; model 3: 1.627; tables 1-3)
but was much lower in the taxonomically split bird and
mammal models, as expected given their more restricted phy-
logenetic scope (birds: 0.371; mammals: 0.936; electronic
supplementary material, appendix 3: table A10).

4, Discussion

As predicted, we found that volant species live longer than
non-volant species of a similar bodv mass after accounting
for phvlogenetic relatedness. However, the effects of body
mass on lifespan in the two groups differed: similar increases
in body mass resulted in disproportionately greater increases
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Table 3. Relationship between maximum longevity (years), body mass (g), foraging environment, fossoriaiity and activity period in 706 non-volant birds and n

mammals. (Estimates are modal estimates from 500 models. Column heads explained same as given in table 1. Notes: 24 000 000 iterations with 4 000 000

burn-in and thinning interval of 10 000.)

estimate (8) lower (I
fixed terms
intercept 0.013 —1433
body mass 0.531 0.449
foraging environment
arboreal 0.213 0.070
semi-arboreal 0.148 0.022
aquatic 0.064 —0.220
fossoriality
fossorial 0.437 0.088
semi-fossorial 0.035 —0.081
activity period
cathemeral 0.060 —0.056
crepuscular —0.050 —0.194
nocturnal 0.038 —0.075
random terms
residual variance 0.042 0.031
phylogenetic variance 1.627 1319

in lifespan for volant compared with non-volant species.
Additionally, after accounting for phylogeny and body size,
the lifespans of volant species depended upon when species
are active but not where that activity occurs, whereas the
opposite was true for non-volant species. Thus, the longest-
lived volant birds and mammals tended to be either diurnal
or nocturnal, and the longest-lived non-volant species tended
to be arboreal, semi-arboreal or fossorial.

The link between flight and long lifespan in vertebrates
is well known. Among birds, flightless or weakly flying
species (i.e. game birds) have the shortest lifespans [6,11,14].
Among mammals, bats live far longer than similar-sized non-
volant mammals and gliding species also have greater lifespans
than expected given their body mass [12]. This probably reflects
the ability of flying species to escape sources of extrinsic mor-
tality such as predation and unfavourable conditions, allowing
greater investment in increased lifespan [11-13].

The relationships among our ecological variables and life-
span differed between the volant and non-volant subgroups,
as expected given the different sources of extrinsic mortality
they experience. Activity period was important in volant
species, with crepuscular species possessing the shortest life-
spans. This suggests that being crepuscular is a poor strategy
for volant species, perhaps because they are exposed to both
diurnal and nocturnal predators, resulting in higher extrinsic
mortality. The scarcity of crepuscular volant species (1 = 16)
in our dataset also suggests that specialization to be active
between nocturnal and diurnal periods is a relatively unsuc-
cessful strategy. However, activity period was not related to
lifespan in non-volant species, counter to our initial predic-
tion that nocturnal, crepuscular and cathemeral species
would be more long-lived, which assumed that diurnal
species would be easier for predators to detect. However,
there are many additional ways to avoid predation (see

upper I posterior distribution
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below) and many alternative reasons for becoming nocturnal,
crepuscular or cathemeral. For example, many large mam-
mals are crepuscular or cathemeral in order to avoid the
intense heat of the day in tropical areas, while species such
as wolves and hyenas may have become nocturnal to
access more prey. Consequently, although nocturnality may
decrease extrinsic mortality for some species, it may actually
increase it for others.

Foraging environment did not influence lifespan signifi-
cantly in volant species, but it was important in non-volant
species where arboreal, semi-arboreal and fossorial species
had longer lifespans than terrestrial species. The relationship
between arboreality and extended lifespan in mammals has
been shown previously [17], but to the best of our knowledge
this is the first comparative analysis of lifespan in fossorial
versus non-fossorial species. Our results may, therefore,
offer a partial explanation for the exceptional longevity of
naked mole rats (Heterocephalus glaber) which are completely
fossorial and live 10 times longer than expected, given their
body size [21].

Across all our models, body size was correlated strongly
with lifespan, which is consistent with previous studies
(e.g. [3,5,6]). However, our study is the first, to our knowledge,
to demonstrate the general importance of body size in both
volant and non-volant species concurrently (as opposed to tra-
ditional taxonomic groupings of birds, bats and terrestrial
mammals separately). Large species are expected to live
longer than small species, in part, because they should experi-
ence lower rates of extrinsic mortality and therefore invest more
in long-term maintenance and survival. For example, large
species are expected to suffer lower predation risk, and be
better able to cope with temporary food shortages, climatic
fluctuations and extreme weather compared with smaller
species [15,39]. Also following from Peto’s paradox, that
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cancer incidence does not correlate with body size despite the
larger number of cells from which it can potentially develop
[40], the increased lifespan afforded through decreased extrin-
sic mortality in large species can increase selection for
molecular controls on senescence related diseases [11].

Previous studies generated similar slopes for the relationship
between 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 bird 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
volant species reduces their extrinsic mortality much more mark-
edly than it does in non-volant species, favouring greater
investment in long-term survival. Alternatively, this may reflect
constraints on life-history optimization, particularly in bats,
where the energetic and biomechanical requirements of flight
restrict females to raising small litters [24]. This leaves few
options for the optimization of life history 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 allowing investment in a longer
lifespan, after controlling for body size and phylogeny, is the abil-
ity to fly. This effect is so strong that it overshadows all other
ecological variables explaining lifespan variation in volant
species. However, there is still residual variation in all of our
models. Much of this is related to phylogeny, particularly in
volant species because this group contains a fairly even
number of mammals (bats) and birds. On the other hand,
owing to the paucity of lifespan data resulting in so few non-
volant birds in our dataset (7 = 10), the phylogenetic residuals
in the non-volant model are unlikely to be attributed to the
inclusion of birds species in the mammal dominated non-
volant models. But even accounting for phylogeny (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 with 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
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Abstract

The rehabilitation of injured or poisoned birds, including raptors, 1s widely prac-
ticed even though its conservation value is not well understood. In this study,
the survival rate of rehabilitated Cape vultures (Gyps coprotheres) released back
into the wild was compared with that of wild-caught birds at a breeding colony
in South Africa. The program MARK was used to model survival based on age.
sex and whether they were rehabilitated or wild-caught for 405 individual birds.
Despite receiving treatment, rehabilitated birds suffered significantly lower sur-
vival rates when compared with wild conspecifics of identical age. Annual sur-
vival rates (= sg) of rchabilitated and wild-caught birds were 74.8% (= 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 (1) for a wild popu-
lation (i.e. without any rehabilitated individuals) was greater than one or
increasing, whereas that for an entirely rchabilitated population was less than
one or declining. A stable growth rate, 2 =1, occurred when approximately 50%
of the adults were rchabilitated. Together, our results underscore the importance
of tackling the causes of these injuries to Cape vultures before rchabilitation
becomes necessary.

Introduction

The number of bird species facing the threat of extinction
has been increasing in the past few decades (Butchart er al.,
2010), placing pressure on successful impiementation of
conservation activities. A major problem is that the effec-
tiveness of many conservation actions has yet to be assessed.
One such conservation activity that is particularly widely
practiced for birds is rehabilitation of injured, poisoned or
otherwise harmed birds. which are then released back into
the wild. Although rehabilitation of compromised birds as
a conservation tool may be appealing (Naidoo er al.. 2011:
Finkelstein er al., 2012). few studies have actually tested the
efficacy of 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 scabirds, where survival of rehabilitated birds
typically is significantly lower than that of non-oiled birds
(Anderson. Gress & Fry, 1996: Sharp, 1996: Goldsworthy
et al., 2000: Golightly er al., 2002). Notable exceptions are
African penguins (Spheniscus demersus: Underhill er al.,
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1999. Whittington. 1999) and Cape gannets (Morus capen-
sis; Altwegg er al., 2008). In contrast, very few studies have
compared survival rates of rehabilitated raptors with wild
(non-rehabilitated) birds (Sweeney, Redig & Tordoff. 1997).

Captive-bred Mauritius kestrels (Falco punctatus) had
similar survival rates compared with wild-bred birds (Nicoll.
Jones & Norris, 2004). Similarly, survival of captive-bred
adult Griffon vultures (Gyps fulvus) after 1 year post-release
was similar to that of wild-born adults (Sarrazin er al.,
1994). However, in general, captive-bred birds will not have
experienced a traumatic or injurious event, in contrast to
rehabilitated birds. The effects of rehabilitation on raptor
survival are poorly understood and the handful of existing
studies either suffer from very small sample size (e.g.
Hamilton, Zwank & Olsen, 1988) and/or did not conduct
robust survival analysis (c.g. Sweeney er al., 1997: Fajardo,
Babiloni & Miranda. 2000) where recaptures and survival
arc scparately estimated such as is done in the program
MARK (White & Burnham, 1999).

Many vulture and raptor populations have experienced
serious declines (Thiollay, 2007; Pain er al.. 2008; Virani
etal., 2011) and most Old World vulture species arec now
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listed on the IUCN Red List (IUCN, 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 er al.,
1998: Boshoff, Piper & Michael, 2009) as well as numbers
of breeding pairs (Benson, 2004), and is currently consid-
ered ‘endangered” (IUCN, 2012) owing to the above
causes. Individual birds range over large arcas (Bamford
eral, 2007), making them susceptible to deliberate
(Ogada, Keesing & Virani, 2012), indirect [notably from
consumption of lead ammunition (Finkelstein eral.,
2012)] and accidental (e.g. see Swarup er al., 2007) poison-
ing, even if the poisons are used at only a few localitics
(Green et al., 2004). Poisoned and injured birds regularly
show up at rehabilitation centers in South Africa (Naidoo
et al., 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 al., 2011). However, the longer term effects on the sur-
vival of these rehabilitated individuals have not been
assessed.

This study aims to compare the survival rates of rehabili-
tated Cape vultures with wild-captured individuals in the
Magaliesberg, South Africa. We predict that rehabilitated
birds will have survival rates lower than those of 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 effect different proportions of
rehabilitated birds will have on the future trends of the
Magaliesberg colony.

Materials and methods

Study site and species

Vultures were captured and tagged at 12 localities, 10 of
which are in close proximity to cach other (Fig. 1a). These
10 sites arc all situated in the Magaliesberg mountain
range and are covered by savanna, much of it recently
transformed by humans. Vulture restaurants (sensu
Piper, 2007) were established at some of 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 of
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 of
436 breeding pairs recorded in 1983 (Tarboton & Allan,
1984).
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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.
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Data collection

Vultures were captured in a specially designed walk-in trap
(Dickmann er al., 2004; Bamford er al., 2009b) that was
built at the vulture restaurant at 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 of
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 total of 242 wild caught birds were captured, tagged and
released. Wild 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 their wing length
measured. Ageing was based on plumage characteristics
(based on Piper, Mundy & Vernon, 1989; Mundy et al..
1992) and birds were assigned to one of three age classes:
juveniles (Ist year birds), immatures (2nd—4th year
birds), and adults (=5th year birds). Although sexing of
Cape vultures is possible on external features (Naidoo
et al., 2011), not all the birds were assigned a sex in the
field, and therefore, sex was dropped in subsequent
analyses. Each bird was fitted with a metal ring issued by
AFRING (Animal Demography Unit, University of Cape
Town) and a patagial tag. Patagial tags were fitted
according to the standard protocol adopted for this
practice in southern Africa (Botha, 2007), which involves
the use of a double set of standard cattle tags engraved
with a unique number, which was fitted to the patagium
on each wing of each bird using a tag applicator. This
method was extensively assessed prior to this study and
found not to be detrimental to the birds’ health or inhib-
iting their ability to forage (Botha, 2007). All tagged vul-
tures were released unharmed and immediately after
processing cach individual, which took, on average, 6 min
per bird.

Injured and sick birds brought in for rehabilitation were
examined closely to allow the cause of the injury to be
determined. However. in most cases. it was not possible to
establish the actual cause, even though the injury was
cevident. The number of days that cach bird spent in captiv-
ity was recorded for some, but not all birds.

A dedicated resightings program was established, spe-
cifically at known vulture restaurants with hides and/or
camera traps which are frequently visited by Cape vultures
in the Gauteng and North West Provinces of South Africa.
Media, both written and verbal. were also used to get
buy-in and support from the general public, landowners.
vulture restaurant managers and bird clubs to encourage
them to report their tagged resightings to VulPro. In addi-
tion, a vulture restaurant monitoring protocol was also
developed to standardize monitoring at the various vulture
restaurants. The majority of the resightings came from
vulture restaurants, which may lead to biases. For
example, rehabilitated and wild-caught birds (or birds of
different ages) may use these restaurants in different pro-
portions and therefore have different resighting rates.
However, the fact that all tagged birds in this study were
released at vulture restaurants should reduce this resight-
ings bias. In support of this assertion, the proportion of
rchabilitated and wild-caught birds that were resighted at
vulture restaurants (as opposed to being resighted away
from the restaurants) was similar. For rehabilitated birds.
187 resightings were at restaurants compared with 18 else-
where (n=62 tagged birds): for wild-caught birds, 711
resightings were at restaurants compared with 32 elsewhere
(n =172 tagged birds).
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Data analysis

Model selection and estimation of
demographic parameters

Survival and recapture were computed, using a combined
‘live encounter-dead recovery” approach (Burnham, 1993;
Lebreton er al., 1995) in the program MARK (White &
Burnham, 1999; White, 2008) using resightings (alive) and
recoveries (dead) of Cape vultures. This model is appropri-
ate since some tagged vultures were recovered dead. The
model calculates *S” (the probability of surviving the inter-
val), " (the probability of being found dead and reported),
‘F (the probability of remaining in the sample), and ‘P’ (the
probability of recapture, conditional on being alive and
in the sampling region). A goodness-of-fit test was used to
test whether the general model (full-time dependence for
all parameters) violated the underlying assumptions of
MARK, using the median ¢ procedure and the bootstrap
method, both implemented in MARK. The goodness-of-fit
test showed that (at least) one of the four basic assumptions
of MARK had been violated, é=1.371, se=0.0194 (P =
0.003). These assumptions are: (1) every marked animal
present in the population at time (/) has the same probability
of recapture (pi): (2) every marked animal in the population
immediately after time (/) has the same probability of sur-
viving to time (i + 1): (3) marks are not lost or missed: (4) all
samples are instantaneous, relative to the interval between
occasion (i) and (i + 1). and each release is made immedi-
ately after the sample. The loss of tags from birds have been
reported from other recent studies using similar patagial
tags (Monadjem, Botha & Murn, 2012a4; Monadjem et al.,
2012b). and this is thought to be the case in this study as
well. Since there i1s no reason to suspect that the rate of tag
loss would differ between rchabilitated and wild-caught
birds, any errors in estimation of survival rates should
equally affect both groups.

A variety of survival models that included rehabilitation,
time dependence and age were developed. These models
were developed on the basis of biological sensibility and
were hypothesis driven as opposed to ones derived from a
data dredge. Models were ranked using Akaike’s Informa-
tion Criterion (AIC: Burnham & Anderson, 2002). The
model with the lowest AIC. was deemed the best model;
where AAIC, (the difference in AIC, between models) for
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 deterministic population dynamics
model to explore the effect that different proportions of
rehabilitated birds would have on the population trend of
the Cape vultures. All of our population dynamics models
were created and analyzed in the statistical programming
language R. Statistical analyses were carried out in R
2.13.1 (R Development Core Team, Vienna; http://www.r-
project.org) using the popbio package (Stubben, Milligan &
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Nantel, 2012). Specifically. the model used here is based on
a Leslic Matrix. The top row represents the fecundity values
and the other values show survival probabilities from fledg-
ling, so to adult, s.., together these values are the so called
vital rates of the matrix (Borkhataria et al., 2008).

0 0.0 &' fa
s5s 00 0 O
0 s 0 0 0
00 s 0 O
0 0 0 s 54

The matrix assumes a birth pulse, post-breeding census. This
is suitable for birds because they typically have a set breeding
season. We used the mean value of 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 of the birds at
stage x arc multiplied by the fecundity values of the stage
x + 1 because they must survive the year in order to repro-
duce (sec Beissinger et al., 2006 for details). In our matrix,
this is moving from stage 4 to stage 5 and above.

The completed matrix is multiplied by a vector, which
contains the numbers of the birds for each stage present at
time zero. This is iterated over a specified period of time, in
this case, years, upon which the population growth rate can
be determined. These values are the dominant eigenvalue
and dominant eigenvector respectively. The growth rate is
designated as lambda A; a value >1 signifies a population
increase, a value <1 a decrease and when 4 = 1, the popula-
tion is stable.

We 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, we considered the intermediate case which
had a 50:50 split of wild and rehabilitated adults. The new
values for the survival rates were a function of this new
proportion. For instance, a survival rate for adults in a 50:50
mix population would be (0.7479 + 0.9130)/2 = 0.83045.
The fecundity values were updated concomitantly. We used
the mean survival rate and the upper and lower confidence
intervals in our models. The proportion that gave a lambda
approximately equal to one could be considered the tipping
point below which the population would decline. Our sur-
vival data for first year birds far exceeds 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 er al. (1999) into this
matrix. We feel that this is a better estimate of 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 er al., 1999), a situ-
ation similar to that of the Magaliesberg colony.

The initial population vector contained 400 individuals
for the adult stage, the upper estimate from Wolter er al.
(2007) and the models were iterated for 40 years, the life
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expectancy of the closely related Eurasian griffon (Carey &
Judge, 2000; note this is maximum life expectancy, data are
unavailable for wild species but may be shorter).

Sensitivity and elasticity analyses

We then performed sensitivity and elasticity analyses to
explore how changes in each vital rate value in our matrix
(i.e. fecundity and survival rates) affected the population
growth rate, A. These analyses measure the absolute and
relative impact, respectively (see Caswell, 2001).

Statistical analysis

An analysis of variance was used to test whether the length
of time rehabilitated birds spent in captivity differed based
on the injuries for which they were originally admitted into
the rehabilitation center.

The location of resightings was plotted using ArcGIS 9.3
(Environmental Systems Research Institute, Redlands, CA,
USA). All mean values are quoted with =* SE.

Results

A total of 405 Cape vultures was fitted with patagial tags
and released, of which 163 were rehabilitated birds. The
causes of injuries were mostly unknown (Table 1). Of the 19
vultures with known causes of injury poisoning accounted
for eight of them, followed by poaching (four birds), colli-
sion (two birds) and electrocution (two birds). The length of
time spent in captivity was known for 92 of the rehabilitated
birds and averaged 68 days, and did not differ statistically
between birds with different injuries, that is, poisoning,
poached, collision and electrocution (F=1.603, P =0.194,
df.=3,8).

The age classes of these birds are shown in Table 2. Of
these. 234 birds (58%) were resighted a total of 952 times
between January 2006 and May 2012 (mean of 2.4 times per
bird, range: 0-29). The locations of the capture sites and
resightings are shown in Fig. 1. A summary of the dead
recoveries and live recaptures is shown in Table 3.

Model selection and estimation of
demographic parameters

The best model was represented by differential survival for
rehabilitated and wild-caught birds and time dependence for

Table 1 The causes of injuries of the 163 rehabilitated Cape vultures
(Gyps coprotheres) in this study

Cause of 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 ‘', ‘F and ‘P’ (Table 4). The next two
models had a AAIC, = 0.2525 and were hence indistinguish-
able from the best model. One was represented by differen-
tial survival and recapture rates based on condition
(rehabilitated vs. wild-caught), whereas the other was rep-
resented by both differential survival for condition (rehabili-
tated vs. wild-caught) and age, with other parameters being
time dependent (Table4). The remaining models had
AAIC. = 2.0 with declining AIC. weights (Table 4), and
were therefore discounted as best candidate models. Based
on the best model. the survival estimates for rehabilitated

Table 2 The number of juvenile, iImmature and adult Cape vultures
(Gyps coprotheres) marked and released in this study, either as
rehabilitated or wild-caught birds

Age class Rehabilitated Wild-caught Total
Juvenile (1st year) 37 39 76
Immature (2nd-4th year) 66 114 180
Adult (=5th year) 60 89 149
Total 163 242 405

Effect of rehabilitation on survival of Cape vultures

and wild-caught birds were 0.7479 = 0.08189 and

0.9130 = 0.06327, respectively.

Projection of population growth rate

This matrix (below) contains vital rates of a wild population
without any rehabilitated individuals,

0 0 0 0.314985 0.314985
0.689 0 0 0 0

0 0913 0 0 0

0 0 0913 0 0

0 0 0 0913 0.913

The projected population changes of the five matrix models
are summarized in Fig. 2. The population growth rate for a
wild population (i.e. without any rchabilitated individuals)
is greater than one. By contrast the growth rate for an
entirely rehabilitated population (i.c. with only rehabilitated
individuals) indicates a decline. In our model, A = 1. that is,

Table 3 Number of Cape vultures (Gyps coprotheres) tagged in South Africa and subsequently resighted (alive) or recovered (dead) (in

parentheses), by year

Number of resightings (recoveries)

Year of 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@ 5(0) 5(0) 5(0) 2(0) 0(0) 0(0)
2007 117 65 (2) 39(1) 59 (0) 38(0) 14 (0) 3(0)
2008 17 5(0) 9(0) 8(0) 3(0) 4(1)
2009 95 26 (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 estimate survival in rehabilitated and wild-caught Cape vultures (Gyps coprotheres) captured in

South Africa

Mode! AlCc Delta AlCc AlCc weights n

S(condition), A(t), r(t), F(t) 1187.1064 0 0.43742 22
S(condition), Pcondition), r(t), At) 1187.2139 0.1075 0.28152 18
S(condition + age2), A(t), rt), F(t) 1187.3589 0.2525 0.26171 24
Slage2), A1), rt), At) 1190.0874 2.9810 0.09853 22
S(condition + age3), At), r(t), At) 1191.2596 4.1532 0.05198 26
S(condition), A(.), rt), At) 1191.9462 4.8398 0.0389 17
S(age3), A1), rt), At) 1192.2037 5.0973 0.0342 23
S(condition), Pcondition), r{condition), At) 1197.0221 9.9157 0.00209 12
S(condition + 1), A(t), r(t), Kt) 1199.6142 12.5078 0.00084 33
S0, &), (), K 1199.8801 12.7737 0.00050 1"
S(condition), A(.), r(.), At 1199.9394 12.8330 0.00049 "
S(condition), Pcondition), ricondition), Acondition) 1245.8147 58.7083 0 6
S(condition), A(), r(.), A.) 1247 4331 60.3267 0 5
SC), A, ), K 1270.3358 83.2294 0 4

Estimates of survival (S), recovery rate (r), site fidelity (F) and recapture (P) were modeled with time (t), and age class (age) and whether
rehabilitated or wild-caught (condition). ‘age2’ refers to two age classes (1st years vs. and all other age classes), and ‘age3’ refers to three age
classes (1st years, 2nd-4th years, and =5 years). The number of parameters is indicated by ‘'n’. The models are arranged from best (top of table)

to worst (bottom)
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Table 5 Elasticity and sensitivity values for the various vital rates in
the Leslie Matrices. sq.Sa- are the stage-specific survival rates, fife.
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
5 Wild 0.099 0.116
Rehab 0.131 0.138
50:50 0.115 0.128
S2 wild 0.099 0.116
Rehab 0.131 0.138
50:50 0.115 0.127
53 wild 0.085 0.099
Rehab 0.102 0.108
50:50 0.094 0.105
Se- Wwild 0.517 0.603
Rehab 0.371 0474
50:50 0.445 0.540
f; wild 0.014 0.047
Rehab 0.029 0.087
50:50 0.020 0.065
fo Wild 0.085 0.288
Rehab 0.103 0.381
50:50 0.095 0.333

a stable growth rate, occurs when approximately 50% of the
adults are rehabilitated.

Sensitivity and elasticity analyses

These analyses showed that for all models the survival rate
of the adult stage was the most important component of the
populations’ life histories (see Table 5).

Discussion

Our study demonstrates that the survival rate of rehabili-
tated Cape vultures was lower than that of wild-caught
birds. This is a significant finding because it shows that,
despite treatment received, the survival rate of rehabilitated

similar trend

birds does not recover to the level of non-injured, wild birds.
The difference 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 ez al. (2008) showed
that artificial feeding sites buffered the effects of illegal poi-
soning on the survival of immature and juvenile Bearded
vultures (Gypaetus barbatus).

The negative impact that rchabilitated birds have on
long-term population trends is a significant finding of this
study. In this case, the tipping point between a declining
population and a growing one occurs when the proportion
of rehabilitated birds is approximately 50%. This results in a
vital rate of survival of between 80 and 85% (the mecan
survival values for wild and rchabilitated birds were 91.3
and 74.8%, respectively). By coupling this data with accu-
rate surveys on the size of the population. it will become
clearer if and when such a tipping point is likely to manifest.
It can be seen in Fig. 2 that a population of 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. Of
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. Of further
importance is the realization that the survival rate of the
adult stage has the greatest effect on the population growth
rate as revealed by the sensitivity and clasticity analyses
(Table 4; Sether & Bakke, 2000: Oro et al.. 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 of color-ringed birds in an isolated (Potberg)
population in southern South Africa, and reported high
survival rates in subadults (Piper er al., 1999). The survival
rate of wild-caught birds in our study was 91.3%, which
compares well with the survival of second year birds from
the Potberg at 88.8% Piper et al. (1999). However, the best
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model in our study did not include age as a parameter,
whereas the best model in Piper ez al. (1999) was one which
separated birds into four age classes: first year, second year,
third year and fourth year or older birds. At Potberg, first
year Cape vultures had lower survival rates than second and
third year birds, whereas the estimates for older birds was
biased by ring loss (Piper er al., 1999), which has been
reported in other recent southern African studies involving
patagial tags on vultures (Monadjem er al., 2012a) and
storks (Monadjem et al., 2012b).

In our study, the best model for estimating survival of
Cape vultures did not vary with age class (although the third
best model did so). This is surprising (but see Oro ez al.,
2008) since, in the wild, naive and inexperienced juvenile
birds typically have lower survival rates than adults (S@ther,
1989), something that has been established for several
species of vultures (Sarrazin et al., 1994: Monadjem er al.,
2012a), including the Cape vulture (Piper eral., 1999).
However, it has been shown that food supplementation
may significantly increase the survival of birds including
juvenile Cape vultures (Piper et al., 1999; Oro et al.. 2008;
Chauvenet ef al., 2012). The birds studied here breed at one
of three colonies in the Magaliesberg mountain range, all
within 43 km of VulPro where most of the captures and
resightings pertaining to our study were made (Wolter ez al.,
2007). This is easily within daily foraging distances of Cape
vultures (Bamford er al., 2007). These birds have received
supplementary food at various vulture restaurants in the
region for the past decade or more. In fact, telemetry studies
of Cape vultures have shown that the Magaliesberg birds
have significantly smaller foraging ranges than elsewhere in
their range (Naidoo er al., submitted). Furthermore, in con-
trast to a previous study (Bamford er al., 2007); juvenile and
adult foraging ranges were not significantly different in the
Magaliesberg (Naidoo er al., submitted). This suggests that
vulture food is abundant and casily available to the birds in
this region, and which may explain the very high survival
rates of juveniles estimated in our study (see Piper et al.,
1999 for a similar result).

We were unable to factor the impact of type of injury
(poisoning, electrocution, etc.) into the survival models
because the injury of most (more than 80%) of the birds that
were brought in for rehabilitation were unknown. However,
the type of injury 1s likely to have a significant influence on
how quickly the bird recovers and whether it suffers long-
term cffects. Future research is urgently needed to determine
the impact of injury type on survival of rehabilitated vul-
tures. Although we can conjecture that poisoning is the
factor most responsible as has been reported in many other
instances for other vulture species (for a detailed review see
Ogada et al.. 2012).

In conclusion, we have shown that rchabilitated Cape
vultures have significantly lower survival rates than wild
(non-rehabilitated) birds. We have also shown that once the
mix between rehabilitated and non-rchabilitated birds in a
colony reaches 50:50, the colony will go into decline. Man-
agers can use this to predict at which stage a particular
colony is likely to go into decline.
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The Ecology of Obligate Scavengers from Individual Behaviour to Population Dynamics
Adam Kane

Studies on vultures are on the rise, and just as well given the sharp declines in many of the 23
species. Indeed it seems these population crashes are responsible for this research boost. However,
there remain obvious gaps in our knowledge when it comes to the world’s only terrestrial example
of vertebrate obligate scavengers. It has been suggested that 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 attempt to fill in some of these gaps. To achieve this | use a variety of methods
and look at a range of species. | start 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. |
then move to Kenya where | identify a producer-scrounger game occurring between the Gyps
vultures and scavenging eagles of the area. | 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 of ecosystem-level management. Then in chapter 3, | 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
sufficient for the time being carrion will soon become limiting and | advocate the creation of
supplementary feeding sites in the country to counter this. Finally, | visit the Cretaceous Period
where | 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 movement as
the animal grew



