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Understanding how mammalian scavengers use

information from avian scavengers: cue from above

Adam Kane1 and Corinne J. Kendall*,2

1School of Biological Earth and Environmental Sciences, University College Cork, Cooperage Building, Distillery

Fields, North Mall, Cork, Ireland; and 2North Carolina Zoo, 4401 Zoo Parkway, Asheboro, NC 27205, USA

Summary

1. Interspecific social information transfer can play a key role in many aspects of animal ecol-

ogy from foraging to habitat selection to predator avoidance.

2. Within scavenging communities, avian scavengers often act as producers and mammalian

scavengers act as scroungers, but we predict that species-specific cueing will allow for mam-

malian scavengers to utilize particular avian scavenger species using preferred food sources

similar to their own preferences.

3. We use empirical and theoretic approaches to assess interactions between mammalian and

avian scavengers in one of the most diverse scavenging guilds in Masai Mara National

Reserve, Kenya.

4. Using a spatially explicit model and data from experimental carcasses, we found evidence

that mammals benefit from local enhancement provided by vultures and that mammalian-

avian following patterns are consistent with the idea that species-specific cueing is occurring.

5. Results suggest that ongoing population declines in avian scavengers may have significant

impacts on mammalian scavengers and potentially create trophic cascades.

Key-words: carrion, foraging, information transfer, inter-guild interactions, producer–
scrounger, vultures

Introduction

Individuals use social information transfer in many

aspects of their ecology including finding mates, searching

for food, habitat selection and avoiding predators (Galef

& Giraldeau 2001). The importance of inter- as well as

intraspecific information transfer is well recognized

(Cortes-Avizanda et al. 2014; Kane et al. 2014; Spottis-

woode, Begg & Begg 2016). Yet, few studies have exam-

ined how information can transfer from disparate species,

such as mammals and birds, which have access to differ-

ent information and foraging radiuses due to terrestrial or

aerial locomotion (Pennycuick 1979). Such variability in

information access and competitive ability lends itself to

producer–scrounger games (Barnard & Sibly 1981). In

addition, given variability in preferences of avian scav-

engers, species-specific cueing would have significant

advantages for mammalian scavengers (Kruuk 1967).

However, the ability of mammalian scavengers to selec-

tively use avian scavengers with food preferences closer to

their own has not been examined.

As a large ephemeral resource, carcasses offer unique

opportunities to study producer–scrounger relationships

across large guilds of scavenging species (DeVault,

Rhodes & Shivik 2003). Differences in search efficiency

and competitive ability play a major role in mediating

interspecific scavenger interactions (Kendall 2013). For

instance, eagles have been found to act as producers

for scrounging vultures (Kendall 2013, 2014; Kane

et al. 2014). Interspecific interactions between mam-

malian and avian scavengers have been highlighted in

a number of systems (Wilmers et al. 2003; Hunter,

Durant & Caro 2007; Mueller et al. 2009; Ogada et al.

2012; Jones, Strauss & Holekamp 2015). While the fol-

lowing behaviour of mammalian scavengers has been

noted (Schaller & Lowther 1969; Kruuk 1972; Schaller

1972), some studies have contested whether or not

mammals use vultures to find carrion (Hunter, Durant

& Caro 2007) and others have in fact found higher

use of carrion by facultative scavengers in the absence

of vultures (Pain et al. 2003; Markandya et al. 2008;

Ogada et al. 2012). Through soaring flight, vultures

have a competitive advantage over mammalian scav-

engers when it comes to carcass discovery (Pennycuick

1979; Jackson, Ruxton & Houston 2008; Dermody,
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Tanner & Jackson 2011). The panoramic view afforded

by flight means they can detect a carcass that would

be invisible to a terrestrial animal because of the relief

of the land (Wilbur & Jackson 1983). In addition,

mammalian scavengers have a competitive advantage

over avian scavengers, thanks to larger body size and

greater strength (Kruuk 1972; Schaller 1972). As such,

we hypothesize that vultures will act as producers for

mammalian scroungers.

Avian scavengers also show significant differences in

carcass preferences with Lappet-faced vultures (Torgos

tracheliotos, Forster, 1791, hereafter LFV) and White-

headed vultures (Trigonoceps occipitalis, Burchell, 1824,

hereafter WHV), preferentially feeding on smaller, non-

predator-killed ungulate carcasses, Gyps vultures (African

White-backed vulture, Gyps africanus, Salvadori, 1865,

hereafter AWBV, and Ruppell’s vulture, Gyps rueppellii,

Brehm 1852, hereafter RV) preferentially using large

ungulate carcasses, and scavenging eagles, such as Bate-

leurs (Terathopius ecaudatus, Daudin, 1800) and Tawny

eagles (Aquila rapax, Temminck, 1828) using smaller car-

casses that may even include rodents and lizards (Kruuk

1967; Houston 1975; Watson 2000). These food prefer-

ences are influenced by body size, beak morphology and

search efficiency, which lead to different competitive

advantage for each species in different foraging scenarios

(Kruuk 1967; Kendall 2013). This creates the potential

for species-specific cueing, whereby mammalian scav-

engers could use landing or presence of a given avian

scavenger to determine carrion size as it relates to their

own preferences. We thus predict that Black-backed

jackals (Canis mesomelas, Schreber, 1775, hereafter

jackal) will be more likely to follow LFV while Spotted

hyenas (Crocuta crocuta, Erxleben, 1777, hereafter

hyena) will preferentially use Gyps vultures to find larger

carrion sources. In addition, we would predict that

mammalian scavengers will not follow scavenging eagle

species.

Current studies are primarily either empirical or theo-

retical, but there is considerable value in a combined

approach to evaluating these complex social interac-

tions. In this study, we use both theoretical and empiri-

cal approach to examine interspecific interactions

between avian and mammalian scavengers. We use a

spatially explicit model to investigate scavenger order of

arrival including eagles, vultures and mammalian scav-

engers. In addition, we investigate data from experimen-

tal carcasses to assess arrival order and times. This

study furthers our understanding of information transfer

between avian and mammalian scavengers and their

producer–scrounger dynamics, and has ramifications for

other studies of foraging behaviour on locally concen-

trated but ephemeral resources, such as carrion, dung,

insects and fruiting trees. Given ongoing declines in vul-

ture populations, these findings may have important

ramifications for mammalian scavenger conservation

(Ogada et al. 2015).

Materials and methods

encounter rate model

We compared the foraging efficiency of mammals to birds by

employing the simple encounter rate model of Jackson, Ruxton

& Houston (2008).

Probability of discovery ¼ Mðð2r � v � tÞ þ ðp � r2ÞÞ
A

This model assumes no overlap in area searched, i.e. the forager

does not retrace its steps, and has as its components, M – the num-

ber of carcasses in the environment, r – the detection radius of the

forager, v – the speed of the forager in km h�1, t – time spent forag-

ing in hours and A – the area of the environment in km2.

energetics model

We used allometric scaling relationships to investigate the ener-

getic savings a hyena could make if it reduced its foraging time

by scrounging on the discoveries of avian scavengers. We calcu-

lated the resting metabolic rate (RMR) for a 52 kg Spotted hyena

at c. 66 W and the extra costs of transport (COT) at 510 W

(Ruxton & Houston 2004) for a speed of 2�8 m s�1 (Mills 1990).

RMR ¼ 3�4 �massðkgÞ0�75

COT ¼ 10�7 � travel speed (metres per second ) * mass (kg)0�75

agent-based model description

Certain aspects of a species’ biology will tend to affect the time it

can arrive to a carcass. Speed, visual acuity, spatial distribution

and dominance have all been highlighted before as being impor-

tant to the composition and arrival order of scavenging guilds at

carrion (Kendall 2013; Spiegel, Getz & Nathan 2013; Kane et al.

2014). For instance, among avian scavengers, previous work has

shown that both eagles and LFVs tend to arrive to carcasses

before AWBVs (Spiegel, Getz & Nathan 2013; Kane et al. 2014).

We developed an agent-based model in the NetLogo environ-

ment (Tisue & Wilensky 2004) to better understand the mecha-

nisms driving the arrival order of the various scavenging species

to carcasses (Fig. 1). The spatially explicit nature of this

approach is well-suited to addressing questions where arrival

order and arrival time are of interest.

The simulation space represented 400 km2 of habitat with

wrapped boundary conditions. We took carrion density from a

literature estimate at 4�38 kg km�2 day�1 giving a total of

1800 kg of carrion in the habitat per day (Houston 1979). While

more recent studies on carrion density are not available, migra-

tory wildebeest numbers were known to be similar in the late

1990s (and presumably today) as they were in the late 1970s

(Mduma, Sinclair, Hilborn 1999). Given migratory wildebeest are

the primary carrion resource, this suggest that this carrion esti-

mate is likely still valid. We distributed this into 100 kg carcasses

giving 18 carrion items in total. Carrion appeared after a 100 s

burn-in period which ensured agents were not on the exact same

location thus ensuring model stability.

Our model had five scavenging species: AWBV, LFV, eagles,

jackals and hyenas. Species-specific parameters were built into

© 2017 The Authors. Journal of Animal Ecology © 2017 British Ecological Society, Journal of Animal Ecology

2 A. Kane & C. J. Kendall



our agent-based model (Table 1). If no direct records were avail-

able for a given species, we used close relatives or allometric scal-

ing relationships to generate an estimate.

Speed

Literature estimates were available for all species involved in our

system except the eagles. For this exception, we relied on the

speeds measured for the Steppe Eagle Aquila nipalensis, which is

closely related to the Tawny Eagle common to the Masai Mara

(Spaar & Bruderer 1996). Birds had an equal turning rate (45°

once per 200 s) as did mammals (45° once per 500 s). Birds

turned more often owing to reliance on thermals.

Detection range

Allometric scaling relationships that use axial length of the eye

can be used to establish visual acuity (Hall & Ross 2007; Spiegel,

Getz & Nathan 2013). However, these measures can be quite

inaccurate depending on the ecology of the given species (Potier

et al. 2016). Here, we used measures of acuity taken from closely

related species in behavioural experiments that have a similar eye

morphology to those in our model.

We used estimates of visual acuity in cycles per degree to deter-

mine at what distance an avian scavenger could detect carrion.

Reymond (1985) measured acuity of the Wedge-tailed eagle

Aquila audax at 140 cycles per degree. Given that its ecology and

eye measurements (axial length of 34�6 mm, corneal diameter

15�0 mm; Ritland 1982; Reymond 1985) are similar to a Bateleur

(axial length of 33 mm, corneal diameter 16�7 mm; Hall & Ross

2007), we used 140 cycles per degree as the visual acuity of our

model eagle. This value would enable the bird to detect a 2-m

target at 16 km.

We followed a similar logic in using the Griffon Vulture Gyps

fulvus as a model for our AWBV (Ritland 1982; Spiegel, Getz &

Nathan 2013). Fischer (1968) recorded a visual acuity of 104

cycles per degree in the Griffon which would enable it to detect a

2-m target 12 km away. The LFV, with intermediate eye mea-

sures (Spiegel, Getz & Nathan 2013) whose visual acuity is not

known, has a detection distance between the two which would be

14 km.

We then halved these values because real world conditions will

make carrion detection less likely than the experimental setups

owing to vegetation, weather, flying height etc. (Jackson, Ruxton

& Houston 2008).

The mammalian carnivores tend to use olfaction to detect car-

rion because they are terrestrially based (Mills 1990; Holekamp

& Dloniak 2010). Mills (1990) notes that the direction of wind

can impact carrion detection by Spotted hyenas where it may be

over 2 km if the animal is downwind or less than 250 m if the

animal is upwind. Thus, we selected a detection distance of 1 km

for the mammals in our model. Calderone, Reese & Jacobs

(2003) recorded a visual acuity in the Spotted hyena of 8�4 cycles

per degree. This would enable it to detect a large avian scavenger

at 1 km distance. We used this value in our model when the

mammals were able to avail of local enhancement via following

of avian scavengers. This effectively enabled the mammals to

detect carrion 2 km away because they were able to detect a

descending bird when it was 1 km from the carcass.

(2a) (2b)

(1)

(3)

Fig. 1. Infographic showing behaviour of agents in the model.

At (1) the agent is foraging for carrion that it can detect if it falls

inside its visual range; at (2a) the agent has encountered a larger

competitor, preventing it from feeding; at (2b) the agent has

detected carrion; at (3) the agent has moved towards the carrion

where it will feed. Images taken from phylopic (http://phylopic.

org/).

Table 1. Species-specific parameters for the five agents in our agent-based model along with supporting references, please see text for

details on the derivation of these values

Species Speed (km h�1)

Detection

range (km)*

Cone of vision

(degrees)

Dominance

rank*

Density (animals

per km2)

Departure

time*

AWBV 50�3a 6 286e 4th 0�58h,i +1 h

LFV 44�4a 7 286e 3rd 0�04h +0�5 h

Eagle 44�64b 8 260f 5th 0�4i Start

Jackal 12c 1 250g 2nd 0�325j Start

Hyena 10d 1 250g 1st 0�21k Start

a = Spiegel, Getz & Nathan (2013); b = Spaar & Bruderer (1996); c = Macdonald (2006); d = Mills (1990); e = Martin, Portugal &

Murn (2012); f = Martin (2007); g = Walls (1942); h = Murn et al. (2013); i = Virani et al. (2011); j = Klare et al. (2010); k = Holekamp

& Dloniak (2010).

*See text for an explanation.

© 2017 The Authors. Journal of Animal Ecology © 2017 British Ecological Society, Journal of Animal Ecology
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Cone of vision

Each species had a cone of vision because none of these animals

has 360-degree vision owing to blind spots dependent on the

location of their eyes. For mammals, we assumed a cone equiva-

lent to that of a dog Canis lupus familiaris (Walls 1942), for the

vultures we used the Griffon Vulture G. fulvus (Martin, Portugal

& Murn 2012) and for eagles we used the Short-toed snake eagle

Circaetus gallicus (Martin 2007).

Dominance rank

Dominance was sized-based and the hierarchy from most domi-

nant to least dominant was hyena, jackal, LFV, AWBV, eagle

(Attwell 1963; Kendall 2013; Kruuk 1967; Mundy 1992).

Density

Population density estimates were taken from the literature where

available. We used the relative transect counts of AWBV to scav-

enging eagles (Bateleurs and Tawny eagles) counts in order to

calculate eagle density in the habitat (26�6 AWBVs per 100 km

vs. 18�8 eagles per 100 km; Virani et al. 2011). The resulting pop-

ulation sizes were then halved because (i) vultures tend not to

forage everyday especially during the breeding season where they

exhibit biparental care (Mundy 1992) and (ii) the other species

tend to be facultative rather than obligate scavengers (Kane et al.

2016). Given that the eagle numbers are extrapolated from tran-

sect counts, which may be biased by transient individuals, we ran

each model again with half the predicted population for eagles

(40 instead of 80). We allowed for the scavengers to be randomly

distributed as well as clumping the mammals and AWBVs in

patches at the start of the foraging day.

Departure time

Spiegel, Getz & Nathan (2013) report that AWBVs depart from

their roosts half an hour later than do LFVs. These species are

dependent on the formation of thermals for soaring flight and

their wing loading (weight divided by wing area) determines when

they can take off (Cone 1962). A Tawny eagle, although it also

uses thermals, has a lower wing loading (4�5 kg m�2) than a LFV

(6�4 kg m�2) which, in turn, has a lower wing loading than a

AWBV (7�7 kg m�2) (Pennycuick 2008). We used these values to

set up the departure time of the birds in our model. The terres-

trial mammals, who suffer no such constraint, could forage from

the start.

Model runs

The scavengers moved around the habitat according to their fixed

movement parameters searching for food, if they located a car-

cass in their visual field and there were no larger, unsated com-

petitors present within 1 km, they moved towards it, fed and

remained there for the remainder of the day. Spiegel, Getz &

Nathan (2013) showed that AWBVs and LFVs spend over 5 h

and 6 h foraging respectively. Spotted hyenas in the Masai Mara

are active for c. 7.5 h (Holekamp & Dloniak 2010). We used

these accounts to set a 6-h foraging day for our model. At the

end of each foraging day, the model provided data on the iden-

tity of the species and the time it arrived to a carcass. We varied

the presence of a dominance hierarchy, population sizes and the

potential for information transfer in our models (Table 2). We

ran each variant for 100 days. The data were then compiled and

analysed in R version 3.1.3 (R Core Team 2015).

behavioural observations

Behavioural observations were conducted at experimental car-

casses in Masai Mara National Reserve, Kenya as described in

Kendall (2013, 2014). Carcasses consisted of head, organs and

2 kg of meat from a goat and were placed in open areas at either

08.00 h or 12.00 h during the wet and dry season. Locations were

randomly selected across the reserve and surrounding community

lands and were not repeated within a given year and season. The

abundance of each scavenger species and the order of arrival of

each species were recorded. Data from 75 experimental carcasses

observed in 2010 and 2011 are included in this study.

data analysis

Using our behavioural observation data, we produced summary

statistics for rank order of arrival. We then applied Kendall’s

Coefficient of Concordance for vague data to determine if species

tended to have similar arrival rank orders (Grzegorzewski 2006).

This method measures the similarity in rankings across species

and varies between 0 and 1. Because our data were patchy, i.e.

every species did not arrive to every carcass, we grouped species

into six categories before applying this method. These were Gyps

vultures, eagles, non-Gyps vultures, hyenas, jackals and Marabou

storks (Leptoptilos crumeniferus).

In addition, we assessed pairwise following relationships by

assessing the proportion of carcasses where the arrival of a given

species was directly followed by the arrival of another species.

Following these associations between the avian scavengers and

mammals, we investigated whether or not there are interspecific

interactions at play. To explore this effect in our agent-based

models, we varied the ability of mammals to use local enhance-

ment such that they could detect the discovery of a successful

forager. This potential for using visual information is supported

by Calderone, Reese & Jacobs (2003) who give a spatial resolu-

tion of 8�4 cycles per degree for spotted hyenas. Following the

methods of Spiegel, Getz & Nathan (2013), this would enable

them to resolve a 2�2 m target (the wingspan of an AWBV)

c. 1 km away.

We used the visual acuity and speed of the mammals to then

determine if they were, in fact, following the avian scavengers to

the carrion. Spotted hyenas lope at a speed of 10 km h�1 which

means they could arrive at a carcass 1 km away in 6 min over

favourable terrain (Mills 1990). Jackals can sustain speeds of

around 12 km h�1 (Macdonald 2006). With local enhancement

and assuming a tracking distance of 1 km, we would therefore

expect hyenas and jackals to find carrion within 6 and 5 min

respectively if they were spotting a bird at a carcass.

However, our field observations indicate the mammals actively

track the birds as they begin lowering to the ground, thereby

making use of the higher visual acuity of the vultures and eagles.

Further, a moving flock of birds will represent a more conspicu-

ous target to a terrestrial carnivore than a stationary individual.

Thus, a jackal or hyena could either follow the directed flight of

an avian scavenger who has already detected carrion, or move

towards the activity of the birds above the carrion. We used

© 2017 The Authors. Journal of Animal Ecology © 2017 British Ecological Society, Journal of Animal Ecology
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distances of 1�5 and 2 km as potential detection ranges. We note

that these detection distances are quite conservative because hye-

nas have been recorded as responding to olfactory cues over

4 km away and conspecific vocalizations over 10 km away (Mills

1990). If we grant an extra 20% for the time taken to arrive

given a mammal will not be able to move as the crow flies, a

hyena travelling at 10 km h�1 should take 14 min to arrive at a

carcass if it follows a bird from 2 km out and, a jackal travelling

at 12 km h�1 should take 12 min. Similarly, for 1�5 km detection

distances, the times are 11 and 9 min for hyenas and jackals,

respectively. If the arrival time differences were equal to or less

than these values, the trial was a success, else it was a failure.

We applied one-sided binomial tests to the arrival time differ-

ences between actual values and these predicted values to assess

whether or not mammalian scavengers were directly using avian

scavengers in order to find carcasses. Note, that here we excluded

the HV, WHV and Marabou because of the relatively low num-

ber of instances, just over three on average, where jackals and

hyenas may have followed these species.

Results

encounter rates

A bird flying at 45 km h�1, with a detection radius of

12 km, who spends 5 h searching for a carcass in an area

the size of the Masai Mara (1530 km2) will encounter that

carcass nearly five times. By contrast, a mammal search-

ing in the same area for the same length of time, at

10 km h�1 with a 1 km detection distance will have an

Table 2. Specifications of the various model runs from the agent-based model and summary statistics for the arrival times of the model

scavengers. Information transfer refers to the ability of mammals to follow avian scavengers to carcasses. The hyena is the most domi-

nant agent in the model and as such does not feel the effect of competition when it is switched on. Similarly, only the mammals avail of

local enhancement from the avian scavengers

Model Species Mean arrival time SD arrival time Competition Information transfer Population size

1 Eagle 287 104 No – 80

1 Hyena 3448 3648 – Yes 42

1 Jackal 2971 3101 No Yes 65

1 LFV 1989 100 No – 8

1 AWBV 3785 116 No – 116

2 Eagle 284 99 No – 80

2 Hyena 3682 3750 – No 42

2 Jackal 3331 3246 No No 65

2 LFV 1989 98 No – 8

2 AWBV 3775 114 No – 116

3 Eagle 415 295 Yes – 80

3 Hyena 3621 3573 – Yes 42

3 Jackal 3387 3127 Yes Yes 65

3 LFV 2033 149 Yes – 8

3 AWBV 3800 126 Yes – 116

4 Eagle 432 307 Yes – 80

4 Hyena 3719 3731 – No 42

4 Jackal 3402 3227 Yes No 65

4 LFV 2026 140 Yes – 8

4 AWBV 3785 129 Yes – 116

5 Eagle 289 104 No – 40

5 Hyena 3468 3663 – Yes 42

5 Jackal 3107 3186 No Yes 65

5 LFV 1994 111 No – 8

5 AWBV 3774 118 No – 116

6 Eagle 286 101 No – 40

6 Hyena 3714 3710 – No 42

6 Jackal 3283 3220 No No 65

6 LFV 1988 101 No – 8

6 AWBV 3777 119 No – 116

7 Eagle 413 289 Yes – 40

7 Hyena 3640 3541 – Yes 42

7 Jackal 3394 3304 Yes Yes 65

7 LFV 2038 151 Yes – 8

7 AWBV 3784 124 Yes – 116

8 Eagle 425 299 Yes – 40

8 Hyena 3672 3618 – No 42

8 Jackal 3400 3278 Yes No 65

8 LFV 2025 137 Yes – 8

8 AWBV 3797 127 Yes – 116

LFV, Lappet-faced vulture; AWBV, African White-backed vulture.
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8% chance of discovering the same carcass. Indeed, as

Jackson, Ruxton & Houston (2008) state, any increase in

foraging speed, time spent foraging, or detection radius

will increase the probability of discovery; here avian scav-

engers have a huge advantage in detection range and

speed. From experimental data, we found that avian scav-

engers discovered the majority of carcasses, despite the

presence of mammals at a large number of carcasses

(Table 3).

energetics model

Spotted hyenas have been estimated to be active for 7.5 h

and at rest for the remainder of the day. Thus, a hyena’s

daily energetic cost would be just over 21 000 kJ.

Kolowski et al. (2007) found that their Spotted hyena

population were active for 9�7% of their total foraging

time during the day (i.e. over 90% of their active foraging

time occurred at night.) If a hyena were to find carrion

during this short period, it could save over 14 000 W

because of the reduced foraging time. This might be

extreme, but any time saved would confer a large ener-

getic saving to the scrounging hyena as it costs over

2000 kJ of energy to sustain an hour of foraging. Similar

logic can be applied to a 7 kg jackal travelling at

3�33 m s�1 where it would save over 3700 W if it were to

forage for the same time as the hyena. We also used the

different allometries developed by Carbone, Teacher &

Rowcliffe (2007) and found a very similar result (data not

shown).

following patterns from null model

Our agent-based models were able to replicate the order

of arrival of the avian scavengers to carrion i.e. eagles

first, then LFVs and finally AWBVs (Table 2). This pat-

tern was consistent across all variants and is the result of

the delay in the time the birds with the larger wing load-

ings can fly. However, there was a discrepancy in the arri-

val order of the mammals, who tended to arrive in

between the eagles and the two vulture species (Table 2).

This is further reflected in the identity of the species that

preceded the arrival of the mammals such that hyenas

and jackals tend to follow eagles and each other rather

than either of the vultures (Table 4).

Models that allowed for hyenas and jackals to use local

enhancement from birds resulted in a significant improve-

ment in the arrival times of the mammals to carcasses.

For instance, in comparing model 1 and model 2, the

mean arrival times for hyenas were 3682 s without local

enhancement and 3448 s with local enhancement. For

jackals, the values were 3331 without and 2971 with. Both

of these reductions under local enhancement conditions

were significant (log10 of arrival time as a function of

information use gave: t (8247�8) = �2�5087, P = 0�01214;
t (12842) = �8�5218, P < 0�001 for hyenas and jackals

respectively). The pattern was also significant for both

mammals when comparing models 5 and 6. However,

models that included competition rendered this effect

non-significant; this is likely due to the smaller birds

avoiding landing in areas where there are larger mam-

mals.

mammal and bird interactions from
experimental data

We found a high level of consistency in arrival order and

times across carcasses (Fig. 2). Across 73 carcasses, we

found a significant concordance value of 0�85 (P < 0�001,
d.f. = 5). Generally, eagles arrived first, followed by vul-

tures, with mammalian scavengers and Marabous arriving

last.

Bateleurs discovered the majority of carcasses (Table 3).

From pairwise comparison of following, we found that

Bateleurs rarely followed another species to the carcass.

AWBVs primarily followed Tawny eagles (Table 5). Jack-

als primarily followed LFVs (28% of the time). Hyenas

followed RVs (33% of the time).

Mammalian scavengers very rarely occurred immedi-

ately after a scavenging eagle (in three cases a jackal fol-

lowed a Tawny eagle). Further, hyenas were observed to

witness eagles landing, but not to move towards the car-

cass until vultures had arrived at the carcass. Jackals were

often observed to run towards carcasses from the same

trajectory as LFVs, sometimes even running immediately

underneath these large vultures.

From our binomial tests at 2 km detection distances,

we found that jackal arrival times were significantly

within the limit for their associations with AWBV and

LFVs, but not with RVs or any of the eagles. Hyenas had

a similar pattern of association with all three vulture spe-

cies considered but no association with eagles (Table 6).

These findings are therefore consistent with hyenas and

jackals using vultures, but not eagles, to find carrion more

quickly. Many studies report that both jackals and hyenas

are predominantly nocturnal which would leave little

scope for their interactions with avian scavengers

Table 3. Proportion of total experimental carcasses (n = 75) at

which a species was present and the proportion discovered by

each species

Species Proportion present

Proportion

discovered

Bateleur 30 (40%) 25 (33%)

Tawny eagle 62 (82�67%) 19 (25�33%)

White-backed vulture 62 (82�67%) 13 (17�33%)

Lappet-faced vulture 60 (80%) 4 (5�33%)

White-headed vulture 15 (20%) 1 (1�33%)

Hooded vulture 29 (38�67%) 6 (8%)

Ruppell’s vulture 39 (52%) 0 (0%)

Marabou stork 34 (45�33%) 3 (4%)

Jackal 34 (45�33%) 2 (2�67%)

Hyena 25 (33�33%) 1 (1�33%)
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(Kaunda 2000; Kolowski et al. 2007; Holekamp & Dlo-

niak 2010). However, we found the arrival times of both

were decidedly diurnal, where hyena arrival times (local

time) ranged from 08.10 h to 12.37 h (mean 10.02 h) and

jackals from 08.16 h to 16.43 h (mean 10.24 h). These

results suggest that, at least in our study system, mam-

malian scavengers are often active at the same time as

avian scavengers.

Discussion

Studies on interactions at carrion have shown a distinct

pattern of species arrival order. Notably, that subordinate

species such as eagles, act as producers, by arriving first

where they can feed before being displaced by other domi-

nant forms (Kane et al. 2014; Kendall 2014). Our findings

in relation to mammalian–avian scavenger interactions

add to the existing literature documenting these types of

producer–scrounger systems, whereby species with high

search efficiency tend to arrive earlier before they are out-

competed by species with high dominance (Kendall 2013).

Our findings lend support to the idea that mammalian

scavengers, acting as scroungers, are using vultures as

producers to find carrion. Mammals consistently arrived

at experimental carcasses after vultures and faster than

would be expected without local enhancement by vultures.

In addition, following patterns are consistent with the

idea that species-specific cueing is occurring. Mammalian

scavengers rarely occurred immediately after a scavenging

eagle in contrast to the findings of our agent-based model.

Our findings strongly suggest that hyenas preferentially

use Gyps vultures over other avian scavengers, possibly

because these species are most likely to signify presence of

their preferred food resources, i.e. large carcasses (Mundy

1992). In addition, hyenas also consistently followed jack-

als to carcasses as well (in seven out of 24 instances they

directly followed a jackal) a result that was mirrored by

our agent-based models. However, the lack of a signifi-

cant effect in the binomial tests for this interaction sup-

ports the idea that the pattern is simply a function of the

mammals being relatively slower than the birds. Jackals

preferentially followed LFVs (in nine out 32 instances

they directly followed a LFV), which are more likely to

feed at smaller carcasses, which are preferred by this

smaller mammal species (Houston 1979).

Our findings suggest that mammalian scavengers may

find carrion twice as fast when following vultures vs.

Table 4. Results of agent-based model showing the frequency of

the species that preceded the arrival of both the jackal and hyena

agents. Please refer to Table 1 to understand the model variants

column

Model

Preceding

species

Frequency of species

preceding a jackal

Frequency of species

preceding a hyena

1 Eagle 343 235

1 Hyena 206 –
1 Jackal – 253

1 LFV 116 102

1 AWBV 61 86

2 Eagle 262 173

2 Hyena 132 –
2 Jackal – 196

2 LFV 87 80

2 AWBV 82 58

3 Eagle 176 114

3 Hyena 105 –
3 Jackal – 127

3 LFV 59 65

3 AWBV 37 60

4 Eagle 184 110

4 Hyena 87 –
4 Jackal – 132

4 LFV 63 55

4 AWBV 37 57

5 Eagle 107 84

5 Hyena 55 –
5 Jackal – 77

5 LFV 46 49

5 AWBV 27 32

6 Eagle 242 140

6 Hyena 143 –
6 Jackal – 222

6 LFV 105 76

6 AWBV 59 89

7 Eagle 254 186

7 Hyena 138 –
7 Jackal – 181

7 LFV 110 76

7 AWBV 40 96

8 Eagle 309 227

8 Hyena 172 –
8 Jackal – 199

8 LFV 125 87

8 AWBV 48 136

LFV, Lappet-faced vulture; AWBV, African White-backed vulture.

Bateleur

Tawny

AWBV

LFV

WHV

HV

RV

Jackal

Marabou

Hyena

1 2 3 4 5 6 7 8 9
Arrival order

Sp
ec

ie
s

Fig. 2. Violinplot of arrival orders of each species in our experi-

mental data from the carcasses. The black spots represent the

median arrival order. LFV, Lappet-faced vulture; AWBV, Afri-

can White-backed vulture; RV, Ruppell’s vulture.
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when arriving at lion or cheetah kills or responding to

auditory cues, further exemplifying the importance of vul-

tures in finding carrion (Mills 1990; Cooper 1991; Hunter,

Durant & Caro 2007). Although at predator-killed carrion

resources, use of vultures may be less important, due to

the fact that there are other cues such as the hunt itself,

heterospecific cues, or noise during predation which may

aid mammalian scavengers in discovering in the absence

of vultures (Hunter, Durant & Caro 2007). In addition,

for larger carcasses, which may last overnight, or in areas

with low vulture density, facultative scavengers may find

carcasses independently of vultures (Ogada et al. 2012).

Ogada et al. (2012) found that there were more individ-

ual hyenas and jackals at carcasses that were absent of

vultures. Because of vultures’ ability to consume carrion

faster than mammals, the mammals must be able to arrive

to the area as soon as possible in order to derive an ener-

getic benefit. At night, mammals can monopolize carrion

because vultures are exclusively diurnal but will clearly be

unable to scrounge on the discoveries of the birds.

Nonetheless, vultures appear to play a key role in car-

cass discovery for non-predator-killed carrion resources.

In addition, use of vultures by mammals provides a huge

energetic benefit, greatly reducing their foraging time.

Ongoing declines in vultures being found across Africa

may have a negative impact on mammalian scavengers

and their scavenging efficiency, which could in turn lead

to trophic cascades (Ogada et al. 2015; Buechley & Seker-

cioglu 2016). Understanding both competitive and faculta-

tive relationships between mammal and avian scavengers

will be critical to predicting and addressing these potential

trophic cascades. It is thus important to consider the

entire scavenger guild when addressing scavenger conser-

vation issues rather than to work on a species by species

level (Simberloff 1998).
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Table 5. Preferentially followed species from behavioural observations

Species

Most common

preceding species

Fraction of times

followed

Second most common

preceding species Fraction of times followed

Bateleur LFV 2/5 (40%) Marabou, Tawny AWBV 1/5* (20%)

Tawny Bateleur 18/43 (42%) AWBV 9/43 (21%)

AWBV Tawny 21/49 (43%) LFV 12/49 (24%)

LFV AWBV 19/56 (34%) Tawny 13/56 (23%)

WHV Tawny 6/14 (43%) AWBV 4/14 (29%)

HV Tawny, Jackal, LFV 5/22* (23%) Tawny, Jackal, LFV 5/22* (23%)

RV LFV 15/39 (38%) AWBV 13/39 (33%)

Marabou RV 6/31 (19%) Tawny, AWBV 5/31* (16%)

Jackal LFV 9/32 (28%) RV 7/32 (22%)

Hyena RV 8/24 (33%) Jackal 7/24 (29%)

*Denotes that the fraction of times is equal for the followed species e.g. the Hooded Vulture followed the Tawny Eagle, Jackal and Lappet-

faced Vulture 5 times each.

LFV, Lappet-faced vulture; AWBV, AfricanWhite-backed vulture; RV,Ruppell’s vulture;WHV,White-headed vulture; HV,Hooded vulture.

Table 6. Results of binomial tests between mammals and avian scavengers, n.s. denotes not significant at P = 0�05. If one species arrived

to a carcass within a specified time window after the arrival of another, it was deemed a success. The time window is determined by the

speed of the mammal and the distance it can detect another species moving to the carcass. A jackal arriving within 12 min and a hyena

arriving within 14 min of the followed species were deemed successful for 2 km detection distance and jackal arriving within 9 min and

hyena arriving within 11 min for 1�5 km detection distance. Trials are based on the number of times both species (e.g. Bateleur and

Hyena) occurred at a carcass together, such that seven trials denotes 7 times where Bateleur and hyena occurred at carcass together

Followed species

Hyena Jackal

Trails

Successes

at 1�5 km P

Successes

at 2 km P Trials

Successes

at 1�5 km P

Successes

at 2 km P

Bateleur 7 5 n.s. 5 n.s. 14 3 n.s. 4 n.s.

Tawny 14 7 n.s. 9 n.s. 22 10 n.s. 12 n.s.

AWBV 17 13 <0�05 15 <0�01 24 19 <0�05 20 <0�001
LFV 14 11 <0�05 12 <0�01 19 13 n.s. 14 <0�05
RV 11 10 <0�01 10 <0�01 10 8 n.s. 8 n.s.

Jackal/Hyena 7 6 n.s. 6 n.s. 2 1 n.s. 2 n.s.

LFV, Lappet-faced vulture; AWBV, African White-backed vulture; RV, Ruppell’s vulture.
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