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ABSTRACT
Carcass consumption by scavengers plays a critical role in wildlife and human health by providing services that maintain ecosys-
tem functioning and potentially mitigate disease spreading. Vultures are particularly efficient scavengers, but their populations 
have sharply declined in Europe, Asia and Africa, raising concerns about similar declines in the comparatively less studied 
species of the Americas. While the effects of vulture absence on other vertebrate scavengers have been examined, the impact on 
invertebrate scavengers and their role in carrion decomposition remains unexplored. To determine the effects of vulture decline, 
specifically neotropical cathartid vultures, we experimentally excluded this functional group from domestic pig carcasses (Sus 
scrofa) in Costa Rica, under different habitat conditions (grassland and forest) and across seasons with the aim to assess the im-
pact of vulture exclusion on carrion decomposition and insect abundance. Vulture exclusion halved carcass decomposition rates 
relative to control carcasses without exclusion. Accordingly, vulture abundance at control carcasses was positively correlated 
with carcass decomposition rate. Vulture exclusion doubled fly abundance at carcasses relative to controls but did not signifi-
cantly impact dung beetle abundance at carcasses. These findings suggest that neotropical vultures are instrumental in rapid 
carrion decomposition, a service that invertebrates alone cannot fully compensate for, underscoring the potential ecological and 
public health risks associated with neotropical vulture declines and increased flies at carrion sites. Further research is needed to 
understand the broader implications of vulture loss on ecosystem services and zoonotic disease transmission in the Neotropics.

RESUMEN
El consumo de animales en descomposición por parte de los carroñeros desempeña un rol fundamental en la salud de los ecosis-
temas, ya que proporcionan servicios que pueden mantener el funcionamiento del ecosistema y potencialmente mitigar la propa-
gación de enfermedades. Los buitres son carroñeros particularmente eficientes en la eliminación de animales en descomposición 
del medio ambiente. Sin embargo, sus poblaciones han disminuido drásticamente en Europa, Asia y África. Esta situación ha 
generado una preocupación latente sobre potenciales declives similares en las especies de América, que han sido menos estudia-
das en comparación. Aunque se han examinado los efectos que tiene la ausencia de los buitres en otros carroñeros vertebrados, el 
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impacto en los carroñeros invertebrados y su papel en la descomposición de carroña permanece desconocido. Para determinar los 
efectos que podría tener el declive de las poblaciones de buitres catártidos neotropicales, realizamos experimentos de control y ex-
clusión utilizando cadáveres de cerdos domésticos (Sus scrofa) en Costa Rica. Excluimos a los buitres para determinar el impacto 
en la tasa de descomposición de los cadáveres y en la abundancia de los carroñeros invertebrados. La exclusión de los buitres re-
dujo a la mitad la tasa de descomposición de los cadáveres en comparación con los cadáveres de control sin exclusión. Asimismo, 
la abundancia de los buitres se correlacionó positivamente con la tasa de descomposición. La exclusión de los buitres duplicó la 
abundancia de moscas en las carroñas en comparación con los controles, pero no tuvo un impacto significativo en la abundancia 
de escarabajos peloteros. Estos resultados sugieren que los buitres neotropicales son fundamentales para acelerar la descom-
posición de la carroña, un servicio que los invertebrados por sí solos no pueden compensar completamente. Nuestros hallazgos 
resaltan los posibles riesgos ecológicos y de salud pública asociados con el declive de los buitres neotropicales y el aumento de 
moscas en los sitios de carroña. Se requiere información adicional para comprender de manera más amplia las implicaciones que 
podría tener la pérdida de buitres en los servicios ecosistémicos y la transmisión de enfermedades zoonóticas en los Neotrópicos.

1   |   Introduction

Human society and wellbeing are directly impacted by wildlife 
and ecosystem health. Seventy-five percent of human diseases 
originate from animals (zoonoses) with transmission risk in-
creasing due to heightened human-wildlife interactions driven 
by climate and land use changes (Taylor et al. 2001; White and 
Razgour 2020; van den Heever et al. 2021). To optimise human, 
wildlife and ecosystem health, it is imperative we explore the 
implications of their interconnectedness (Ottinger et  al.  2021; 
One Health Initiative  2022). An example of this is the benefit 
wildlife provides through ecosystem services such as carrion re-
moval (DeVault et  al.  2016). Carcasses host many microorgan-
isms, some of which can be pathogenic to wildlife and humans 
(Janzen 1977; Houston 1979; Burkepile et al. 2006). By reducing 
the persistence of carrion within the ecosystem, scavengers may 
curb the spread of bacterial, viral or parasitic zoonoses (O'Bryan 
et al. 2018; Vicente and VerCauteren 2019; Newsome et al. 2021). 
Moreover, carcass removal by scavengers stabilises food webs 
(Wilson and Wolkovich  2011), helps nutrient cycling (DeVault 
et al. 2003; Newsome et al. 2021), and, in the case of avian scaven-
gers, has been found to reduce the cost of carcass disposal services 
(Margalida and Colomer 2012). However, scavenger congregation 
at carcasses could also facilitate pathogen transmission by increas-
ing contact between scavenger species, particularly if such species 
range over wide areas (Markandya et al. 2008; Ogada, Keesing, 
et al. 2012; Ogada, Torchin, et al. 2012). The dynamics of patho-
gen reduction through carcass consumption and the potential for 
zoonotic disease transmission has gained scientific attention over 
the past two decades but remains poorly understood (O'Bryan 
et al. 2018; Olea et al. 2019; Newsome et al. 2021). To reveal the full 
range of scavenger ecosystem services and the potential routes for 
zoonoses emergence, it is crucial to understand carcass decompo-
sition processes and their agents in natural contexts.

Vultures are perhaps the best-known vertebrate scavengers. As 
the most threatened avian guild, these obligate scavengers have 
experienced some of the steepest declines among vertebrates 
(Buechley and Şekercioğlu 2016; McClure et al. 2018; Santangeli 
et  al.  2022). The International Union for the Conservation of 
Nature has listed 14 of the 16 Old World (family Accipitridae) and 
two of the seven New World species (family Cathartidae) as threat-
ened or near threatened (IUCN 2024). Populations have dwindled 
across Asia, Africa and Europe due to poisoning, persecution and 

turbine or power line collisions (Green et al. 2004; Ogada, Keesing, 
et al. 2012; Ogada et al. 2016). In Asia, some species were brought 
back from near extinction by herculean conservation efforts after 
their population suffered a 99% decline (Pain et al. 2003; Prakash 
et al. 2003; Green et al. 2004). Both Old and New World vulture 
conservation efforts are now facing additional challenges due to 
the rise of online misinformation (“fake news”) about vulture 
attacks on livestock, which drives negative public perceptions of 
vultures (Lambertucci et al. 2021; Oliva-Vidal, Hernández-Matías, 
et  al.  2022). Furthermore, stringent sanitation policies in an ef-
fort to reduce pathogen spread from infected livestock carcasses 
(e.g., bovine spongiform encephalopathy in Europe, see Margalida 
et al. 2010) can lead to rapid population collapse even in regions 
with high vulture abundance (Arrondo et al. 2018).

However, vulture carrion consumption may mitigate the spread 
of disease from carcasses to other wildlife, livestock and hu-
mans (Ogada, Keesing, et al. 2012; Ogada, Torchin, et al. 2012; 
Carlson et al. 2018; Plaza et al. 2020; van den Heever et al. 2021). 
Their specialised and highly acidic digestive system can destroy 
many of the pathogens found in carrion (e.g., Houston and 
Cooper  1975; Roggenbuck et  al.  2014). For example, in India, 
the collapse of three vulture species due to accidental poisoning 
led to a surge in feral dogs filling their scavenger niche (Pain 
et al. 2003; Green et al. 2004; Oaks et al. 2004). This augmented 
the size of dog congregations at carcasses, facilitated rabies 
transmission and resulted in more rabies-infected bites to hu-
mans and an increase in healthcare costs by an estimated $34 
billion over 14 years (Markandya et al. 2008).

Several other services rendered by vultures benefit humans 
directly or maintain ecosystem functioning. Livestock carcass 
consumption by vultures obviates removal costs for farmers 
and is often the only viable way of carcass disposal in remote 
areas (Margalida and Colomer  2012; Santangeli et  al.  2024). 
This in turn reduces the greenhouse gas emissions oth-
erwise involved in transporting carcasses to incineration 
plants (Morales-Reyes et  al.  2015; Santangeli et  al.  2024). 
Vultures also aid in the cycling of nutrients across the eco-
system, whether at smaller spatial scales within their home 
range or across continents from Europe to Africa or from 
North to South America during migrations (García-Ripollés 
et al. 2010; Dodge et al. 2014; Alarcón and Lambertucci 2018). 
Consequently, their distribution of carcass biomass via scat 
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deposition fertilizes soil across much larger distances than 
any other non-avian scavenger (Ganz et  al.  2012; Beasley 
et  al.  2019). The global economic benefit of carcass removal 
and potential disease mitigation by vultures remains unquan-
tified as we lack a full understanding of the services they pro-
vide (Carucci et al. 2022; but see Grilli et al. 2019).

Past research has focused heavily on the effect of vulture pres-
ence and absence on other scavenging vertebrates (e.g., Mateo-
Tomás et  al.  2015; Morales-Reyes et  al.  2015) and on carrion 
consumption dynamics (e.g., Ogada, Keesing, et al. 2012; Ogada, 
Torchin, et  al.  2012; Hill et  al.  2018; Oliva-Vidal, Sebastián-
González, et al. 2022). As apex scavengers, vultures are thought 
to carry out a top-down regulatory function by outcompeting 
facultative scavengers (van den Heever et  al.  2021). Hence, 
vulture decline has been associated with an increase in meso-
scavengers such as foxes (Vulpes vulpes), feral dogs (Canis famil-
iaris) and rats (genus Rattus) (Pain et al. 2003; Morales-Reyes 
et al. 2017). This is concerning as vulture exclusion studies from 
both North America and Africa have demonstrated that despite 
higher numbers of facultative vertebrate scavengers at carrion, 
carcasses decompose more slowly under vulture exclusion 
(Ogada, Keesing, et  al.  2012; Ogada, Torchin, et  al.  2012; Hill 
et al. 2018). These studies confirmed that facultative vertebrate 
scavengers and invertebrates (although they did not explicitly 
investigate invertebrate activity at carrion) are unable to fully 
functionally replace the efficiency with which vultures remove 
carrion.

Similarly to facultative vertebrate scavengers, vulture decline 
could also increase carrion availability to insects and decom-
poser microorganisms (DeVault et al. 2004; Ray et al. 2014). 
Carcasses left un-scavenged by vertebrates may be colonised 
by diverse insect communities including fly families such as 
Calliphoridae, Sarcophagidae and Muscidae, as well as car-
rion (family Silphidae) and dung beetles (family Scarabaeidae) 
(Muñoz-Lozano et  al.  2019; Griffiths et  al.  2020). However, 
carcass decomposition activity by insects has traditionally 
been studied principally to estimate post-mortem interval in 
forensic entomology (Griffiths et  al.  2020). The effect verte-
brates have on invertebrate scavengers and their ability to 
decompose carrion has largely been overlooked. The few stud-
ies available indicate that invertebrate activity can be an im-
portant mechanism of decomposition for small carcasses (e.g., 
DeVault et al. 2004; Sugiura and Hayashi 2018; Iyer et al. 2023 
(preprint)). For example, burying beetles (genus Nicrophorus) 
were able to functionally compensate for low vertebrate den-
sity in two Japanese islands by removing more mouse car-
casses than vertebrate scavengers (Sugiura and Hayashi 2018). 
Likewise, in the US, vertebrate scavengers removed just 35% of 
300 rodent carcasses, suggesting that the majority of decom-
position was a result of microbe and insect activity (DeVault 
et al. 2004). However, we lack studies on the effects of verte-
brate scavenging on invertebrate activity and their abundance 
at larger carcasses. In the absence of vertebrate scavengers, 
large carcasses likely persist for longer, which may affect 
their use by invertebrates for consumption and reproduc-
tion, possibly leading to changes in their abundance (DeVault 
et al. 2004). Increased invertebrate abundance at carrion for 
longer periods of time may have important implications for 
zoonotic disease transmission risk as some species of dung 

beetles and flies are known disease vectors (e.g., Blackburn 
et al. 2014; Monyama et al. 2022; Patel et al. 2022).

To our knowledge, no experimental studies have been con-
ducted on how vultures affect carrion decomposition and 
invertebrate scavenger activity in the Neotropics. Vulture re-
search has almost exclusively concentrated on Old World spe-
cies, exposing a prominent knowledge gap on scavenging by 
New World vultures, with neotropical species represented in 
just 7% of existing vulture literature (Santangeli et al. 2022). 
New World vultures face pressures similar to those of the Old 
World, prompting warnings of a potential population collapse 
in the Americas which is already manifest in species such 
as the critically endangered California Condor (Gymnogyps 
californianus) and the vulnerable Andean Condor (Vultur 
gryphus) (Birdlife International  2020a, 2020b; Bakker 
et al. 2023). Population declines could increase carrion avail-
ability to other scavengers, possibly slowing down carrion 
decomposition rates and increasing invertebrate abundance 
which, in turn, could have implications for healthy ecosys-
tem functioning, zoonotic disease emergence and transmis-
sion (Ogada, Keesing, et al. 2012; Ogada, Torchin, et al. 2012; 
van den Heever et al. 2021; Carucci et al. 2022; Oliva-Vidal, 
Sebastián-González, et  al.  2022). Aside from population de-
clines, environmental variables such as habitat and season 
may also affect carrion consumption by vultures. For example, 
in northern Spain, carcass detection and the percentage of car-
cass consumed by griffon vultures (Gyps fulvus) decreased as 
vegetation cover increased (Oliva-Vidal, Sebastián-González, 
et al. 2022). Similar to their Old World counterparts, all New 
World species except the turkey vulture (Cathartes aura) rely 
solely on sight to locate carrion, meaning carcasses in grass-
land may be easier to detect than those concealed under a for-
est canopy (Houston  1985; Oliva-Vidal, Sebastián-González, 
et al. 2022). It has also been suggested that vultures fly more 
frequently in warmer weather in response to increased ther-
mals, which could lead to higher carcass detection during the 
dry season compared to the wet season (e.g., Dodge et al. 2014).

Here, we experimentally excluded vultures from carcasses in 
the southern Pacific region of Costa Rica to test their impact on 
carrion decomposition rates and fly and dung beetle abundance. 
We contrasted the effects of vulture exclusion between forest 
and grassland habitats and between the wet and dry seasons via 
a balanced experimental design. Our predictions were that ex-
cluding vultures from carcasses will (1) decrease decomposition 
rate as seen in Africa and North America by Ogada, Keesing, 
et al. (2012), Ogada, Torchin, et al. (2012) and Hill et al. (2018), 
and (2) increase fly and dung beetle abundance due to longer 
carcass persistence times and decreased resource competition 
(DeVault et  al.  2004). We also predicted that carcass decom-
position rate at control sites would increase in (3) grassland 
compared to forest due to greater carcass visibility for vultures, 
as found by Oliva-Vidal, Sebastián-González, et  al.  (2022) in 
Europe, and in (4) the dry season compared to the wet season 
due to greater carcass detection probability as a result of in-
creased vulture flight activity (Dodge et al. 2014). And lastly, to 
assess the functional redundancy of carrion removal by vultures 
in this ecosystem, we (5) examined the presence of other fac-
ultative vertebrate scavenger species at carcasses (Oliva-Vidal, 
Sebastián-González, et al. 2022).
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2   |   Methods

2.1   |   Study Area

The Osa peninsula, in the southern Pacific region of Costa Rica, 
harbours the largest remaining tract of Pacific lowland wet 
forest in Central America (Holdridge  1967). The area is char-
acterised by a tropical climate and its landscape comprises oil 
palm and pineapple plantations, cattle farms and secondary 
and primary forest (Gilbert et al. 2019). Temperatures range be-
tween 23.4°C and 28.8°C with seasonal rainfall between 3000 
and 7000 mm year−1 (Taylor et al. 2015; Whitworth et al. 2018). 
Its wet season spans the months of June to November and its 
dry season from December through the end of May (Taylor 
et al. 2015).

This study was conducted between September 2023 and June 
2024 at the Osa Conservation Campus (8.40388° N, 83.336618° W; 
Figure  1A) situated within the Golfo Dulce Forest Reserve, 
which borders Corcovado National Park. Comprising 1330 ha of 
privately protected land, the Osa Conservation Campus boasts 
various habitat types, including old-growth primary forest, 
secondary growth forest, secondary plantation forest and aban-
doned cattle pastures, which were cleared and actively farmed 
over 40 years ago (Whitworth et al. 2021).

2.2   |   Experimental Setup

The experiment consisted of pig carcasses (Sus scrofa; weight: 
44–130 kg) deployed under two treatments: ‘exclusion’ – a pig 
carcass rendered inaccessible to large vertebrate scavengers by 
covering it with a cage (Figure 1B); and ‘control’ – where the car-
cass was left uncovered and accessible (Figure 1C). Pig carcasses 
were sourced from local farms supplying meat for human con-
sumption. We deployed eight controls and eight treatments in 
secondary growth forest locations and eight controls and eight 

treatments in grassland locations, totalling 32 carcass deploy-
ments. The carcasses were deployed in eight ‘rounds’, with each 
round containing four carcasses placed at least 500 m from each 
other (as seen in Hill et al. 2018) in the following treatment and 
habitat combinations: Control in grassland, control in forest, 
exclusion in grassland and exclusion in forest. To account for 
seasonal variation, half of the experiment (four rounds) was con-
ducted in the dry season and half (the other four rounds) in the 
wet season. The time between round deployments varied from 
16 to 32 days, with one 60-day wait period between the deploy-
ment of round four and five while the season changed from wet 
to dry. The sites chosen for the subsequent round were distanced 
at least 100 m from the previous round's sites.

2.3   |   Scavenger Exclusion and Monitoring

The exclusion cages set up around the carcasses were con-
structed using PVC pipes and netting measuring 0.8 m in height 
and 2 × 2 m in width and length (Figure 1B), with every corner of 
the cage staked into the ground. At control sites, the carcass was 
tied from both the rear and front legs to either a stake or a tree, 
impeding animals from dragging the carcass away. Carcasses 
were weighed from deployment day (day 0) for a minimum of 
20 days or until they were completely consumed. The mean car-
cass persistence duration was 12 days (range 2–26 days). To mon-
itor the integrity of the exclusion cages and determine vertebrate 
scavenger abundance, we deployed a camera trap (Browning 
model BTC-5DCL) at each carcass, positioned approximately 
1 m from the ground and two metres from the carcass. The cam-
eras took pictures at 60 s intervals when motion was detected in 
the field of view, except for two which were set at 1 s intervals, 
from the start of the deployment until the end of the experiment. 
To account for the different sampling frequencies between cam-
era deployments, only the first frame in a given minute was con-
sidered in subsequent analyses. Camera trap data were uploaded 
and individuals counted per frame and labelled to species level 

FIGURE 1    |    Study area within Costa Rica (inset) and the spatial arrangement of experimental sites on the Osa peninsula (A). Example exclusion 
site (B; in ‘grassland’ habitat) and example control site (C; in ‘forest’ habitat). The map was made using open-source data in QGIS 3.34.11.

Treatment   Habitat   Season
Exclosure Forest Dry

Control  Grassland  Wet

A)

C)

B)A)
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where possible using the Wildlife Insights platform (Wildlife 
Insights 2024).

We monitored invertebrate activity at each carcass using 
two methods: Pitfall traps and bottle traps (Barton and 
Evans  2017). Eight insect pitfall traps were placed around 
each carcass, four inner and four outer traps. The inner pitfall 
traps were positioned at 1 m distance from the centre of the 
carcass and equidistant from each other: Two at the front and 
two at the back of the carcass. At the exclusion sites, the inner 
pitfall traps were enclosed within the cage. It is unlikely that 
this impacted insect collection as the holes within the netting 
used measured 5 × 5 cm, allowing flies and beetles to easily 
pass through the mesh to the carcass. The outer pitfall traps 
were placed at 1 m distance from the inner pitfall traps fol-
lowing the same square configuration. Plastic plates held up 
with wooden skewers were used as pitfall roofs to prevent rain 
from entering the trap. Bottle traps were fashioned by cutting 
two 6 × 10 cm sized insect entrances spaced 4.5 cm apart at the 
top of 1.5 L empty plastic bottles. One hundred grams of pork 
bait in fine mesh was suspended inside each bottle via a string 
threaded through the lid. At each site, two bottle traps were 
hung 50 cm from the ground, one at either flank of the carcass. 
The bottles were attached to the roof netting within exclusion 
sites and from a line fastened between two upright sticks at 
control sites. Both the pitfall and bottle traps were half filled 
with a mixture of water and Florex non-toxic washing-up liq-
uid (3 mL washing-up liquid to every 1 L water) which kills 
and preserves invertebrates but is non-toxic to vertebrates. 
A killing solution was necessary to prevent the insects from 
predating each other within the traps, which may skew abun-
dance counts (Leather 2008).

Invertebrate collection occurred each day at dusk to minimise 
disturbance to vultures which are diurnal (Hill et al. 2018). Flies 
and dung beetles (only) were collected from both pitfall and 
bottle traps and stored in plastic Falcon tubes with 69% alcohol, 
after which they were counted at the Osa Conservation campus 
laboratory. We collected only dung beetles as carrion beetle dis-
tribution is primarily restricted to temperate regions, creating 
a vacant niche in the neotropics which seems to have been co-
opted by dung beetles (Peck 1985). Although three samples from 
single days at three different carcasses perished (out of a total of 
17, 20 and 22 sampled days at each of these carcasses), our anal-
ysis remains unaffected because we calculated our abundance 
metrics adjusted to the number of successful sampling days.

2.4   |   Data Analysis

All statistical analyses were conducted using R Statistical 
Software version 4.4.2 (R Core Team 2024). For each response 
term of interest, we used either simple linear or mixed-effects 
models depending on whether there was sufficient variation be-
tween deployment rounds for the mixed effects models to suc-
cessfully converge. The latter were run with the ‘glmmTMB’ 
package (Brooks et al. 2017). For each model, described below, 
we used a model selection approach based on AIC compar-
isons of all possible model subsets using the MuMIn package 
(Symonds and Moussalli  2011; Bartoń  2023). We then calcu-
lated the Akaike weights (wi) to assess the weight of evidence 

in favour of each model (Burnham and Anderson  2004). We 
compare effect sizes to discuss the ecological significance of 
the statistically supported differences found and use pseudo-R2 
(Nakagawa et al. 2013) to determine how well each of the best 
performing models describes the data.

2.4.1   |   Experimental Vulture Exclusion Effect on 
Carcass Decomposition Rate

To test the effect of season, habitat and treatment on carcass 
decomposition rate (kg lost day−1), we first calculated the de-
composition rate of each carcass (n = 32) by extracting the linear 
regression slope of carcass mass against days since deployment 
and then reversing its sign (rendering them positive estimates of 
mass loss per day rather than negative measures of mass gain per 
day). We used carcass mass from the first 10 days of carcass de-
composition data for these calculations, or until the carcass was 
consumed (dropped below 20% of the original weight), which-
ever came first, as decomposition rates slowed substantially 
after these periods. To model the factors affecting decomposi-
tion rate we used a Gaussian distributed mixed-effects model 
with deployment ‘round’ as a random intercept term to account 
for experiments occurring in the same round sharing similar en-
vironmental conditions. To control for any effect of variation in 
the initial masses of the carcasses we compared full models with 
and without initial carcass mass. Model fit did not improve with 
initial carcass mass and it was therefore excluded from model 
selection to reduce model complexity (i.e., models containing 
initial carcass mass scored weaker AICcs than models with ini-
tial carcass mass). Season (dry and wet), habitat (grassland and 
forest) and treatment (exclusion and control) were included as 
categorical fixed effect predictors. To assess the possibility of 
the effects of vulture exclusion varying between different hab-
itat types and seasons, we included models which contained an 
interaction between habitat and treatment and between season 
and treatment.

To determine if vulture abundance at carcasses predicts carcass 
decomposition rate, all 16 carcasses at ‘control’ sites were ana-
lysed for vulture presence. We quantified an average metric of 
vulture abundance for each carcass using the camera trap im-
ages from the first 10 days of carcass deployment or until the 
carcass was consumed (whichever occurred first), mirroring 
the time course of our carcass decomposition rate calculations 
(see above). Since we could not distinguish between individual 
vultures across frames, we estimated their relative abundance 
by dividing the total number of vultures counted within the im-
ages collected at a given carcass by the total number of camera 
trapping days providing imagery from that site (O'Brien 2011). 
We then assessed the evidence for relative vulture abundance 
predicting carcass decomposition rate using a linear model with 
Gaussian distribution and comparing it to a null model without 
vulture abundance included.

2.4.2   |   Experimental Vulture Exclusion Effect on 
Fly Abundance

To assess the fly abundance at a given carcass, we first summed 
the fly counts from both the bottle and pitfall traps at the site 
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across all sampling days and then divided this by the number of 
sampling days (yielding a measure of flies per day (flies day−1); 
to control for variation in survey durations between deploy-
ments). Sampling occurred for a minimum of 20 days or until 
the carcass was fully decomposed (range 2–22 sampling days). 
We then analysed the effect of treatment, habitat and season on 
fly abundance using a negative binomial mixed-effects model 
with deployment ‘round’ fitted as a random intercept term. To 
assess the possibility of the effects of vulture exclusion on fly 
abundance varying between different habitat types and seasons 
we included models with an interaction between habitat and 
treatment and between season and treatment. To assess if fly 
abundance predicted carcass decomposition rates in the absence 
of vultures, we then subsetted the data to only the exclusion 
sites and fitted a linear model with carcass decomposition rate 
as the response term and fly abundance as the predictor, before 
comparing its performance to that of a null model without fly 
abundance.

2.4.3   |   Experimental Vulture Exclusion Effect on Dung 
Beetle Abundance

To assess dung beetle abundance at a given carcass, we first 
summed the dung beetle counts from both the bottle and pitfall 
traps at each site across all sampling days and then divided this 
by the number of sampling days (yielding a measure of dung 
beetles per day (dung beetles day−1); to control for variation in 
survey durations between deployments). We then analysed the 
effect of treatment, habitat and season on dung beetle abun-
dance using a negative binomial mixed-effects model with de-
ployment ‘round’ fitted as a random intercept term. We included 
models with an interaction between habitat and treatment and 
between season and treatment. To assess if dung beetle abun-
dance predicted carcass decomposition rates in the absence of 
vultures, we then subsetted the data to only the exclusion sites 
and fitted a linear model with carcass decomposition rate as 
the response term and dung beetle abundance as the predictor, 

before comparing its performance to that of a null model with-
out dung beetle abundance.

3   |   Results

We confirmed that the exclusion cage worked effectively as 
camera trap footage showed that vultures did not feed on the 
pig carcass for 15 out of 16 exclusion replicates. In the sin-
gle instance where a vulture did gain entry (day six of round 
eight within grassland habitat) we ended the deployment and 
only considered carcass decomposition and invertebrate abun-
dance before the breach occurred. Vultures were recorded at 
all but one of the control carcasses. Of the 15 control carcasses 
visited by vultures, black vultures (Coragyps atratus) were 
the first obligate scavenger species detected to arrive at 53% 
of the carcasses, turkey vultures were first to arrive at 40% 
of the carcasses and king vultures (Sarcoramphus papa) were 
first to arrive at 7% of carcasses. Compared to vultures, other 
vertebrates were rarely detected at the carcass sites: Puma 
(Puma concolor; at 1/16 exclusions), ocelot (Leopardus par-
dalis; at 1/16 exclusions), coyote (Canis latrans; at 1/16 con-
trols), agouti (Dasyprocta punctata; at 1/16 controls and 3/16 
exclusions), white-nosed coati (Nasua narica; at 1/16 controls 
and 2/16 exclusions), common opossum (Didelphis marsupia-
lis; at 12/16 controls and 5/16 exclusions), spectacled caiman 
(Caiman crocodilus; at 1/16 exclusions) and collared peccary 
(Pecari tajacu; at 1/16 exclusions).

3.1   |   Experimental Vulture Exclusion Effect on 
Carcass Decomposition Rate

There was strong support for treatment influencing carcass de-
composition rates (Table 1: Figure 2A). The top model showed 
that carcasses available to vultures were consumed on average 
two times faster than those unavailable to vultures: Control 
carcasses lost an estimated 9.5 kg day−1 (95% confidence 

TABLE 1    |    Mixed-effects model selection results explaining decomposition rate for 32 pig carcasses from which vultures were experimentally 
excluded or not (treatment) across two habitats (grassland and forest) and seasons (dry and wet).

Model k LogL AICc ΔAICc wi

Treatment + (1|Round) 4 −81.33 172.1 0.00 0.30

Treatment*Season + (1|Round) 6 −78.60 172.6 0.43 0.24

Treatment + Season + (1|Round) 5 −80.35 173.0 0.86 0.20

Treatment + Habitat + (1|Round) 5 −81.14 174.6 2.45 0.09

Treatment*Season + Habitat + (1|Round) 7 −78.38 175.4 3.29 0.06

Treatment + Habitat + Season + (1|Round) 6 −80.15 175.7 3.52 0.05

Treatment*Habitat + (1|Round) 6 −80.48 176.3 4.19 0.04

Treatment*Habitat + Season + (1|Round) 7 −79.45 177.6 5.42 0.02

Null Model + (1|Round) 3 −88.89 184.6 12.50 0.00

Season + (1|Round) 4 −88.28 186.0 13.91 0.00

Habitat + (1|Round) 4 −88.77 187.0 14.89 0.00

Note: Predictor variables and deployment ‘round’ as a random effect (Model), number of parameters (k), log-likelihood (LogL), Akaike's Information Criterion with 
small-sample bias adjustment (AICc), ΔAICc (ΔAIC = AICi − AICmin) and model weights (wi).
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interval [CI] = 8.0–11.1), while exclusion carcasses lost an 
estimated 4.8 kg day−1 (CI = 2.65–6.91). The best supported 
model contained only the treatment effect (ΔAICc = −12.50 
relative to the null model; Table 1) and explained 38.4% of the 
variation in carcass decomposition rate. The second top model 
supports a season and treatment interaction (ΔAICc = −12 
relative to the null model; Table  1) and explained 48.2% of 
the variation in carcass decomposition rate. The effect of the 
exclusion treatment was dependent on season, as indicated 
by the interaction term (estimate = 3.83, CI = 0.08–7.74), sug-
gesting that carcass decomposition rates are faster in the wet 
than the dry season under the exclusion treatment. There 
was no support for a habitat and treatment interaction pre-
dicting decomposition rates (Table 1; i.e., models containing 
this interaction scored weaker AICcs than the model with 
treatment alone). At control sites, there was strong support for 
relative vulture abundance influencing decomposition rates 
(ΔAICc = −6.62 relative to the null model), whereby the car-
cass decomposition rate increased from an average of 6.93 kg 
lost day−1 (CI = 4.6–9.3) at the lowest recorded vulture activity 
to 15.2 kg lost day−1 (CI = 7.8–22.5) at the highest recorded vul-
ture activity (Figure 2B).

3.2   |   Experimental Vulture Exclusion Effect on Fly 
Abundance

There was strong statistical support for the influence of treat-
ment on the abundance of flies at carcasses (Table 2; Figure 3A), 
whereby predicted fly abundance at exclusion sites (mean = 56.1 
flies day−1, CI = 30.7–103) was approximately double that pre-
dicted at control sites (mean = 29.9 flies day−1, CI = 20.3–44.3). 
The best supported model contained only the treatment effect 
(ΔAICc = −5.43 relative to the null model; Table 2) and explained 
33.7% of the variation in fly abundance. There was weaker 

support for habitat and no support for season or the interac-
tion between habitat and treatment predicting fly abundance 
(Table  2; i.e., models containing these variables in addition to 
treatment scored weaker AICcs than the model with treatment 
alone). There was strong statistical support for fly abundance 
predicting the carcass decomposition rate in the vulture ex-
clusion treatments (ΔAICc = −8.64 relative to the null model), 
whereby the predicted decomposition rate at the lowest recorded 
fly abundance was 3.3 kg lost day−1 (CI = 1.9–4.6), whereas it 
was 8.3 kg lost day−1 (CI = 4.2–12.5) at the highest recorded fly 
abundance (Figure 3B).

3.3   |   Experimental Vulture Exclusion Effect on 
Dung Beetle Abundance

There was strong statistical support for habitat predicting the 
abundance of dung beetles at carcasses (Table  3; Figure  4A), 
whereby predicted dung beetle abundance at forest sites 
(mean = 5.6 dung beetles day−1, CI = 3.4–9) was markedly higher 
than that predicted at grassland sites (mean = 0.3 dung beetles 
day−1, CI = 0.1–0.9). The best-supported model contained only 
the habitat effect (ΔAICc = −19.84 relative to the null model; 
Table  3) and explained 65.4% of the variation in dung beetle 
abundance. There was no support for treatment, season or the 
interaction between habitat and treatment predicting dung bee-
tle abundance (Table 3; i.e., models containing these variables 
in addition to habitat scored appreciably weaker AICcs than the 
model with habitat alone). Furthermore, there was no statistical 
support for species-specific responses to the vulture exclosure 
when considered individually (Tables S1 and S2 in Appendix S1). 
There was also no statistical support for dung beetle abundance 
predicting carcass decomposition rate (Figure  4B) within the 
vulture exclusion treatments (ΔAICc = +3.07 relative to the null 
model).

FIGURE 2    |    Effect of vulture exclusion on carcass decomposition rates (kg lost day−1) (A) and effect of relative vulture abundance on carcass de-
composition rates at control sites (B). In panel (A), black points represent the predicted decomposition rates from the best supported model in Table 1, 
vertical bars represent 95% confidence interval for the fixed effect predictions, coloured dots represent the raw data (red = dry season; blue = wet sea-
son). In panel B, black line = predicted change in decomposition rate with increasing relative vulture abundance at a given control site; grey polygon 
represents the 95% confidence interval around the fixed effects; and grey dots represent the relative vulture abundance (control sites only).
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4   |   Discussion

We experimentally tested the effect of vulture exclusion on car-
cass decomposition rate and fly and dung beetle abundance 
within two different habitats (grassland and secondary growth 
forest) and seasons (wet and dry) in the Neotropics. The exper-
imental exclusion of vultures from carcasses approximately 
halved carcass decomposition rate, and natural variation in 
vulture abundance at control carcasses positively predicted car-
cass decomposition rate. Both findings support vultures play-
ing a critical role in carcass decomposition in the Neotropics. 
Vulture exclusion from carcasses also approximately doubled fly 

abundance, while leaving dung beetle abundance unaffected. 
We discuss the implications of our findings in terms of the eco-
logical role of vultures in this ecosystem and the wider potential 
consequences of vulture population declines.

4.1   |   Vulture Exclusion Significantly Decreases 
Carcass Decomposition Rate

Our results demonstrate that intact scavenger communities, 
with vultures, invertebrate and microbial decomposers, ef-
ficiently decompose carcasses at double the rate of insect 

TABLE 2    |    Model selection results explaining fly abundance for 32 pig carcasses from which vultures were experimentally excluded or not 
(treatment) across two habitats (grassland and forest) and seasons (dry and wet).

Model k LogL AICc ΔAICc wi

Treatment + (1|Round) 4 −150.10 309.7 0.00 0.39

Treatment + Habitat + (1|Round) 5 −149.05 310.4 0.71 0.27

Treatment + Season + (1|Round) 5 −149.92 312.1 2.45 0.11

Treatment + Habitat + Season + (1|Round) 6 −148.96 313.3 3.60 0.06

Treatment*Habitat + (1|Round) 6 −149.00 313.4 3.68 0.06

Null Model + (1|Round) 3 −154.13 315.1 5.43 0.03

Treatment*Season + (1|Round) 6 −149.91 315.2 5.49 0.03

Habitat + (1|Round) 4 −153.23 315.9 6.26 0.02

Treatment*Habitat + Season + (1|Round) 7 −148.91 316.5 6.80 0.01

Treatment*Season + Habitat + (1|Round) 7 −148.96 316.6 6.90 0.01

Season + (1|Round) 4 −153.99 317.5 7.77 0.01

Note: Fixed effect predictor variables and deployment ‘round’ as a random effect (Model), number of parameters (k), log-likelihood (LogL), Akaike's information 
Criterion with small-sample bias adjustment (AICc), ΔAICc (ΔAIC = AICi − AICmin) and model weights (wi).

FIGURE 3    |    Effects of vulture exclusion on fly abundance (nr day−1) (A) and effect of fly abundance on carcass decomposition rates (kg lost day−1) 
at exclusion sites (B). In panel (A), black points represent the predicted fly abundance from the best supported model in Table 2; vertical bars = 95% 
confidence interval for the fixed effect predictions; coloured dots represent the raw data (red = dry season; blue = wet season). In panel B, black 
line = predicted change in decomposition rate with increasing fly abundance at a given exclusion site; grey polygon represents the 95% confidence 
interval around the fixed effects; and grey dots represent the raw data (exclusion sites only).



9 of 15

scavengers and microbial decomposers alone. Although other 
facultative vertebrate scavengers were also excluded from the 
treatment carcasses, their minimal presence at control car-
casses (see Section 4.3) confirmed that vultures are likely the 
main drivers of carcass decomposition rate within this ecosys-
tem. This corroborates evidence from studies in other regions 
and climates demonstrating slower decomposition rates and/
or longer carcass persistence times when vultures are absent. 
For example, in Kenya, vulture exclusion led to carcasses 
persisting nearly three times longer, even though the num-
ber of mammalian scavengers at carcasses tripled (Ogada, 
Keesing, et  al.  2012; Ogada, Torchin, et  al.  2012). Similarly, 

in the United States, rabbit carcasses inaccessible to vultures 
but available to other vertebrate scavengers remained unscav-
enged 10 times more often than those accessible to vultures 
(Hill et al. 2018). And in northern Spain, carcass consumption 
rate was 125 times lower, with carcasses persisting approxi-
mately 12 days longer, when the scavenger assemblage did not 
contain griffon vultures compared to when they did (Oliva-
Vidal, Sebastián-González, et  al.  2022). Correlative findings 
comparing decomposition patterns in regions with and with-
out vultures show similar patterns. For example, in a study 
by Morales-Reyes et al. (2017), carcass consumption rate was 
13-fold lower in regions where vultures were absent compared 

TABLE 3    |    Model selection results explaining dung beetle abundance for 32 pig carcasses from which vultures were experimentally excluded or 
not (treatment) across two habitats (grassland and forest) and seasons (dry and wet).

Model k LogL AICc ΔAICc wi

Habitat + (1|Round) 4 −56.20 121.9 0.00 0.67

Treatment + Habitat + (1|Round) 5 −56.20 124.7 2.82 0.16

Treatment*Habitat + (1|Round) 6 −55.17 125.7 3.81 0.10

Treatment + Habitat + Season + (1|Round) 6 −56.06 127.5 5.58 0.04

Treatment*Habitat + Season + (1|Round) 7 −54.95 128.6 6.68 0.02

Treatment*Season + Habitat + (1|Round) 7 −56.01 130.7 8.80 0.01

Null model + (1|Round) 3 −67.43 141.7 19.84 0.00

Season + (1|Round) 4 −67.12 143.7 21.84 0.00

Treatment + (1|Round) 4 −67.34 144.2 22.28 0.00

Treatment + Season + (1|Round) 5 −66.99 146.3 24.40 0.00

Treatment*Season + (1|Round) 6 −66.90 149.2 27.27 0.00

Note: Predictor variables and deployment ‘round’ as a random effect (Model), number of parameters (k), log-likelihood (LogL), Akaike's Information Criterion with 
small-sample bias adjustment (AICc), ΔAICc (ΔAIC = ACi − AICmin) and model weights (wi).

FIGURE 4    |    Effects of vulture exclusion on dung beetle abundance (nr day−1) (A) and effect of dung beetle abundance on carcass decomposition 
rates (kg lost day−1) at exclusion sites (B). In panel A, black points represent the predicted dung beetle abundance from the best supported model 
in Table 3; vertical bars = 95% confidence interval for the fixed effect predictions; coloured dots represent the raw data (red = dry season; blue = wet 
season). In panel B, black line = predicted change in decomposition rate with increasing dung beetle abundance at a given exclusion site; gry polygon 
represents the 95% confidence interval around the fixed effects; and grey dots represent the raw data (exclusion sites only).
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to regions where they were present. Our findings also indicate 
that the relative vulture abundance at carcasses is positively 
correlated with carcass decomposition rate, suggesting that a 
healthy population density is essential for maintaining high 
rates of carcass removal.

We also assessed the role of two further factors thought to in-
fluence decomposition rates, habitat and season. Since two of 
the three vulture species in this landscape rely on sight to find 
carrion (black and king vulture), we initially expected that con-
trol carcasses in grasslands, being more visible and thus more 
detectable, would be scavenged faster than those under canopy 
(Houston  1985; Oliva-Vidal, Sebastián-González, et  al.  2022). 
Interestingly, we found no interaction between habitat type and 
treatment, likely due to vultures discovering all forest control 
carcasses. This is in contrast to the aforementioned study by 
Oliva-Vidal, Sebastián-González, et al. (2022) in Europe, where 
carcass detection by griffon vultures markedly decreased in for-
ests compared to open landscapes. We attribute our results to 
the presence of the turkey vulture in this ecosystem, the only 
vulture species known to locate carrion by scent due to its 
highly developed olfactory bulb (Grigg et al. 2017). It has been 
suggested that other vulture species, such as the king vulture, 
follow turkey vultures into the forest after the latter have located 
carrion (Houston  1984). Accordingly, we detected that turkey 
vultures were the first to arrive at six of the eight forest con-
trol carcasses, with black and king vultures arriving later. This 
could explain why control carcass decomposition rates do not 
vary between habitats.

We also expected increased decomposition rates in control 
carcasses during the dry season as vultures fly more during 
warm and clear weather to take advantage of thermals, in-
creasing their encounter probability with carcasses (Bohrer 
et al. 2012; Dodge et al. 2014). However, there was no statisti-
cal support for a difference in control carcass decomposition 
rates between seasons. This further strengthens the possibility 
that socially acquired information plays an important role in 
carcass discovery (Bildstein 2022). For example, griffon vul-
tures improve their chances of finding carcasses by detecting 
when other vultures land at carrion sites and following them 
(Cortés-Avizanda et  al.  2014). We did find some support for 
carcass decomposition rates being faster in the wet season than 
the dry season under the vulture exclusion treatment (support 
for a treatment by season interaction). This slight increase in 
decomposition rates for carcasses inaccessible to vultures in 
the wet season may be due to increased rainfall. This can alter 
temperature and humidity, both of which have complex inter-
active effects on the carcass itself and its decomposition by 
both insects and microbes (Payne 1965; DeVault et al.  2004; 
Benbow et  al.  2013; Pechal et  al.  2013). Interestingly, the El 
Niño-Southern Oscillation event (a weather system that typ-
ically makes the wet seasons drier than usual; see Esquivel-
Hernández et al. 2019) occurred during the year in which we 
conducted the wet season rounds. The difference in the effect 
of vulture exclusion on carcass decomposition rate between 
seasons may therefore be more pronounced in years without 
El Niño. Since decomposition rates in control carcasses did 
not vary between seasons, a balanced scavenger community 
of vertebrates and invertebrates may help stabilize these sea-
sonal effects on carcass decomposition.

4.2   |   Invertebrate Abundance Responses to 
Vulture Exclusion

Carrion is a finite and ephemeral resource generating intense 
competition among insects, leading to density-dependent pop-
ulation dynamics and increased contact between potential 
zoonosis vectors (DeVault et al.  2003; Blackburn et al.  2014; 
Dawson et al. 2022; Patel et al. 2022). We found that vulture 
exclusion and the related decrease in decomposition rate re-
sulted in taxon-specific responses in insect abundance. Our 
estimates of daily fly abundance approximately doubled when 
vultures were excluded. This likely resulted from fly abun-
dance and reproductive success being dependent upon car-
cass longevity, with more adult flies arriving over time and 
larvae surviving to adulthood when sufficient food and breed-
ing resources are available (Rivers et  al.  2011; Barton and 
Evans 2017). Flies maximise carcass utilisation by laying hun-
dreds to thousands of eggs, which develop rapidly into larvae 
forming intensively feeding maggot masses that eventually 
mature into adult flies (Rivers et al. 2011). This process was 
likely hindered by vulture carrion consumption at the control 
sites, preventing more adult flies from finding the carcass and 
larvae from reaching adulthood.

However, there was no statistical support for a change in dung 
beetle abundance with vulture exclusion. While flies utilise 
carrion throughout all stages of their life cycle, adult dung 
beetles rely on carrion primarily for feeding and breeding 
(Hanski and Cambefort  1991; Halffter et  al.  2011). The life 
cycle of dung beetles is also much slower than that of flies, 
with females laying from 1 to 10 eggs per nest, which may re-
quire up to 2 months to mature into adulthood (Bennett and 
Whitworth 1991; Huerta et al. 2023). Therefore, dung beetle 
abundance at a carcass likely depends on the existing adult 
population in the surrounding area and not their progeny. 
Consequently, carcass longevity may not influence dung 
beetle abundance if it is determined by the local adult beetle 
population.

There was no strong support for fly and dung beetle abundance 
varying with season, perhaps as insects tend to proliferate in ei-
ther hot or humid climates, making both seasons in the tropics 
optimal for insect activity (Payne 1965). However, we did find 
strong statistical support for dung beetle abundance varying by 
habitat, with dung beetles being more abundant in forest rela-
tive to grassland. This is consistent with previous work from the 
same region which found increased dung beetle abundance and 
diversity in forest compared to grassland (Whitworth et al. 2021, 
see also Table S2 in the Appendix S1).

Vultures are known to also consume insects, which could exert 
a control on their population (e.g., Hill et al. 2022). If vultures 
preyed on flies at control sites, this may have influenced our 
results, leading to reduced fly abundance at control carcasses 
compared to exclusion carcasses. Likewise, carcasses left un-
scavenged by vertebrates may also attract more predatory in-
sects over time, which in turn could control fly and dung beetle 
populations (Dawson et al. 2022). Future experiments examin-
ing the responses of invertebrates to vulture exclusion in differ-
ent ecoregions are required to verify the generalities of these 
findings.
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4.3   |   Do Carcasses Support a Broad Facultative 
Scavenger Community?

Studies in temperate regions often find that animal carcasses 
can support a diverse facultative scavenger community (e.g., 
Hill et  al.  2018; Tobajas et  al.  2021; Oliva-Vidal, Sebastián-
González, et al. 2022). However, this did not appear to be the 
case in this Neotropical forest/agricultural matrix system. 
Whilst we expected that coatis, opossums, pumas, ocelots and 
generalist birds would opportunistically scavenge in this eco-
system, they were rarely observed interacting with the control 
carcasses. Camera trap photos showed that vultures were the 
primary vertebrate drivers of decomposition rate at carcasses 
available to them as they consumed all but one control carcass. 
During the first 10 days of the carcass deployment, the only ver-
tebrates other than vultures recorded at control carcasses were 
opossums (12 of 16 deployments) and a white-nosed coati (1 of 
16). Common opossums were observed at almost all control car-
casses and managed to breach five exclusion cages. Given that 
opossums and coatis are omnivorous, and we did not observe 
direct scavenging of the carcass, it is also possible that both spe-
cies consumed only insects at the sites (Gompper  1995; Lessa 
et al.  2022). The relative lack of facultative scavenging in this 
system may be due to competitive exclusion by vultures at car-
casses (Butler and du Toit  2002; Ogada, Keesing, et  al.  2012; 
Ogada, Torchin, et  al.  2012). Previous work has highlighted 
that both vertebrate and invertebrate scavenger abundance and 
community composition are influenced by carcass size, poten-
tially affecting carcass decomposition rate (DeVault et al. 2004; 
Tomberlin et al. 2017; Turner et al. 2017; Oliva-Vidal, Sebastián-
González, et al. 2022). As we only used large carcasses > 35 kg, it 
is possible that facultative scavenging occurs more frequently on 
small to medium-sized carcasses. Experiments using carcasses 
of varying sizes could shed light on the interaction between 
obligate and facultative scavengers, and whether invertebrates 
are more efficient than vultures at removing smaller carcasses 
(Moretti et  al.  2008; Sugiura and Hayashi  2018; Oliva-Vidal, 
Sebastián-González, et al. 2022).

4.4   |   Implications of Vulture Decline for Carcass 
Decomposition

Vulture population declines in this region will likely lead to in-
creased carcass persistence since facultative scavengers seem 
rare in this neotropical system. One implication of such a change 
would be that nutrients from carrion take longer to return to the 
environment (DeVault et al. 2003) and would stay highly local-
ised instead of being distributed across the landscape (through 
vulture scat deposition). Previous work on mass vertebrate 
mortality events demonstrated that the local concentration of 
phosphorous, sodium, potassium and nitrogen from carrion can 
alter the growth of surrounding vegetation (Barton et al. 2013; 
Tomberlin et al. 2017).

Slower carcass decomposition rate may also have important 
consequences for infectious and zoonotic disease management 
in the tropics. For example, Aguilar-Vargas et al.  (2022) found 
that 27% of 85 wildlife carcasses brought in for epidemiological 
surveillance in Costa Rica belonged to animals that had died 
from an infectious pathogen. Vultures could help mitigate the 

spread of these pathogens (Ogada, Keesing, et al. 2012; Ogada, 
Torchin, et al. 2012; Roggenbuck et al. 2014) particularly as mi-
crobes rarely survive the passage through a vulture's digestive 
system (Houston and Cooper 1975). Nonetheless, some authors 
have suggested that vultures could also spread zoonoses as they 
move among carcasses and drinking sites (e.g., Houston and 
Cooper 1975; Houston 1979; DeVault et al. 2004). However, to 
date, there has been no direct evidence of vultures transmitting 
or spreading disease. The implementation of low-cost epidemio-
logical surveillance systems such as Wildlife Health Monitoring 
Programmes could aid in the early detection of potential 
emerging zoonoses in and/or on vultures and other scavengers 
(Aguilar-Vargas et al. 2022).

In contrast to vultures, both flies and dung beetles are known 
vectors of zoonoses. Dung beetles are carriers of enteric para-
sites such as the tapeworm (Taenia hydatigena), yet studies on 
their transmission abilities remain inconclusive (e.g., Nichols 
et al. 2008; Patel et al. 2022). Blowflies, usually the first species 
to colonise a carcass, are known vectors of both botulism and 
anthrax (e.g., Anza et al. 2014; Blackburn et al. 2014). Other 
microorganisms pathogenic to humans found in fly species in-
clude antibiotic-resistant strains of Escherichia coli (Monyama 
et  al.  2022), Salmonella spp. (Olsen and Hammack  2000) 
and Shigella spp., the main cause of dysentery (Mohammed 
et  al.  2016). The increase in fly abundance observed at car-
casses excluded from vultures in this experiment therefore 
raises concerns over the potential increased risk of disease 
transmission in areas experiencing vulture declines. Research 
on insect community composition at carrion in the Neotropics 
might therefore be usefully prioritised, with a view to identi-
fying potential disease vectors and the transmission risk they 
pose. In regions facing vulture decline, testing the effect of 
facultative scavengers on carrion insects and carcass decom-
position may also reveal potential new transmission pathways 
for emerging zoonoses.

5   |   Conclusions

This work presents the first experimental assessment of the 
implications of vulture declines on carcass decomposition in 
neotropical ecosystems. Our results add to a growing body of 
evidence that undisturbed scavenger communities contain-
ing vultures decompose carrion more efficiently than those 
without vultures (Ogada, Keesing, et al. 2012; Ogada, Torchin, 
et  al.  2012; Morales-Reyes et  al.  2017; Hill et  al.  2018; Oliva-
Vidal, Sebastián-González, et al. 2022). While it would be ben-
eficial to replicate this work in different neotropical ecosystems 
(e.g., savannah) and contexts (e.g., urban environments) to de-
termine how generalisable these results are, our findings do 
suggest that future declines in neotropical vulture populations 
will compromise ecosystem services associated with fast carcass 
decomposition.

Author Contributions

Julia Grootaers: conceptualization (lead), data curation (lead), formal 
analysis (lead), investigation (lead), methodology (equal), project admin-
istration (equal), resources (lead), software (lead), visualization (lead), 
writing – original draft (lead), writing – review and editing (lead). Greta 



12 of 15 Ecology and Evolution, 2025

Hernández Campos: data curation (equal), investigation (equal), meth-
odology (lead), project administration (equal), resources (equal), writing 
– review and editing (supporting). Violeta Marie Montenegro: data 
curation (equal), formal analysis (supporting), investigation (equal), 
methodology (equal), software (supporting), writing – review and editing 
(supporting). Rosio Vega Quispe: data curation (equal), investigation 
(equal), methodology (equal), writing – review and editing (supporting). 
Sarah Wicks: funding acquisition (equal), investigation (equal), project 
administration (equal), resources (equal), writing – review and editing 
(supporting). Sara Campos Landázuri: investigation (equal), meth-
odology (equal), writing – review and editing (supporting). Eduardo 
Fabrizio Tubelli: investigation (equal), methodology (equal), writing – 
review and editing (supporting). Francisco Vega-Reyes: investigation 
(equal), methodology (equal), writing – review and editing (equal). Enzo 
Basso: formal analysis (supporting), investigation (equal), methodology 
(equal), resources (equal), writing – review and editing (equal). Andrew 
Whitworth: conceptualization (lead), funding acquisition (lead), writ-
ing – review and editing (equal). Andrew Young: conceptualization 
(lead), methodology (lead), supervision (lead), writing – review and edit-
ing (lead). Christopher Beirne: conceptualization (lead), data curation 
(supporting), formal analysis (lead), investigation (supporting), method-
ology (lead), software (equal), supervision (lead), visualization (lead), 
writing – review and editing (lead).

Acknowledgements

We would like to thank the Movement Ecology team and volunteers at 
Osa Conservation for helping to conduct the field work.

Ethics Statement

Pig carcasses were obtained from local farms with production for human 
consumption. Research permits were obtained from the Government of 
Costa Rica and CONAGEBIO (permit ref.: R-CM-ACO-002-2024-OT-
CONAGEBIO). Our study did not involve direct management of living 
vertebrates; thus, no further ethical approval was required in accor-
dance with current regulations on animal experimentation in the UK 
and Costa Rica (Animals Scientific Procedures Act 1986 (ASPA)).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data and code that support the findings of this study are openly 
available in Zenodo at DOI: https://​doi.​org/​10.​5281/​zenodo.​15217934.

References

Aguilar-Vargas, F., T. Solorzano-Scott, M. Baldi, et  al. 2022. “Passive 
Epidemiological Surveillance in Wildlife in Costa Rica Identifies 
Pathogens of Zoonotic and Conservation Importance.” PLoS One 17, no. 
9: e0262063. https://​doi.​org/​10.​1371/​journ​al.​pone.​0262063.

Alarcón, P. A. E., and S. A. Lambertucci. 2018. “A Three-Decade Review 
of Telemetry Studies on Vultures and Condors.” Movement Ecology 6, 
no. 1: 13. https://​doi.​org/​10.​1186/​s4046​2-​018-​0133-​5.

Anza, I., D. Vidal, and R. Mateo. 2014. “New Insight in the Epidemiology 
of Avian Botulism Outbreaks: Necrophagous Flies as Vectors of 
Clostridium botulinum Type C/D.” Environmental Microbiology Reports 
6, no. 6: 738–743. https://​doi.​org/​10.​1111/​1758-​2229.​12197​.

Arrondo, E., M. Moleón, A. Cortés-Avizanda, et  al. 2018. “Invisible 
Barriers: Differential Sanitary Regulations Constrain Vulture 
Movements Across Country Borders.” Biological Conservation 219: 46–
52. https://​doi.​org/​10.​1016/j.​biocon.​2017.​12.​039.

Bakker, V. J., M. E. Finkelstein, D. F. Doak, et al. 2023. “Lead, Trash, 
DDE, and Young Age of Breeders Linked to Lower Fertility in the First 

Two Decades of Reintroduction for Critically Endangered California 
Condors in California.” Ornithological Applications 125, no. 3: 1–13. 
https://​doi.​org/​10.​1093/​ornit​happ/​duad022.

Bartoń, K. 2023. “MuMIn: Multi-Model Inference (Version 1.47.5) 
[Computer Software].” https://​CRAN.​R-​proje​ct.​org/​packa​ge=​MuMIn​.

Barton, P. S., S. A. Cunningham, D. B. Lindenmayer, and A. D. Manning. 
2013. “The Role of Carrion in Maintaining Biodiversity and Ecological 
Processes in Terrestrial Ecosystems.” Oecologia 171, no. 4: 761–772. 
https://​doi.​org/​10.​1007/​s0044​2-​012-​2460-​3.

Barton, P. S., and M. J. Evans. 2017. “Insect Biodiversity Meets 
Ecosystem Function: Differential Effects of Habitat and Insects on 
Carrion Decomposition.” Ecological Entomology 42, no. 3: 364–374. 
https://​doi.​org/​10.​1111/​een.​12395​.

Beasley, J. C., Z. H. Olson, N. Selva, and T. L. DeVault. 2019. “Ecological 
Functions of Vertebrate Scavenging.” In Carrion Ecology and 
Management, 125–157. Springer International Publishing. https://​doi.​
org/​10.​1007/​978-​3-​030-​16501​-​7_​6.

Benbow, M. E., A. J. Lewis, J. K. Tomberlin, and J. L. Pechal. 2013. 
“Seasonal Necrophagous Insect Community Assembly During 
Vertebrate Carrion Decomposition.” Journal of Medical Entomology 50, 
no. 2: 440–450. https://​doi.​org/​10.​1603/​me12194.

Bennett, G. F., and T. L. Whitworth. 1991. “Studies on the Life History 
of Some Species of Protocalliphora (Diptera: Calliphoridae).” Canadian 
Journal of Zoology 69, no. 8: 2048–2058. https://​doi.​org/​10.​1139/​z91-​286.

Bildstein, K. L. 2022. Vultures of the World: Essential Ecology and 
Conservation. Comstock Publishing Associates. https://​doi.​org/​10.​
1515/​97815​01765025.

BirdLife International. 2020a. “Gymnogyps californianus.” The IUCN 
Red List of Threatened Species 2020. https://​doi.​org/​10.​2305/​IUCN.​UK.​
2020-​3.​RLTS.​T2269​7636A​18115​1405.​en.

BirdLife International. 2020b. “Vultur gryphus.” The IUCN Red List 
of Threatened Species 2020. https://​doi.​org/​10.​2305/​IUCN.​UK.​2020-​3.​
RLTS.​T2269​7641A​18132​5230.​en.

Blackburn, J. K., M. Van Ert, J. C. Mullins, T. L. Hadfield, and M. E. 
Hugh-Jones. 2014. “The Necrophagous Fly Anthrax Transmission 
Pathway: Empirical and Genetic Evidence From Wildlife Epizootics.” 
Vector-Borne and Zoonotic Diseases 14, no. 8: 576–583. https://​doi.​org/​
10.​1089/​vbz.​2013.​1538.

Bohrer, G., D. Brandes, J. T. Mandel, et al. 2012. “Estimating Updraft 
Velocity Components Over Large Spatial Scales: Contrasting Migration 
Strategies of Golden Eagles and Turkey Vultures.” Ecology Letters 15, 
no. 2: 96–103. https://​doi.​org/​10.​1111/j.​1461-​0248.​2011.​01713.​x.

Brooks, M. E., K. Kristensen, K. Benthem, et  al. 2017. “glmmTMB 
Balances Speed and Flexibility Among Packages for Zero-Inflated 
Generalized Linear Mixed Modelling.” R Journal 9, no. 2: 378. https://​
doi.​org/​10.​32614/​​RJ-​2017-​066.

Buechley, E. R., and Ç. H. Şekercioğlu. 2016. “The Avian Scavenger 
Crisis: Looming Extinctions, Trophic Cascades, and Loss of Critical 
Ecosystem Functions.” Biological Conservation 198: 220–228. https://​
doi.​org/​10.​1016/j.​biocon.​2016.​04.​001.

Burkepile, D. E., J. D. Parker, C. B. Woodson, et al. 2006. “Chemically 
Mediated Competition Between Microbes and Animals: Microbes as 
Consumers in Food Webs.” Ecology 87, no. 11: 2821–2831. https://​doi.​
org/​10.​1890/​0012-​9658(2006)​87[2821:​CMCBMA]​2.0.​CO;​2.

Burnham, K. P., and D. R. Anderson. 2004. “Multimodel Inference: 
Understanding AIC and BIC in Model Selection.” Sociological Methods & 
Research 33, no. 2: 261–304. https://​doi.​org/​10.​1177/​00491​24104​268644.

Butler, J. R. A., and J. T. du Toit. 2002. “Diet of Free-Ranging Domestic 
Dogs (Canis familiaris) in Rural Zimbabwe: Implications for Wild 
Scavengers on the Periphery of Wildlife Reserves.” Animal Conservation 
5, no. 1: 29–37. https://​doi.​org/​10.​1017/​S1367​94300​200104X.

https://doi.org/10.5281/zenodo.15217934
https://doi.org/10.1371/journal.pone.0262063
https://doi.org/10.1186/s40462-018-0133-5
https://doi.org/10.1111/1758-2229.12197
https://doi.org/10.1016/j.biocon.2017.12.039
https://doi.org/10.1093/ornithapp/duad022
https://cran.r-project.org/package=MuMIn
https://doi.org/10.1007/s00442-012-2460-3
https://doi.org/10.1111/een.12395
https://doi.org/10.1007/978-3-030-16501-7_6
https://doi.org/10.1007/978-3-030-16501-7_6
https://doi.org/10.1603/me12194
https://doi.org/10.1139/z91-286
https://doi.org/10.1515/9781501765025
https://doi.org/10.1515/9781501765025
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22697636A181151405.en
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22697636A181151405.en
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22697641A181325230.en
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22697641A181325230.en
https://doi.org/10.1089/vbz.2013.1538
https://doi.org/10.1089/vbz.2013.1538
https://doi.org/10.1111/j.1461-0248.2011.01713.x
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1016/j.biocon.2016.04.001
https://doi.org/10.1016/j.biocon.2016.04.001
https://doi.org/10.1890/0012-9658(2006)87%5B2821:CMCBMA%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B2821:CMCBMA%5D2.0.CO;2
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1017/S136794300200104X


13 of 15

Carlson, C. J., W. M. Getz, K. L. Kausrud, et al. 2018. “Spores and Soil From 
Six Sides: Interdisciplinarity and the Environmental Biology of Anthrax 
(Bacillus anthracis).” Biological Reviews of the Cambridge Philosophical 
Society 93, no. 4: 1813–1831. https://​doi.​org/​10.​1111/​brv.​12420​.

Carucci, T., K. Whitehouse-Tedd, R. W. Yarnell, et al. 2022. “Ecosystem 
Services and Disservices Associated With Vultures: A Systematic 
Review and Evidence Assessment.” Ecosystem Services 56: 101447. 
https://​doi.​org/​10.​1016/j.​ecoser.​2022.​101447.

Cortés-Avizanda, A., R. Jovani, J. A. Donázar, and V. Grimm. 2014. 
“Bird Sky Networks: How Do Avian Scavengers Use Social Information 
to Find Carrion?” Ecology 95, no. 7: 1799–1808. https://​doi.​org/​10.​1890/​
13-​0574.​1.

Dawson, B. M., J. F. Wallman, M. J. Evans, and P. S. Barton. 2022. 
“Insect Abundance Patterns on Vertebrate Remains Reveal Carrion 
Resource Quality Variation.” Oecologia 198, no. 4: 1043–1056. https://​
doi.​org/​10.​1007/​s0044​2-​022-​05145​-​4.

DeVault, T. L., J. C. Beasley, Z. H. Olson, et  al. 2016. “Ecosystem 
Services Provided by Avian Scavengers.” In Why Birds Matter, 235–270. 
University of Chicago Press.

DeVault, T. L., I. L. Brisbin Jr., and O. E. Rhodes Jr. 2004. “Factors 
Influencing the Acquisition of Rodent Carrion by Vertebrate Scavengers 
and Decomposers.” Canadian Journal of Zoology 82, no. 3: 502–509. 
https://​doi.​org/​10.​1139/​z04-​022.

DeVault, T. L., O. E. Rhodes Jr., and J. A. Shivik. 2003. “Scavenging by 
Vertebrates: Behavioral, Ecological, and Evolutionary Perspectives on an 
Important Energy Transfer Pathway in Terrestrial Ecosystems.” Oikos 
102, no. 2: 225–234. https://​doi.​org/​10.​1034/j.​1600-​0706.​2003.​12378.​x.

Dodge, S., G. Bohrer, K. Bildstein, et al. 2014. “Environmental Drivers 
of Variability in the Movement Ecology of Turkey Vultures (Cathartes 
aura) in North and South America.” Philosophical Transactions of the 
Royal Society, B: Biological Sciences 369, no. 1643: 20130195. https://​doi.​
org/​10.​1098/​rstb.​2013.​0195.

Esquivel-Hernández, G., G. M. Mosquera, R. Sánchez-Murillo, et  al. 
2019. “Moisture Transport and Seasonal Variations in the Stable Isotopic 
Composition of Rainfall in Central American and Andean Páramo 
During El Niño Conditions (2015–2016).” Hydrological Processes 33, no. 
13: 1802–1817. https://​doi.​org/​10.​1002/​hyp.​13438​.

Ganz, H. H., U. Karaoz, W. M. Getz, W. Versfeld, and E. L. Brodie. 2012. 
“Diversity and Structure of Soil Bacterial Communities Associated 
With Vultures in an African Savanna.” Ecosphere 3, no. 6: 1–18. https://​
doi.​org/​10.​1890/​ES11-​00333.​1.

García-Ripollés, C., P. López-López, and V. Urios. 2010. “First 
Description of Migration and Wintering of Adult Egyptian Vultures 
Neophron percnopterus Tracked by GPS Satellite Telemetry.” Bird Study 
57, no. 2: 261–265. https://​doi.​org/​10.​1080/​00063​65090​3505762.

Gilbert, L. E., C. A. Christen, M. Altrichter, et al. 2019. The Southern 
Pacific Lowland Evergreen Moist Forest of the Osa Region. Costa Rican 
Ecosystems, 360–412. University of Chicago Press.

Gompper, M. E. 1995. “Nasua narica.” Mammalian Species 487: 1–10. 
https://​doi.​org/​10.​2307/​3504195.

Green, R. E., I. Newton, S. Shultz, et al. 2004. “Diclofenac Poisoning as a 
Cause of Vulture Population Declines Across the Indian Subcontinent.” 
Journal of Applied Ecology 41, no. 5: 793–800. https://​doi.​org/​10.​1111/j.​
0021-​8901.​2004.​00954.​x.

Griffiths, K., M. N. Krosch, and K. Wright. 2020. “Variation in 
Decomposition Stages and Carrion Insect Succession in a Dry Tropical 
Climate and Its Effect on Estimating Postmortem Interval.” Forensic 
Sciences Research 5, no. 4: 327–335. https://​doi.​org/​10.​1080/​20961​790.​
2020.​1733830.

Grigg, N. P., J. M. Krilow, C. Gutierrez-Ibanez, D. R. Wylie, G. R. Graves, 
and A. N. Iwaniuk. 2017. “Anatomical Evidence for Scent Guided 

Foraging in the Turkey Vulture.” Scientific Reports 7, no. 1: 17408. 
https://​doi.​org/​10.​1038/​s4159​8-​017-​17794​-​0.

Grilli, M. G., K. L. Bildstein, and S. A. Lambertucci. 2019. “Nature's 
Clean-Up Crew: Quantifying Ecosystem Services Offered by a 
Migratory Avian Scavenger on a Continental Scale.” Ecosystem Services 
39: 100990. https://​doi.​org/​10.​1016/j.​ecoser.​2019.​100990.

Halffter, G., V. Halffter, and M. E. Favila. 2011. “Food Relocation 
and the Nesting Behavior in Scarabaeus and Kheper (Coleoptera: 
Scarabaeinae).” Acta Zoologica Mexicana 27, no. 2: 305–324. https://​doi.​
org/​10.​21829/​​azm.​2011.​272755.

Hanski, I., and Y. Cambefort. 1991. Dung Beetle Ecology. Princeton 
University Press. https://​doi.​org/​10.​1515/​97814​00862092.

Hill, J. E., T. L. DeVault, J. C. Beasley, O. E. Rhodes, and J. L. Belant. 
2018. “Effects of Vulture Exclusion on Carrion Consumption by 
Facultative Scavengers.” Ecology and Evolution 8, no. 5: 2518–2526. 
https://​doi.​org/​10.​1002/​ece3.​3840.

Hill, J. E., A. E. Holland, L. K. Brohl, et al. 2022. “Diets of Black Vultures 
and Turkey Vultures in Coastal South Carolina, USA With a Review of 
Species' Dietary Information.” Southeastern Naturalist 21, no. 1: 11–27. 
https://​doi.​org/​10.​1656/​058.​021.​0102.

Holdridge, L. R. 1967. Life Zone Ecology. Tropical Science Center.

Houston, D. C. 1979. The Adaptations of Scavengers. Serengeti, Dynamics 
of an Ecosystem, 263–286. University of Chicago Press.

Houston, D. C. 1984. “Does the King Vulture Sarcorhamphus papa Use 
a Sense of Smell to Locate Food?” Ibis 126, no. 1: 67–69. https://​doi.​org/​
10.​1111/j.​1474-​919X.​1984.​tb036​65.​x.

Houston, D. C. 1985. “Evolutionary Ecology of Afrotropical and 
Neotropical Vultures in Forests.” Ornithological Monographs 36: 856–
864. https://​doi.​org/​10.​2307/​40168321.

Houston, D. C., and J. E. Cooper. 1975. “The Digestive Tract of the 
Whiteback Griffon Vulture and Its Role in Disease Transmission 
Among Wild Ungulates.” Journal of Wildlife Diseases 11, no. 3: 306–313. 
https://​doi.​org/​10.​7589/​0090-​3558-​11.3.​306.

Huerta, C., M. Cruz-Rosales, P. González-Vainer, I. Chamorro-
Florescano, J. D. Rivera, and M. E. Favila. 2023. “The Reproductive 
Behavior of Neotropical Dung Beetles.” Frontiers in Ecology and 
Evolution 11: 2477. https://​doi.​org/​10.​3389/​fevo.​2023.​1102477.

IUCN. 2024. “The IUCN Red List of Threatened Species.” https://​www.​
iucnr​edlist.​org.

Iyer, B., S. Dutta, Q. Qureshi, and Y. Jhala. 2023. “Super-Scavengers: 
Vertebrates Outperform Invertebrates and Microbes at Removing 
Carrion From a Tropical Forest.” Authorea Preprints. https://​doi.​org/​
10.​22541/​​au.​16889​7824.​46801​418/​v1.

Janzen, D. H. 1977. “Why Fruits Rot, Seeds Mold, and Meat Spoils.” 
American Naturalist 111, no. 980: 691–713. https://​doi.​org/​10.​1086/​
283200.

Lambertucci, S. A., A. Margalida, K. L. Speziale, et al. 2021. “Presumed 
Killers? Vultures, Stakeholders, Misperceptions, and Fake News.” 
Conservation Science and Practice 3, no. 6: e415. https://​doi.​org/​10.​1111/​
csp2.​415.

Leather, S. R. 2008. Insect Sampling in Forest Ecosystems. Blackwell. 
https://​doi.​org/​10.​1002/​97804​70750513.

Lessa, L. G., R. F. Carvalho, and D. Astúa. 2022. “Food Habits of 
American Marsupials.” In American and Australasian Marsupials: An 
Evolutionary, Biogeographical, and Ecological Approach, 1–28. Springer 
International Publishing.

Margalida, A., and M. À. Colomer. 2012. “Modelling the Effects of 
Sanitary Policies on European Vulture Conservation.” Scientific Reports 
2, no. 1: 753. https://​doi.​org/​10.​1038/​srep0​0753.

https://doi.org/10.1111/brv.12420
https://doi.org/10.1016/j.ecoser.2022.101447
https://doi.org/10.1890/13-0574.1
https://doi.org/10.1890/13-0574.1
https://doi.org/10.1007/s00442-022-05145-4
https://doi.org/10.1007/s00442-022-05145-4
https://doi.org/10.1139/z04-022
https://doi.org/10.1034/j.1600-0706.2003.12378.x
https://doi.org/10.1098/rstb.2013.0195
https://doi.org/10.1098/rstb.2013.0195
https://doi.org/10.1002/hyp.13438
https://doi.org/10.1890/ES11-00333.1
https://doi.org/10.1890/ES11-00333.1
https://doi.org/10.1080/00063650903505762
https://doi.org/10.2307/3504195
https://doi.org/10.1111/j.0021-8901.2004.00954.x
https://doi.org/10.1111/j.0021-8901.2004.00954.x
https://doi.org/10.1080/20961790.2020.1733830
https://doi.org/10.1080/20961790.2020.1733830
https://doi.org/10.1038/s41598-017-17794-0
https://doi.org/10.1016/j.ecoser.2019.100990
https://doi.org/10.21829/azm.2011.272755
https://doi.org/10.21829/azm.2011.272755
https://doi.org/10.1515/9781400862092
https://doi.org/10.1002/ece3.3840
https://doi.org/10.1656/058.021.0102
https://doi.org/10.1111/j.1474-919X.1984.tb03665.x
https://doi.org/10.1111/j.1474-919X.1984.tb03665.x
https://doi.org/10.2307/40168321
https://doi.org/10.7589/0090-3558-11.3.306
https://doi.org/10.3389/fevo.2023.1102477
https://www.iucnredlist.org
https://www.iucnredlist.org
https://doi.org/10.22541/au.168897824.46801418/v1
https://doi.org/10.22541/au.168897824.46801418/v1
https://doi.org/10.1086/283200
https://doi.org/10.1086/283200
https://doi.org/10.1111/csp2.415
https://doi.org/10.1111/csp2.415
https://doi.org/10.1002/9780470750513
https://doi.org/10.1038/srep00753


14 of 15 Ecology and Evolution, 2025

Margalida, A., J. A. Donázar, M. Carrete, and J. A. Sánchez-Zapata. 
2010. “Sanitary Versus Environmental Policies: Fitting Together Two 
Pieces of the Puzzle of European Vulture Conservation.” Journal of 
Applied Ecology 47, no. 4: 931–935. https://​doi.​org/​10.​1111/j.​1365-​2664.​
2010.​01835.​x.

Markandya, A., T. Taylor, A. Longo, M. N. Murty, S. Murty, and K. 
Dhavala. 2008. “Counting the Cost of Vulture Decline: An Appraisal of 
the Human Health and Other Benefits of Vultures in India.” Ecological 
Economics 67, no. 2: 194–204. https://​doi.​org/​10.​1016/j.​ecole​con.​2008.​
04.​020.

Mateo-Tomás, P., P. P. Olea, M. Moleón, et  al. 2015. “From Regional 
to Global Patterns in Vertebrate Scavenger Communities Subsidized 
by Big Game Hunting.” Diversity and Distributions 21, no. 8: 913–924. 
https://​doi.​org/​10.​1111/​ddi.​12330​.

McClure, C. J. W., J. R. S. Westrip, J. A. Johnson, et  al. 2018. “State 
of the World's Raptors: Distributions, Threats, and Conservation 
Recommendations.” Biological Conservation 227: 390–402. https://​doi.​
org/​10.​1016/j.​biocon.​2018.​08.​012.

Mohammed, A. N., G. K. Abdel-Latef, N. M. Abdel-Azeem, and K. M. El-
Dakhly. 2016. “Ecological Study on Antimicrobial-Resistant Zoonotic 
Bacteria Transmitted by Flies in Cattle Farms.” Parasitology Research 
115, no. 10: 3889–3896. https://​doi.​org/​10.​1007/​s0043​6-​016-​5154-​7.

Monyama, M. C., E. T. Onyiche, M. O. Taioe, J. S. Nkhebenyane, and O. 
M. M. Thekisoe. 2022. “Bacterial Pathogens Identified From Houseflies 
in Different Human and Animal Settings: A Systematic Review and 
Meta-Analysis.” Veterinary Medicine and Science 8, no. 2: 827–844. 
https://​doi.​org/​10.​1002/​vms3.​496.

Morales-Reyes, Z., J. M. Pérez-García, M. Moleón, et  al. 2015. 
“Supplanting Ecosystem Services Provided by Scavengers Raises 
Greenhouse Gas Emissions.” Scientific Reports 5, no. 1: 7811. https://​
doi.​org/​10.​1038/​srep0​7811.

Morales-Reyes, Z., J. A. Sánchez-Zapata, E. Sebastián-González, F. 
Botella, M. Carrete, and M. Moleón. 2017. “Scavenging Efficiency and 
Red Fox Abundance in Mediterranean Mountains With and Without 
Vultures.” Acta Oecologica 79: 81–88. https://​doi.​org/​10.​1016/j.​actao.​
2016.​12.​012.

Moretti, T. d. C., O. B. Ribeiro, P. J. Thyssen, and D. Solís. 2008. “Insects 
on Decomposing Carcasses of Small Rodents in a Secondary Forest in 
Southeastern Brazil.” European Journal of Entomology 105: 691–696.

Muñoz-Lozano, C., D. Martín-Vega, C. Martínez-Carrasco, et al. 2019. 
“Avoidance of Carnivore Carcasses by Vertebrate Scavengers Enables 
Colonization by a Diverse Community of Carrion Insects.” PLoS One 14, 
no. 8: e0221890. https://​doi.​org/​10.​1371/​journ​al.​pone.​0221890.

Nakagawa, S., H. Schielzeth, and R. B. O'Hara. 2013. “A General and 
Simple Method for Obtaining R2 From Generalized Linear Mixed-
Effects Models.” Methods in Ecology and Evolution 4, no. 2: 133–142. 
https://​doi.​org/​10.​1111/j.​2041-​210x.​2012.​00261.​x.

Newsome, T. M., B. Barton, J. C. Buck, et al. 2021. “Monitoring the Dead 
as an Ecosystem Indicator.” Ecology and Evolution 11, no. 11: 5844–
5856. https://​doi.​org/​10.​1002/​ece3.​7542.

Nichols, E., S. Spector, J. Louzada, T. Larsen, S. Amezquita, and M. E. 
Favila. 2008. “Ecological Functions and Ecosystem Services Provided 
by Scarabaeinae Dung Beetles.” Biological Conservation 141, no. 6: 
1461–1474. https://​doi.​org/​10.​1016/j.​biocon.​2008.​04.​011.

Oaks, J. L., M. Gilbert, M. Z. Virani, et al. 2004. “Diclofenac Residues as 
the Cause of Vulture Population Decline in Pakistan.” Nature 427, no. 
6975: 630–633. https://​doi.​org/​10.​1038/​natur​e02317.

O'Brien, T. G. 2011. Abundance, Density and Relative Abundance: A 
Conceptual Framework, 71–96. Springer. https://​doi.​org/​10.​1007/​978-​4-​
431-​99495​-​4_​6.

O'Bryan, C. J., A. R. Braczkowski, H. L. Beyer, N. H. Carter, J. E. 
M. Watson, and E. McDonald-Madden. 2018. “The Contribution of 

Predators and Scavengers to Human Well-Being.” Nature Ecology & 
Evolution 2, no. 2: 229–236. https://​doi.​org/​10.​1038/​s4155​9-​017-​0421-​2.

Ogada, D., P. Shaw, R. L. Beyers, et  al. 2016. “Another Continental 
Vulture Crisis: Africa's Vultures Collapsing Toward Extinction.” 
Conservation Letters 9, no. 2: 89–97. https://​doi.​org/​10.​1111/​conl.​12182​.

Ogada, D. L., F. Keesing, and M. Z. Virani. 2012. “Dropping Dead: 
Causes and Consequences of Vulture Population Declines Worldwide.” 
Annals of the New York Academy of Sciences 1249, no. 1: 57–71. https://​
doi.​org/​10.​1111/j.​1749-​6632.​2011.​06293.​x.

Ogada, D. L., M. E. Torchin, M. F. Kinnaird, and V. O. Ezenwa. 2012. 
“Effects of Vulture Declines on Facultative Scavengers and Potential 
Implications for Mammalian Disease Transmission.” Conservation 
Biology 26, no. 3: 453–460. https://​doi.​org/​10.​1111/j.​1523-​1739.​2012.​
01827.​x.

Olea, P. P., P. Mateo-Tomás, and J. A. Sánchez-Zapata. 2019. Carrion 
Ecology and Management. Vol. 2. Springer International Publishing AG. 
https://​doi.​org/​10.​1007/​978-​3-​030-​16501​-​7.

Oliva-Vidal, P., A. Hernández-Matías, D. García, M. À. Colomer, J. Real, 
and A. Margalida. 2022. “Griffon Vultures, Livestock and Farmers: 
Unraveling a Complex Socio-Economic Ecological Conflict From a 
Conservation Perspective.” Biological Conservation 272: 109664. https://​
doi.​org/​10.​1016/j.​biocon.​2022.​109664.

Oliva-Vidal, P., E. Sebastián-González, and A. Margalida. 2022. 
“Scavenging in Changing Environments: Woody Encroachment Shapes 
Rural Scavenger Assemblages in Europe.” Oikos 2022: e09310. https://​
doi.​org/​10.​1111/​oik.​09310​.

Olsen, A. R., and T. S. Hammack. 2000. “Isolation of Salmonella spp. 
From the Housefly, Musca domestica L., and the Dump Fly, Hydrotaea 
aenescens (Wiedemann) (Diptera: Muscidae), at Caged-Layer Houses.” 
Journal of Food Protection 63, no. 7: 958–960. https://​doi.​org/​10.​4315/​
0362-​028X-​63.7.​958.

One Health Initiative. 2022. “One Health Joint Plan of Action Launched 
to Address Health Threats to Humans, Animals, Plants, and the 
Environment.” World Health Organization, Food and Agriculture 
Organization of the United Nations, World Organisation for Animal 
Health & United Nations Environment Programme 86. https://​www.​
who.​int/​publi​catio​ns/i/​item/​97892​40059139.

Ottinger, M. A., A. Botha, R. Buij, et al. 2021. “A Strategy for Conserving 
Old World Vulture Populations in the Framework of One Health.” 
Journal of Raptor Research 55, no. 3: 374–387. https://​doi.​org/​10.​3356/​
JRR-​20-​98.

Pain, D. J., A. A. Cunningham, P. F. Donald, et  al. 2003. “Causes 
and Effects of Temporospatial Declines of Gyps Vultures in Asia.” 
Conservation Biology 17, no. 3: 661–671. https://​doi.​org/​10.​1046/j.​1523-​
1739.​2003.​01740.​x.

Patel, A., M. Jenkins, K. Rhoden, and A. N. Barnes. 2022. “A Systematic 
Review of Zoonotic Enteric Parasites Carried by Flies, Cockroaches, 
and Dung Beetles.” Pathogens 11, no. 1: 90. https://​doi.​org/​10.​3390/​
patho​gens1​1010090.

Payne, J. A. 1965. “A Summer Carrion Study of the Baby Pig Sus scrofa 
Linnaeus.” Ecology 46, no. 5: 592–602. https://​doi.​org/​10.​2307/​1934999.

Pechal, J. L., T. L. Crippen, A. M. Tarone, et  al. 2013. “Microbial 
Community Functional Change During Vertebrate Carrion 
Decomposition.” PLoS One 8, no. 11: e79035. https://​doi.​org/​10.​1371/​
journ​al.​pone.​0079035.

Peck, S. 1985. “Taxonomy, Phylogeny, and Biogeography of the 
Carrion Beetles of Latin America (Coleoptera: Silphidae).” Quaestiones 
Entomologicae 21: 247–317.

Plaza, P. I., G. Blanco, and S. A. Lambertucci. 2020. “Implications of 
Bacterial, Viral, and Mycotic Microorganisms in Vultures for Wildlife 
Conservation, Ecosystem Services, and Public Health.” Ibis 162, no. 4: 
1109–1124. https://​doi.​org/​10.​1111/​ibi.​12865​.

https://doi.org/10.1111/j.1365-2664.2010.01835.x
https://doi.org/10.1111/j.1365-2664.2010.01835.x
https://doi.org/10.1016/j.ecolecon.2008.04.020
https://doi.org/10.1016/j.ecolecon.2008.04.020
https://doi.org/10.1111/ddi.12330
https://doi.org/10.1016/j.biocon.2018.08.012
https://doi.org/10.1016/j.biocon.2018.08.012
https://doi.org/10.1007/s00436-016-5154-7
https://doi.org/10.1002/vms3.496
https://doi.org/10.1038/srep07811
https://doi.org/10.1038/srep07811
https://doi.org/10.1016/j.actao.2016.12.012
https://doi.org/10.1016/j.actao.2016.12.012
https://doi.org/10.1371/journal.pone.0221890
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1002/ece3.7542
https://doi.org/10.1016/j.biocon.2008.04.011
https://doi.org/10.1038/nature02317
https://doi.org/10.1007/978-4-431-99495-4_6
https://doi.org/10.1007/978-4-431-99495-4_6
https://doi.org/10.1038/s41559-017-0421-2
https://doi.org/10.1111/conl.12182
https://doi.org/10.1111/j.1749-6632.2011.06293.x
https://doi.org/10.1111/j.1749-6632.2011.06293.x
https://doi.org/10.1111/j.1523-1739.2012.01827.x
https://doi.org/10.1111/j.1523-1739.2012.01827.x
https://doi.org/10.1007/978-3-030-16501-7
https://doi.org/10.1016/j.biocon.2022.109664
https://doi.org/10.1016/j.biocon.2022.109664
https://doi.org/10.1111/oik.09310
https://doi.org/10.1111/oik.09310
https://doi.org/10.4315/0362-028X-63.7.958
https://doi.org/10.4315/0362-028X-63.7.958
https://www.who.int/publications/i/item/9789240059139
https://www.who.int/publications/i/item/9789240059139
https://doi.org/10.3356/JRR-20-98
https://doi.org/10.3356/JRR-20-98
https://doi.org/10.1046/j.1523-1739.2003.01740.x
https://doi.org/10.1046/j.1523-1739.2003.01740.x
https://doi.org/10.3390/pathogens11010090
https://doi.org/10.3390/pathogens11010090
https://doi.org/10.2307/1934999
https://doi.org/10.1371/journal.pone.0079035
https://doi.org/10.1371/journal.pone.0079035
https://doi.org/10.1111/ibi.12865


15 of 15

Prakash, V., D. J. Pain, A. A. Cunningham, et al. 2003. “Catastrophic 
Collapse of Indian White-Backed Gyps Bengalensis and Long-Billed 
Gyps indicus Vulture Populations.” Biological Conservation 109, no. 3: 
381–390. https://​doi.​org/​10.​1016/​S0006​-​3207(02)​00164​-​7.

R Core Team. 2024. A Language and Environment for Statistical 
Computing [Computer Software]. R Foundation for Statistical 
Computing. https://​www.​R-​proje​ct.​org/​.

Ray, R. R., H. Seibold, and M. Heurich. 2014. “Invertebrates 
Outcompete Vertebrate Facultative Scavengers in Simulated Lynx Kills 
in the Bavarian Forest National Park, Germany.” Animal Biodiversity 
and Conservation 37, no. 1: 77–88. https://​doi.​org/​10.​32800/​​abc.​2014.​
37.​0077.

Rivers, D. B., C. Thompson, and R. Brogan. 2011. “Physiological Trade-
Offs of Forming Maggot Masses by Necrophagous Flies on Vertebrate 
Carrion.” Bulletin of Entomological Research 101, no. 5: 599–611. https://​
doi.​org/​10.​1017/​S0007​48531​1000241.

Roggenbuck, M., I. Bærholm Schnell, N. Blom, et  al. 2014. “The 
Microbiome of New World Vultures.” Nature Communications 5, no. 1: 
5498. https://​doi.​org/​10.​1038/​ncomm​s6498​.

Santangeli, A., E. R. Buechley, S. Mammola, and S. A. Lambertucci. 
2022. “Priorities for Research and Action to Prevent a New World 
Vulture Crisis.” Biological Conservation 270: 109563. https://​doi.​org/​10.​
1016/j.​biocon.​2022.​109563.

Santangeli, A., I. Fozzi, D. De Rosa, et  al. 2024. “Quantifying the 
Regulation and Cultural Ecosystem Services Associated With Griffon 
Vultures Gyps fulvus in Sardinia, Italy.” Bird Conservation International 
34: 35. https://​doi.​org/​10.​1017/​S0959​27092​4000327.

Sugiura, S., and M. Hayashi. 2018. “Functional Compensation by 
Insular Scavengers: The Relative Contributions of Vertebrates and 
Invertebrates Vary Among Islands.” Ecography 41, no. 7: 1173–1183. 
https://​doi.​org/​10.​1111/​ecog.​03226​.

Symonds, M. R. E., and A. Moussalli. 2011. “Brief Guide to Model 
Selection, Multimodel Inference and Model Averaging in Behavioural 
Ecology Using Akaike's Information Criterion.” Behavioral Ecology and 
Sociobiology 65, no. 1: 13–21. https://​doi.​org/​10.​1007/​s0026​5-​010-​1037-​6.

Taylor, L. H., S. M. Latham, and M. E. J. Woolhouse. 2001. “Risk Factors 
for Human Disease Emergence.” Philosophical Transactions of the Royal 
Society of London. Series B, Biological Sciences 356, no. 1411: 983–989. 
https://​doi.​org/​10.​1098/​rstb.​2001.​0888.

Taylor, P., G. Asner, K. Dahlin, et al. 2015. “Landscape-Scale Controls 
on Aboveground Forest Carbon Stocks on the Osa Peninsula, Costa 
Rica.” PLoS One 10, no. 6: e0126748. https://​doi.​org/​10.​1371/​journ​al.​
pone.​0126748.

Tobajas, J., E. Descalzo, P. Ferreras, R. Mateo, and A. Margalida. 
2021. “Effects on Carrion Consumption in a Mammalian Scavenger 
Community When Dominant Species Are Excluded.” Mammalian 
Biology 101, no. 6: 851–859. https://​doi.​org/​10.​1007/​s4299​1-​021-​00163​-​w.

Tomberlin, J. K., B. T. Barton, M. A. Lashley, and H. R. Jordan. 2017. 
“Mass Mortality Events and the Role of Necrophagous Invertebrates.” 
Current Opinion in Insect Science 23: 7–12. https://​doi.​org/​10.​1016/j.​cois.​
2017.​06.​006.

Turner, K. L., E. F. Abernethy, L. M. Conner, O. E. Rhodes Jr., and J. C. 
Beasley. 2017. “Abiotic and Biotic Factors Modulate Carrion Fate and 
Vertebrate Scavenging Communities.” Ecology 98, no. 9: 2413–2424. 
https://​doi.​org/​10.​1002/​ecy.​1930.

van den Heever, L., L. J. Thompson, W. W. Bowerman, et  al. 2021. 
“Reviewing the Role of Vultures at the Human-Wildlife-Livestock 
Disease Interface: An African Perspective.” Journal of Raptor Research 
55, no. 3: 311–327. https://​doi.​org/​10.​3356/​JRR-​20-​22.

Vicente, J., and K. VerCauteren. 2019. “The Role of Scavenging in 
Disease Dynamics.” In Carrion Ecology and Management, edited by P. 

P. Olea, P. Mateo-Tomás, and J. A. Sánchez-Zapata, 161–182. Springer 
International Publishing. https://​doi.​org/​10.​1007/​978-​3-​030-​16501​-​7_​7.

White, R. J., and O. Razgour. 2020. “Emerging Zoonotic Diseases 
Originating in Mammals: A Systematic Review of Effects of 
Anthropogenic Land-Use Change.” Mammal Review 50, no. 4: 336–352. 
https://​doi.​org/​10.​1111/​mam.​12201​.

Whitworth, A., C. Beirne, E. Flatt, G. Froese, C. Nuñez, and A. Forsyth. 
2021. “Recovery of Dung Beetle Biodiversity and Traits in a Regenerating 
Rainforest: A Case Study From Costa Rica's Osa Peninsula.” Insect 
Conservation and Diversity 14, no. 4: 439–454. https://​doi.​org/​10.​1111/​
icad.​12470​.

Whitworth, A., C. Beirne, E. Flatt, et  al. 2018. “Secondary Forest 
is Utilized by Great Curassows (Crax rubra) and Great Tinamous 
(Tinamus major) in the Absence of Hunting.” Condor 120, no. 4: 852–
862. https://​doi.​org/​10.​1650/​CONDO​R-​18-​57.​1.

Wildlife Insights. 2024. “Wildlife Insights.” https://​www.​wildl​ifein​
sights.​org/​about​.

Wilson, E. E., and E. M. Wolkovich. 2011. “Scavenging: How Carnivores 
and Carrion Structure Communities.” Trends in Ecology & Evolution 26, 
no. 3: 129–135. https://​doi.​org/​10.​1016/j.​tree.​2010.​12.​011.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.  

https://doi.org/10.1016/S0006-3207(02)00164-7
https://www.r-project.org/
https://doi.org/10.32800/abc.2014.37.0077
https://doi.org/10.32800/abc.2014.37.0077
https://doi.org/10.1017/S0007485311000241
https://doi.org/10.1017/S0007485311000241
https://doi.org/10.1038/ncomms6498
https://doi.org/10.1016/j.biocon.2022.109563
https://doi.org/10.1016/j.biocon.2022.109563
https://doi.org/10.1017/S0959270924000327
https://doi.org/10.1111/ecog.03226
https://doi.org/10.1007/s00265-010-1037-6
https://doi.org/10.1098/rstb.2001.0888
https://doi.org/10.1371/journal.pone.0126748
https://doi.org/10.1371/journal.pone.0126748
https://doi.org/10.1007/s42991-021-00163-w
https://doi.org/10.1016/j.cois.2017.06.006
https://doi.org/10.1016/j.cois.2017.06.006
https://doi.org/10.1002/ecy.1930
https://doi.org/10.3356/JRR-20-22
https://doi.org/10.1007/978-3-030-16501-7_7
https://doi.org/10.1111/mam.12201
https://doi.org/10.1111/icad.12470
https://doi.org/10.1111/icad.12470
https://doi.org/10.1650/CONDOR-18-57.1
https://www.wildlifeinsights.org/about
https://www.wildlifeinsights.org/about
https://doi.org/10.1016/j.tree.2010.12.011

	Vulture Exclusion Halves Large Carcass Decomposition Rates and Doubles Fly Abundance
	ABSTRACT
	RESUMEN
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Area
	2.2   |   Experimental Setup
	2.3   |   Scavenger Exclusion and Monitoring
	2.4   |   Data Analysis
	2.4.1   |   Experimental Vulture Exclusion Effect on Carcass Decomposition Rate
	2.4.2   |   Experimental Vulture Exclusion Effect on Fly Abundance
	2.4.3   |   Experimental Vulture Exclusion Effect on Dung Beetle Abundance


	3   |   Results
	3.1   |   Experimental Vulture Exclusion Effect on Carcass Decomposition Rate
	3.2   |   Experimental Vulture Exclusion Effect on Fly Abundance
	3.3   |   Experimental Vulture Exclusion Effect on Dung Beetle Abundance

	4   |   Discussion
	4.1   |   Vulture Exclusion Significantly Decreases Carcass Decomposition Rate
	4.2   |   Invertebrate Abundance Responses to Vulture Exclusion
	4.3   |   Do Carcasses Support a Broad Facultative Scavenger Community?
	4.4   |   Implications of Vulture Decline for Carcass Decomposition

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


