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ARTICLE INFO ABSTRACT

Keywords: Dead animals release greenhouse gases to the atmosphere through natural decomposition or because they have to
Cli‘flaffe change be processed by disposal methods such as composting or rendering. Obligate scavenging birds (vultures)
Emissions consume dead animals and are among the most efficient terrestrial scavengers. They may therefore contribute to
gliial warming a considerable reduction in sources of greenhouse gases. Here, we quantify the global contribution of vultures in
Vultures reducing greenhouse gas emissions by consuming organic material. First, we evaluated a scenario where all the

dead animals that can be consumed by vultures every year have to be disposed of by composting, anaerobic
decomposition (e.g., burial), anaerobic digestion or rendering. Second, we assessed a scenario in which dead
animals are left to decompose in the environment. Current vulture populations (~134-140 million individuals)
may reduce emissions of 3.03-60.70 Tg CO; eq. per year, depending on the disposal method implemented,
without considering carcass transport to disposal plants. Alternatively, they may reduce emissions of 13.02 Tg
CO,, per year if dead animals remain in the environment. Over recent years a decline in vulture populations
worldwide has led to a decrease of a 30 % in their capacity to mitigate greenhouse gases emissions. A few
abundant vulture species reduce almost 98 % of the maximum emissions potentially removed worldwide by all
extant vulture species over one year. This ecosystem service contributed by vultures to humans and nature
cannot easily be replaced by other species, including humans. Moreover, supplanting this contribution with
alternative carcass disposal methods is expensive and harmful to the environment due to emissions generated in
the process. Our results highlight an important service that vultures provide worldwide, which is relevant in the
current context of global warming.

1. Introduction (Hughes, 2000; Vitousek, 1994); for instance, global warming is already

affecting the physiology, phenology, and distribution of many taxa (e.g.,

The climate change associated with greenhouse gases (GHG) con-
stitutes a severe environmental problem worldwide and has a negative
impact on human wellbeing, natural resources and biodiversity. Human
activities such as fossil fuel burning, changes in land use, livestock
production, agriculture, industry, and air and maritime transport are
major sources of greenhouse gases globally (Caro et al., 2014; Cowart
et al., 2003; Raupach et al., 2007). Worryingly, greenhouse emissions
caused by human activities have accelerated over recent decades (Gills
and Morgan, 2020; Raupach et al., 2007). These emissions retain heat in
the atmosphere, increasing global mean temperatures, which in turn
produces changes in precipitation patterns and in the frequency and
severity of extreme climatic events (Hughes, 2000). These changes have
several consequences for the ecosystem, biodiversity, and human lives
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plants, insects, mammals and birds), which could produce alterations in
their interactions and even lead to extinctions (Hughes, 2000). Under
this complex scenario, it is essential to reduce the current level of
greenhouse gas emissions produced by human activities and prevent the
generation of new ones.

Decomposing organic material produces gases (Carter et al., 2006;
Coe, 1978; Sakata et al., 1980; Zeng, 2015). Animal mortalities, both
wild and domestic, are thus potential sources of greenhouse gases that
are emitted into the environment (Gwyther et al., 2011; Yuan et al.,
2012; Zeng, 2015). While dead animals can be disposed of using
methods such as burning, burial, incineration, rendering, composting
and anaerobic digestion, these methods produce varying quantities of
emissions, and most are expensive (Gooding and Meeker, 2016; Gwyther
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etal., 2011; Xuetal., 2007; Yuan et al., 2012). In addition, dead animals
rotting in the environment also emit greenhouse gases such as Nitrous
oxide (N,0O), Carbon dioxide (CO,) or Methane (CH4) into the atmo-
sphere (Dalva et al., 2015; Sakata et al., 1980; Zeng, 2015). Worryingly,
some of the gases emitted by animal mortalities such as methane are
currently rising at alarming rates in the atmosphere (Tollefson, 2022).
Therefore, animal mortalities per se are a source of greenhouse gases
due to their subsequent decomposition process or treatment by disposal
methods (Xu et al., 2007; Yuan et al., 2012; Zeng, 2015).

Obligate scavenging birds (hereafter, vultures) consume a diet based
on dead animals, currently mainly livestock but also several wildlife
species (Arrondo et al., 2019; Ferguson-Lees and Christie, 2001; Lam-
bertucci et al., 2009). In fact, they are considered one of the most effi-
cient terrestrial scavenger species (Ruxton and Houston, 2004),
performing an important ecosystem service by efficiently removing
decomposing organic material from the environment (Houston, 1986;
Lambertucci et al., 2021; Sebastian-Gonzalez et al., 2019). This reduces
not only sources of dangerous pathogens, which could be of importance
for disease regulation (Plaza et al., 2020), but also gases produced by
rotting organic material. Moreover, this ecosystem service has the
financial benefit of reducing the cost of using alternative disposal
methods to remove carcasses (Grilli et al., 2019; Morales-Reyes et al.,
2015). Vultures arrive and feed quickly on animals that have recently
died, the consumption of a medium-sized carcass possibly taking only
few minutes when many birds are present (Arrondo et al., 2019; Carrete
et al., 2010; Houston, 1986; Ogada et al., 2012b). If vultures are not
present, carcasses tend to remain longer in the environment, decom-
posing and producing greenhouse gases (Coe, 1978; Dalva et al., 2015;
Markandya et al., 2008; Sakata et al., 1980; Zeng, 2015). Moreover, if
carcasses remain in the environment in populated areas, especially in
sites where there are strict regulations regarding dead animal disposal
(see Morales-Reyes et al., 2015), they have to be removed and disposed
of by methods such as composting or rendering that produce varying
levels of emissions (Gooding and Meeker, 2016; Gwyther et al., 2011).
However, information is still lacking on the potential role of vultures as
reducers of greenhouse gas emissions from dead animals at a global
scale.

Here, we evaluate the ecosystem service vultures provide by
removing potential sources of greenhouse gases at a global scale, in this
case dead animals. To this end, we calculated the quantities of dead
animals that vultures could consume each year on a global level, which
in turn would reduce this source of emissions (rotting organic material)
or the need to use artificial methods of carcass disposal. We then
analyzed the quantity of greenhouse gas emissions that carcasses
consumed by vultures could produce globally if they had to be disposed
of by one of four disposal methods (composting, anaerobic decomposi-
tion, anaerobic digestion, and rendering), or if they remained in the
environment without being consumed. Finally, we addressed scenarios
of vulture population abundances and trends in diverse geographical
areas in order to evaluate the consequences of the decrease or increase in
vulture populations in terms of their role as reducers of sources of
greenhouse gas emissions.

2. Methods

2.1. Quantification of the reduction in greenhouse gas emissions by
vultures

To estimate the mitigation of greenhouse emissions by vultures, we
calculated the organic material that these birds consume per year, on a
global level. Then, we considered different decomposition scenarios
where vultures are absent. First we evaluated a scenario where carcasses
consumed by vultures have to be disposed of by alternative methods
(composting, anaerobic decomposition, anaerobic digestion, rendering),
and then we considered a scenario where carcasses consumed by vul-
tures remain in the environment without disposal treatment and not
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Table 1
Methodology implemented to compute emissions removed by vultures.

Basis™ Equations for Reference
calculation of

emissions (E)

Composting A carcass E (kg CO; eq./year) =  Gooding and
weighing 1000 kg OMC (kg/year)/1000 Meeker
produces 4000 kg kg x 4000 kg CO eq. (2016)
CO; eq.
Anaerobic A carcass E (kg COz eq./year) =  Yuan et al.
decomposition  weighing 500 kg OMC (kg/year)/500 (2012)
produces 720 kg kg x 720 kg CO; eq.
CO; eq.
Anaerobic A carcass E (kg COz eq./year) =  Gooding and
digestion weighing 1000 kg OMC (kg/year)/1000 Meeker
produces 500 kg kg x 500 kg CO;, eq. (2016)
CO; eq.
Rendering A. carcass E (kg COz eq./year) =  Gooding and
weighing 1000 kg OMC (kg/year)/1000 Meeker
produces 200 kg kg x 200 kg CO, eq. (2016)
CO; eq.
Natural A carcass E(kg COy/year) = Zeng (2015)
decomposition  weighing 1000 kg OMC (kg/year)/1000

produces 858 kg
CO,

kg x 858 kg CO,

* These values do not consider emissions generated by the transport of car-
casses to disposal facilities.

consumed by other scavengers. We only focused on the carcass handling
process, not evaluating the emissions associated with the transport of
dead animals to disposal plants (Table 1). Including those emissions
would increase the GHG emissions of disposal methods, therefore, our
results are conservative in this sense.

2.1.1. Organic material consumed by vultures per year

To obtain a global estimate of the organic material consumed by
vultures per year, we computed the daily food intake for a typical in-
dividual of each of the 22 vulture species present in the world that
consume mainly animal tissues. We excluded the palm-nut vulture
(Gypohierax angolensis) because its diet is based mainly on palm fruits
(Ferguson-Lees and Christie, 2001). For this, we considered that vultures
feed as much as they can to cover their daily caloric requirements. We
computed the daily food intake (FI) of each vulture species following the
methodology of Grilli et al. (2019). Briefly, we estimated daily food
intake as:

FI (g/day) = FMR (kJ /day)/(6.65kJ /g x 0.769)

where 6.65 kJ is the caloric content per gram of a small mammal
(Hamilton, 1985), 0.769 (76.9%) is the assumed mean assimilation ef-
ficiency and FMR is the field metabolic rate, calculated as 10.9 M%64,
where M is the body mass (Bozinovic and Medel, 1988). We divided the
result obtained by 1000 in order to obtain FI (kg/day). We reported a
range of FI (kg/day) according to the known range of body mass of in-
dividuals (i.e., using the minimum and maximum values of body mass
reported to calculate the FI, Table 2). We then multiplied FI (kg/day)
(kilograms of daily food intake per day) by the global population esti-
mate for each species of vulture (Nv) and by 365 to obtain kilograms of
organic material consumed (OMC) per year by each vulture species
population.

OMC (kg/year) = FI (kg/day) x Nv x 365(days)

We determined the ranges (minimum and maximum) of OMC by
each species population according to: 1) the range of FI (min-max) of
individuals, and 2) the range of estimates of numbers of individuals
composing each vulture population (i.e., we multiplied the minimum
and maximum value of FI by the minimum and maximum numbers of
individuals respectively for each vulture species to obtain a range of
OMC; see Table 2). The body mass range of each species was obtained
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from Ferguson-Lees and Christie (2001) and Birds of the World Database
(https://birdsoftheworld.org/bow/home). Ranges of population esti-
mates for each vulture species were obtained from Birds of the World
Database and from IUCN Red List (IUCN, 2021; Table 2). In the case of
the turkey vulture (Cathartes aura) we used the global population esti-
mates from Grilli et al. (2019). The population abundances used should
be taken with caution since several are rough estimates, and populations
may have changed. However, for the purpose of this article they give an
approximate value for potential scenarios of carcass removal.

2.1.2. GHG emissions reduced by vultures

We first considered the emissions that would be generated if all
carcasses currently consumed by vultures were disposed of using four
different artificial disposal methods: composting, anaerobic decompo-
sition (e.g. burial), anaerobic digestion, and rendering (for more details
of these disposal methods, see Gwyther et al., 2011 and supplementary
material, Table S1). We selected these disposal methods because they
are commonly used worldwide, and at the same time they generate
reliable scientific information regarding GHG emissions (Gwyther et al.,
2011). For composting, anaerobic digestion, and rendering we used the
approach proposed in Gooding and Meeker (2016). For anaerobic
decomposition (e.g., burial) we used the approach proposed in Yuan
et al. (2012). Second, we considered the emissions that would be
generated if all carcasses currently consumed by these birds were to
decompose in the open environment, based on the approach proposed in
Zeng (2015). These different approaches enabled us to compute the
emissions generated by dead animals.

The equations used to estimate the emissions that would be produced
by carcasses that vultures consume per year, if they were to be disposed
of with alternative disposal methods, are reported in Table 1. For
instance, the anaerobic decomposition (e.g., burial) of a carcass
weighing 500 kg produces 720 kg CO; eq. based on Yuan et al. (2012).
Therefore, to compute the emissions that would be generated by all the
carcasses consumed by vultures worldwide, if these carcasses were
disposed of by anaerobic decomposition, we divided the estimated OMC
(kg/year) (food intake per year) of each vulture population (by species)
by 500 to obtain an approximate number of carcasses weighing 500 kg
that these populations can consume per year (Table 1). We then multi-
plied by 720 the number of carcasses each vulture species consumed per
year to obtain the kilograms of CO; eq. that it could prevent annually
(Table 1). Finally, we summed up the values of kg CO; eq. obtained for
each vulture species to obtain a value for the emissions that the global
vulture population (all the species) could reduce per year. The same
methodology (with the corresponding equations) was used to compute
emissions if all carcasses consumed by vultures per year were disposed
of by anaerobic digestion, composting or rendering (Table 1). The
greenhouse emissions produced by these alternative disposal methods
were expressed in Tg CO eq., since disposal procedures (composting,
anaerobic decomposition, anaerobic digestion and rendering) release a
mix of gases such as CH4 or N2O. The CO» eq. is a unit that describes, for
a certain mixture and quantity of greenhouse gases, the amount of CO5
that would have the same global warming potential (IPCC, 2006).

To estimate the emissions generated by dead animals if all carcasses
consumed by vultures worldwide were to remain in the environment, we
followed the methodology implemented by Zeng (2015) (Table 1). We
considered a cow carcass to contain 23.4% of Carbon (C); thus a carcass
weighing 1000 kg contains 234 kg of Carbon (Zeng, 2015). Multiplying
this value by the molecular weight ratio of CO5 (44) to Carbon (12), i.e.,
44/12) gives the number of kilograms of CO, emitted by a cow carcass of
1000 kg (EPA, 2008), in this case 858 kg of CO5. We followed the same
methodology implemented for each of the alternative disposal methods
but with the appropriate equation (see Table 1). Units of greenhouse gas
emission produced by natural decomposition (emissions generated by
dead animals if all carcasses consumed by vultures were to remain in the
environment) were expressed in Tg COg, since the methodology pro-
posed by Zeng (2015) computes the values based only on CO5 and not on
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Fig. 1. Reduction of greenhouse gas emissions generated by dead animals,
according to the abundance of vultures (in millions) and methods implemented
to dispose of carcasses (composting, anaerobic decomposition, anaerobic
digestion, rendering) or natural decomposition in the environment (see details
in Methods). Emissions generated by disposal methods are expressed in Tg CO»
eq. Emissions generated by natural decomposition are expressed in Tg CO, (see,
material and methods). The points represent mean values and the bars the
maximum and minimum emissions vultures could reduce (see Methods section
for more detail). Note that we only focused on the carcass handling process, not
evaluating the emissions associated with the transport of dead animals to
disposal plants; including those emissions would increase the GHG emissions of
disposal methods above the natural decomposition.

mixed gases.

For GHG emitted by disposal methods (composting, anaerobic
decomposition, anaerobic digestion and rendering) and environmental
decomposition, we reported a range of emissions removed according to
minimum and maximum values OMC (Table 2).

2.2. Vulture population trends and greenhouse gas emissions calculation

To evaluate how population trends of vultures may influence the
potential mitigation of GHG emissions produced by dead animals, we
evaluated the consequences of the decrease or increase of vulture pop-
ulations in different regions of the world (India, Africa, Europe and
America). For this, we computed vulture population changes, based on
the available bibliography (see section 3.3 Vulture population trends
and greenhouse gas emissions, and Table 3), and calculated the GHG
emissions potentially removed using the general methodology presented
above.

3. Results and discussion
3.1. Greenhouse emissions reduced by vultures globally

When obligate scavenging birds are present in the environment, they
consume the available carcasses in a few hours or days (Arrondo et al.,
2019; Carrete et al., 2010). However, when these birds are absent or
present in low abundance, carcasses remain in the environment for a
longer period of time (Markandya et al., 2008) and may have to be
removed by other disposal methods (Gwyther et al., 2011). Indeed, this
happens in geographical areas with strict regulations concerning dead
animal disposal as Spain (Morales-Reyes et al., 2015). The remaining
option is for the animals to decompose naturally in the environment.
Both disposal and natural decomposition of these carcasses release
greenhouse gases into the environment (Gooding and Meeker, 2016;
Morales-Reyes et al., 2015; Zeng, 2015). By efficiently removing the
carcass, vultures reduce the potential emissions produced by animal
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Fig. 2. Greenhouse gas emissions potentially reduced by vultures’ consumption of carcasses per year (before and after decreases in populations) in three regions of
the world (India, Africa, Europa). Scenarios consider that all carcasses they consume are disposed of by composting, anaerobic decomposition, aerobic digestion,
rendering, or carcasses remain in the environment without being consumed. In the case of Europe, there are two opposite scenarios: increasing populations
(considering the increase in griffon vulture abundance in recent years in Spain) and decreasing populations (considering the population decrease of Egyptian vul-
tures). Emissions generated by disposal methods are expressed in Tg CO, eq. Emissions generated by natural decomposition are expressed in Tg CO, (see material and
methods). The points represent mean values and the bars the maximum and minimum emissions vultures could reduce (see methods section for more detail).

disposal methods (e.g., burial, composting, rendering) or natural
decomposition, thus preventing emissions generated by these options.

Our estimates showed that vultures may prevent the generation of
between 3.03 and 60.70 Tg CO; eq. per year globally, depending on the
artificial method implemented for carcass disposal (Table 2, Fig. 1). This
reduction reaches 13.02 Tg CO; per year globally in the case of carcasses
decomposing naturally in the environment (Table 2, Fig. 1). To put these
values into context, 60.70 Tg CO5 eq. is equivalent to the total US
emissions produced by boats and ships in the year 2001, and 46% of the
US emissions produced by commercial aircraft for the same year
(Cowart et al., 2003). Also, it represents 12.61% of US emissions pro-
duced in 2005 by the livestock, poultry and crop sectors (Del Grosso
et al., 2008), 9.63% of the emissions produced in 2007 by the livestock
production sector (meat, milk and eggs) in Europe (Bellarby et al., 2013)
and the 15% of emissions generated by the livestock sector in 2014 in
Pakistan (Habib and Khan, 2018). Moreover, it represents the 7.5% of
the emissions generated by fires from March 2019 to February 2020 in
Australia (Shiraishi and Hirata, 2021). Therefore, only one threatened
group — vultures — whose populations have already been decimated, can
remove a significant amount of organic material from the environment,
thus providing the service of preventing emission of these greenhouse
gases to the atmosphere.

This contribution from vultures to humans and the ecosystem is
important not only when considering livestock, but also rotting dead
wildlife in general. Vultures are suffering a marked decline in their
populations on all the continents where they occur (Buechley and
Sekercioglu, 2016; Ogada et al., 2012a; Santangeli et al., 2022), so under
the current scenario of global warming it is essential to preserve them
and their contributions. The efficient ecosystem service of greenhouse
gas reduction provided by these birds cannot be easily replaced by other

scavenging animals in the same geographical areas (Hill et al., 2018).
Using alternative disposal methods to replace the carcass elimination
service that vultures provide will lead to an increase in both greenhouse
gas emissions and financial costs (Gwyther et al., 2011; Morales-Reyes
et al., 2015).

3.2. The least concern vultures are the most important contributors

As expected, our estimates show that the most abundant vulture
species are the most relevant at disposing of sources of greenhouse gases.
For instance, the American black (Coragyps atratus), turkey, lesser
yellow-headed (Cathartes burrovianus) and griffon (Gyps fulvus) vultures
together may reduce between 2.97 and 59.44 Tg CO, eq. per year
(depending on the artificial method that might be implemented) and
12.75 Tg CO4 per year if the carcasses were to remain in the environ-
ment (Table 2). These values represent almost 98% of the maximum
emissions potentially removed worldwide by all vulture species per
year. These results highlight the importance of monitoring and consid-
ering conservation action not only for threatened vultures, but also for
the most abundant species, which contribute most in terms of reducing
potential sources of greenhouse emissions. However, the less abundant
vulture species may cover other areas where the most abundant species
are not present, so this should also be considered.

The high abundance of some vulture species often exacerbates con-
flicts with humans, who may resort to lethal strategies to remove them
(Ballejo et al., 2020; Lambertucci et al., 2021). For instance, American
black vultures are blamed for livestock predation, property damage and
putting human health at risk (Kluever et al., 2020; Lowney, 1999). This
negatively affects people’s perception of the species, resulting in lethal
elimination strategies, e.g., poisoning (Ballejo et al., 2020; Kluever et al.,
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2020). Similarly, griffon vultures are blamed for livestock predation,
with similar results (Margalida et al., 2014). The importance of these
species for the ecosystem and even human well-being must be empha-
sized, to mitigate the negative attitudes of humans toward them (Lam-
bertucci et al., 2021). In this sense, our results are important in terms of
improving tolerance toward these birds, promoting the role of vultures
not only because they reduce the presence of dead animals, which are
sources of pathogens and food sources that might attract conflictive
species (e.g., feral dogs and rats) (Plaza et al. 2020), but also because
they reduce greenhouse gas emissions.

3.3. Vulture population trends and greenhouse gas emissions

3.3.1. India

Indian (Gyps indicus), slender-billed (Gyps tenuirostris) and white-
rumped (Gyps bengalensis) vultures were among the most abundant
large birds in the world until recent decades (Ferguson-Lees and Chris-
tie, 2001; Pain et al,, 2008). However, their populations declined
abruptly at the end of the 20th century due to exposure to diclofenac
residues in carcasses they consumed (Pain et al., 2008: Prakash et al.,
2007). In India, the population of white-rumped vultures in 2007 was
reduced to 0.1% of the 1992 population; the Indian and the slender-
billed vulture populations combined in 2007 represented just 3.2% of
their 1992 abundance (Prakash et al., 2007). Based on these figures (a
reduction of 97-99%), our estimate of populations of these species
before the diclofenac crisis was approximately 3,500,000-15,000,000
for white-rumped vultures and 1,453,125-1,523,437 for Indian and
slender-billed vultures combined (Table 3).

This catastrophic depletion of vulture populations in India has sub-
stantially reduced their contribution to humans and nature (Markandya
et al., 2008; Ogada et al., 2012a). In the case of mitigating greenhouse
gas emission, the decrease in vulture populations represented an almost
complete loss (~99%) of their capacity to prevent the emissions pro-
duced by dead animals (Table 3, Fig. 2). For instance, before the
diclofenac crisis vultures from India may have reduced greenhouse gas
production by 0.67-13.5 Tg CO3 eq. per year, depending on the method
used for carcass disposal (Table 3, Fig. 2), and 2.89 Tg CO5 per year if
carcasses decompose naturally in the environment (Table 3, Fig. 2).
Currently, they may prevent 0.002-0.05 Tg CO5 eq. per year, depending
on the disposal method implemented, and 0.01 Tg CO; per year in the
natural decomposition scenario (Table 3, Fig. 2). These values highlight
the magnitude of the cost of the catastrophic decrease in vulture pop-
ulations in this geographical area in terms of their contribution to
humans and the ecosystem.

The Indian scenario is a good example of how catastrophic decreases
in populations of obligate scavenging birds could have diverse impacts
on the ecosystem and human well-being. Some of these impacts are very

evident and tangible; e.g., more carcasses remaining in the environment
that potentially favors outbreaks of infectious disease, an increase in
feral dogs and rats, and an increase in the cost of carcass removal using
alternative methods (Markandya et al., 2008; O’Bryan et al., 2018).
Other consequences are less obvious. The cost in terms of removal of
sources of GHG emissions by vultures remains hidden, less tangible and
difficult to evaluate. However, as we show here, the loss of this contri-
bution could be noticeable in relation to declining vulture populations in
India.

3.3.2. Africa

Like India, Africa was one of the most important areas for several
vulture species. However, this continent has suffered a marked decline
in vulture populations over the last 50 years due to threats associated
with human activities, especially poisoning and the trading of parts,
which together accounted for 90% of the reported deaths of these birds
in the last decades (Ogada et al., 2016b). Populations of bearded
(Gypaetus barbatus), Egyptian (Neophron percnopterus), white-backed
(Gyps africanus), Riippell’s (Gyps rueppellii), cape (Gyps coprotheres),
hooded (Necrosyrtes monachus), lappet-faced (Torgos tracheliotos), and
white-headed (Trigonoceps occipitalis) vultures have on average
decreased 62 %, with some species decreasing more than 80% (Ogada
et al., 2016b) (Table 3). Worryingly, vulture populations continue to
decline, especially due to intentional poisoning (Ogada et al., 2016a;
Plaza et al., 2019).

In terms of the mitigation of greenhouse gases generated by dead
animals, these population declines mean that considering all the species
mentioned together (excluding Gypaetus barbatus due to a lack of
detailed population estimates for Africa) have lost approximately 90% of
their capacity to remove sources of emissions (carcasses). Before the
catastrophic vulture population crash of fifty years ago, the maximum
emission reduction potential of these birds was 0.22-4.48 Tg CO; eq. per
year, depending on the disposal method implemented, and 0.96 Tg CO,
per year considering the natural decomposition scenario (Table 3,
Fig. 2). Currently, vultures in Africa can only remove up to 0.02-0.40 Tg
COs, eq. per year, depending on the disposal method implemented, and
0.087 Tg CO3 per year considering the natural decomposition scenario
(Table 3, Fig. 2).

Africa has large numbers of wild herbivores (Hempson et al., 2017),
but also a growing livestock sector that has increased their emissions
over the last 25 years (Gilbert et al., 2018; Herrero et al., 2013; Moeletsi
et al., 2017). Therefore, the extended permanence of carcasses in the
environment (both wild and domestic animals) associated with
declining vulture populations and the need to process dead animals by
disposal methods should be considered an additional source of green-
house gas for this continent.
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3.3.3. Europe

In Europe, the situation is different from the scenario presented for
India and Africa. The species that occur on this continent such as the
griffon, Egyptian, bearded and cinereous (Aegypius monachus) vultures
have suffered historical population decreases, but some are recovering
due to conservation measures (IUCN, 2021) (Table 3). These increasing
populations improve vulture capacity to mitigate GHG emissions. For
instance, in Spain the population of griffon vultures increased from 5000
to 8000 birds in 1958 to 95,930-122,452 in the present (Del Moral and
Molina, 2018) (Table 3). Before these population increases, griffon
vultures in Spain removed 0.0004-0.009 Tg CO; eq. per year, depending
on the disposal method implemented, and 0.002 Tg CO, per year
considering natural decomposition (Table 3, Fig. 2). Currently, they can
remove much more, up to 0.007-0.14 Tg CO5 eq. per year, depending on
the disposal method implemented, and 0.03 Tg CO,, per year considering
natural decomposition (Table 3, Fig. 2). Their capacity for removal of
greenhouse gases has therefore increased 15 times over this time period.
In contrast, Egyptian vulture populations have suffered declines over
recent years (Table 3), reducing their capacity for removal of green-
house gas sources by approximately 10% (Table 3, Fig. 2).

3.3.4. America

Two species from this continent, the California (Gymnogyps cal-
ifornianus) and the Andean condor (Vultur gryphus), have suffered
marked population declines, associated with human disturbances (e.g.,
lead contamination, poisoning) (Finkelstein et al., 2012; IUCN, 2021;
Plaza and Lambertucci 2020). In the Americas, however, black, lesser
yellow-headed and turkey vultures are abundant. These three species
could reduce the emission of approximately 2.91-58.34 Tg CO- eq. per
year, depending the disposal method implemented, and 12.51 Tg CO,
per year considering natural decomposition (Table 2). This represents
approximately 96 % of the total emissions that vultures may currently be
removing in the entire world. Therefore, as previously mentioned, the
most abundant species are the most important in removing sources of
greenhouse gases produced by dead animals, so maintaining large
populations of these species is essential. In fact, our results suggest that
currently the greatest impact of vultures as GHG emission reducers is in
the Americas (supplementary material, Fig S1).

3.4. How much service have we lost?

Our estimates suggest that decreasing vulture populations in India
and Africa (geographical areas where vultures are most threatened)
have led to a loss of their capacity to mitigate the emissions generated by
dead animals of up to 0.87-17.53 Tg CO eq. per year, depending on the
decomposition scenario (Table 3). This suggests that, in the last decades,
vultures have lost approximately the 30% for GHG emission mitigation
as they actually have today. If these trends do not change over the next
years, we will have to face additional greenhouse gases emissions pro-
duced by dead animals that remain in the environment or are disposed of
with alternative methods (e.g., burial, incineration). Alternatively, car-
casses could be used by other problematic species such as feral dogs and
rats, which are not as efficient as vultures and could have a negative
impact on human wellbeing (Markandya et al., 2008; Plaza et al., 2020).

3.5. Future carrion scenarios

The livestock sector is constantly increasing in various parts of the
world (Chhabra et al., 2013; Gilbert et al., 2018; Herrero et al., 2013;
Patra, 2014). Global warming is expected to affect wildlife and livestock
in different ways (e.g., heat stress, exposure to extreme climatic events,
and infectious disease outbreaks), producing an increase in their mor-
tality (Harvell et al., 2002; Sirohi and Michaelowa, 2007; Stillman,
2019). Moreover, wildlife mortality events associated with anthropo-
genic causes are increasing (emerging pathogens, toxins, etc.) (Fey et al.,
2015). Therefore, this situation could lead to a chain of events (a vicious
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circle) resulting in the death of more animals (wildlife and livestock) and
a consequent increase in carcasses that have to be disposed of or remain
in the environment, thereby producing greenhouse gases or spreading
pathogens. In this sense, the presence of healthy vulture populations
could be key; if vulture populations continue in severe decline and this
trend is not stopped, it could not only favor an increase in GHG emis-
sions (our results), but also lead to disease outbreaks, affecting human
health and the ecosystem (Plaza et al., 2020). Increasing threats from
climate change could also negatively affect vulture populations (Sim-
mons and Jenkins, 2007; Williams et al., 2012), which at the same time
will impact on their ecosystem service of mitigating GHG emissions.

3.6. Caveats and future considerations

Our results show that vultures make an important contribution to
humans and nature through consumption of dead animals, thus reducing
sources of greenhouse gases. However, it is important to note that our
estimates are somewhat limited. First, there are no precise estimates of
vulture populations worldwide, only approximate numbers and most are
discordant among the databases. Second, our estimates are based on the
average weight of vulture individuals described in the bibliography;
differences due to age, sex or region are not considered, and it is known
these differences exist. Third, the methodologies used to compute
emissions are in many cases based on theoretical approaches or exper-
imental laboratory simulations. Fourth, our estimations are conservative
since they did not include the GHG emissions generated by the transport
of dead animals to disposal plants (see Morales-Reyes et al. 2015), thus
underestimating the amount of GHG emitted if vultures are not present
and carcasses have to be transported; this is why our results on emissions
associated with natural decomposition are higher than two artificial
methods of disposal (Fig. 1). Finally, the availability of livestock car-
casses in the environment could be affected by sanitary and environ-
mental regulations that could increase emissions (e.g., due to the
mandatory use of disposal methods) regardless of the presence of vul-
tures (i.e., because of legislation the service provided by vultures is
replaced by artificial methods generating GHG gases) (Morales-Reyes
et al., 2015). Despite these limitations, with the available information,
this is the first attempt to quantify the contribution of vultures in
reducing emissions generated by dead animals at a global scale.

It is also important to consider that when vultures are absent, or are
present in low abundances, other facultative scavenger species (birds
and mammals) could predominate in carcasses, thus reducing the
emissions we estimated. For example, facultative scavengers (including
top predators) could also be relevant in the removal of organic material
from the environment, particularly the species that are gregarious at
feeding (Sebastian-Gonzalez et al., 2019, 2021; Selva et al., 2019). Prey
items and carrion constitute part of the diet of these species, the per-
centage of carrion consumed possibly varying according to the species
and environmental conditions. Therefore, species such as facultative
scavenging birds could also be important in reducing emissions gener-
ated by dead animal decomposition, especially considering some highly
abundant species such as gulls or crows (Callaghan et al., 2021). How-
ever, as mentioned above, vultures are more efficient in consuming dead
animals than facultative scavenger species (birds and mammals), due
their natural history characteristics (good vision, the ability of some to
smell, ability to cover huge home ranges, etc.) (Ruxton and Houston,
2004; Sebastian-Gonzalez et al., 2021). Further research is also neces-
sary to evaluate the role that large and social facultative scavengers (e.
g., top and meso-carnivores and reptiles, among others) are playing to
maintain the efficient scavenging function in the ecosystem (Cirovi¢
et al., 2016; Sebastian-Gonzalez et al., 2019) and thus reducing emis-
sions from dead animals together with vultures.

4. Conclusions

Our results show that vultures provide an important ecosystem
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service reducing emissions produced by carcasses at a global scale,
which would otherwise remain in the environment or be disposed of
using alternative methods (Fig. 3). Today, vultures remove a large
number of carcasses and thus reduce GHG emissions in diverse
geographical areas from the four continents where they inhabit (sup-
plementary material, Fig. S1), especially related to a livestock sector that
is currently increasing worldwide. However, the global decline of these
birds in recent years has led to a marked loss of their previous capacity to
reduce emissions from rotting carcasses. The most abundant species
currently maintain the main ecosystem service. Although less abundant
species have lost most of their capacity to provide this service, they
could be making contributions in sites where the most abundant species
are absent. Replacing this contribution to humans and the ecosystem
with alternative methods of carcass removal would not only be expen-
sive, but also harmful to the environment due to the consequent increase
in greenhouse gas emissions. Moreover, although carcasses remaining in
the environment produce a lower quantity of greenhouse gases than
other disposal methods (e.g., composting), they may constitute a sig-
nificant source of dangerous pathogens than can affect ecosystem and
human health. Therefore, to preserve healthy vulture populations on all
the continents where they occur is a clear win-win environmental
strategy, producing several benefits for humans and the ecosystem.
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