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Abstract. Vultures are among the most threatened avian taxa in the world. When vultures aggregate in large

numbers to feed, poisoned carcasses can extirpate entire populations at once. In the light of shrinking numbers
worldwide, restocking and reintroduction projects, where wild or captive-bred vultures are released back into
nature, constitute a crucial management tool, successfully implemented in many countries. However, reestablishment of sustainable vulture populations to their historical ranges remains a serious challenge, especially if
the threat of poisoning persists, which is usually the case. In this study, we model the outcome of a restocking
project where an initial colony is subject to repeated poisoning events. We use as an example the isolated population of the griffon vulture (Gyps fulvus) in Cyprus. Mathematical considerations and model simulations show
that the probability of colony persistence depends on the initial population size and the intensity and frequency of
the poisoning incidents. This type of scenario creates an Allee effect that requires a colony to exceed a minimum
size in order to survive. Also in this scenario, a sequence of small but frequent poisoning episodes is worse on
average than a few large and rare ones of the same cumulative mortality. Future population reinforcement efforts
for vultures should focus on the release of adult birds in adequate numbers for the successful establishment of
sustainable colonies and should involve a reduction in small but persistent sources of mortality such as the poison
baiting of small canids that until now has been neglected by conservation scientists.

1

Introduction

Large scavenging birds of prey are a crucial component of
the natural environment, providing one of the most important ecosystem services of avian taxa (Šekercioğlu, 2006;
Moleón and Sánchez-Zapata, 2015). A relatively recent review has emphasized the significance of carrion as a huge
reservoir of nutrients and energy and the crucial role of scav-

enging in food web theory and community ecology (DeVault
et al., 2016). Obligate scavengers, like vultures, deliver a
wide range of biological, ecological, economic and cultural
services, but primarily they recycle dead biomass and affect the rate of energy flow within the ecosystem (DeVault
et al., 2003; Moleón et al., 2014). In fact, scavenging is more
critical in energy transfer than actual predation (Şekercioğlu
et al., 2004); for example, a minimum of 124-fold more en-
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ergy was transferred per scavenging link than was transferred
per predation link of 10 food webs examined by Wilson and
Wolkovich (2011). In the meantime, by consuming wildlife
and livestock carcasses scavengers contribute significantly
to the reduction in related health risks to humans from infectious diseases, which spread by population outbreaks of
opportunistic scavengers hosting dangerous microbes (Pain
et al., 2003; Markandya et al., 2008; Ogada et al., 2012).
However, the ecosystem services delivered by healthy vulture populations have only recently been recognized following their large-scale decline or total collapse and the observed
environmental and economic costs triggered by their absence
(Prakash et al., 2003; Oaks et al., 2004; Markandya et al.,
2008; Morales-Reyes et al., 2015; Panagiotopoulou et al.,
2018).
At present, avian scavengers are among the most threatened species in the world (McClure et al., 2018; Safford
et al., 2019). Their populations are endangered by various
anthropogenic factors including food poisoning or contamination, reduction in available food supplies due to changes in
livestock management practices and carcass disposal driven
by new sanitary legislation, and collision with wind turbines
or power lines (Šekercioğlu, 2006; Ogada et al., 2011; Margalida, 2012). Old-world vultures are long-lived species with
low reproductive rates and delayed maturity; thus they have
been particularly affected by anthropogenic mortality such
as poisoning and persecution in the past (Whitfield et al.,
2004; Hernández and Margalida, 2009). In Europe, all vulture species have continued to suffer severe population declines in recent decades due to the consumption of poison
baits, which is still considered the most important threat to
this avian group (Hernández and Margalida, 2009; Margalida, 2012; McClure et al., 2018; Margalida and Mateo, 2019).
The risk posed by baiting and the number of vultures affected depend on a number of factors, namely the type and
amount of toxin used, the bait type and density (e.g., the
number per unit area), and the time interval between bait
placing and consumption. The most important factor appears
to be the group size of foraging vultures that is related to the
targeted poisoning animal, which could be a single small carnivore, a flock of large ungulates or even an elephant (Ogada
et al., 2011; Parvanov et al., 2018). The infrequent large
catastrophes are caused mainly after large-carnivore predation on big livestock (bovine, equine), when their kill remains are laced with agrochemicals, so the entire carcass can
be considered a bait and subsequently cause the secondary
death of numerous vultures (Stoynov et al., 2018). Poisoning, usually unintentional (sometimes also intentional), has
proved to be the greatest threat to vulture populations globally, acting synergistically with other mortality factors such
as collision with power lines or wind turbines (Ogada et al.,
2015; Velevski et al., 2015; Vasilakis et al., 2016). Though
poison baits are the most serious threat, international media
attention has focused on impressive mass-poisoning events
(Ogada et al., 2016; Henriquez et al., 2020), while more
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frequent events caused by baits aimed at small carnivores
such as foxes and stray dogs are mostly ignored (Ntemiri
et al., 2018). Recent field data using advanced technology
(e.g., miniature GPS transmitters mounted on vultures) reveal that most of these poisoning events are not discovered
(Stoynov et al., 2019). Though killing only a few individuals at a time, these baits may be the main constraint on the
recovery of small and isolated vulture populations.
Current supplementary feeding schemes are developed
following several different strategies (e.g., pure artificial,
predator simulation, large “vulture restaurants”, small feeding sites near farms) and play a key role in vulture conservation especially in small and highly threatened population nuclei (Piper, 2006; Mateo-Tomás and Olea, 2010; Duriez et al.,
2012; Moreno-Opo et al., 2015). However, vultures have an
extremely complex foraging behavior involving social facilitation and information exchange mechanisms and perform
long-distance movements, sometimes traveling hundreds of
kilometers in search of food (Monsarrat et al., 2013; Kane
et al., 2014; van Overveld et al., 2018, 2020; Peshev et al.,
2021). This fact makes them especially vulnerable to a wide
range of environmental hazards that are difficult to control,
including poisoning (Ruxton and Houston, 2004; Houston,
2006).
Another approach is through reintroduction projects that
attempt to reestablish sustainable populations within the historical range of each species by the release of wild or captivebred individuals in cases where local populations are extinct (IUCN/SSC, 2013). Vulture reintroduction or restocking projects (the latter applies when local populations are not
extinct but are not yet able to recover alone) have been applied with exceptionally positive results due to certain aspects of vulture biology, such as passive behavior, easy reproduction in captivity, and simple post-release food management through controlled feeding and easy adaptation in
natural habitat through collective foraging with wild conspecifics (Houston, 2006). In the last few decades, reintroductions and restocking projects have been popular as a
management tool for the restoration of vulture populations
in Europe, Asia and America (Griffith et al., 1989; Wilson
and Stanley Price, 1994; Bustamante, 1998; Terrasse et al.,
2004; Sarrazin, 2007; Stoev et al., 2016; Stoynov et al., 2016;
Colomer et al., 2020).
The aim of this study was to assess the risk of extinction of
a typical vulture population due to poisoning. Emphasis was
placed on limitations associated with small population size
such as demographic stochasticity and other factors such as
Allee effects that could affect the probability of species recovery (Deredec and Courchamp, 2007; Van Houtan et al.,
2010). More specifically, we explored the effect of poisoning
events in relation to their intensity (i.e., temporal frequency
and mortality), focusing on the effect of large versus small
poisoning events since the latter are most frequent in anthropogenic landscapes aimed at small carnivores.
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In this context, the relevant research questions were as follows: (1) does one major poisoning event constitute a more
serious threat than many small ones to the recovery of the
species? (2) Do poisoning events accentuate the stochastic
Allee effect of an already-small population? Our ultimate
objective was to investigate the cumulative effect of demographic stochasticity and poisoning on the population dynamics and extinction probability of a species which has a
wide range and is genetically close to most other old-world
vulture species that numbered a million individuals until recently (e.g., the genus Gyps has 8 species from the 16 found
in vulture guilds in Europe, Africa and Asia). For this we use
two models: firstly, with a mathematical model we derive a
simple measure of how the growth rate is affected by frequent
poisoning events to test if frequent small events are more of a
problem than large infrequent events of the same cumulative
mortality. Then we use a second, more detailed, model of the
population including demographic stochasticity, uncertainty
in timing of poisoning events, age structure and density dependence to carry out a more realistic series of tests of the
same question.
2
2.1

Methods
General background information on the study of
population viability analysis

The present study used a simple mathematical (nonstochastic) population viability analysis (PVA) model. This
model demonstrated the basic concept and gave a formula for
the reduction in the growth rate and for the population size as
a function of time in the presence of poison baits. Then we
ran a more realistic PVA through simulations. We included
demographic stochasticity and density dependence and also
included randomness in the timing of poisoning events in
the PVA, and we focus on the impact that overall poisoning incidences could have on the growth of the population.
Population viability analysis uses modeling techniques to explore the population dynamics of rare or declining species
and to estimate the probability of their persistence within a
time frame and above a certain threshold of population size
(Soulé, 1987; McGowan et al., 2011; Aresu et al., 2020). In
our simulations we assumed relatively large ceiling populations (in the context of density dependence) to concentrate on
the effect of the extinctions that happen when small numbers
of introduced individuals fail to establish a breeding nucleus.
In the present case, the results of a PVA could be used to
predict the species population dynamics following a release
and then to evaluate the impact of poisoning which could be
reduced but not eliminated.
In order to parameterize our PVA, we used the available demographic, breeding biology and reproductive performance data for the griffon vulture (Gyps fulvus) populations
in Cyprus and Crete (Charalambides and Neophytou, 1990;
Xirouchakis, 2002; Iezekiel et al., 2004; Xirouchakis, 2010).
https://doi.org/10.5194/we-21-79-2021
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The Cyprus colony exemplifies the kind of situation faced by
many vulture populations, being isolated and suffering frequent losses due to poisoned baits. This population was also
the subject of a restocking project between 2011 and 2015
(Kassinis et al., 2015). The Cyprus population is the subject of one of three recent griffon vulture restocking projects
in the Mediterranean islands along with populations on Sardinia and Sicily (Mereu et al., 2017; Aresu et al., 2020). In
all these projects, population recovery has been jeopardized
by poisoning events, mostly due to poison baits aimed at
foxes, canids, etc. (Grussu and SAG, 2019). In Cyprus reductions in food availability due to land use changes (e.g.,
urbanization due to touristic development, legislative constraints on carrion disposal) have put the species under further pressure (Iezekiel et al., 2004). During the 1960s, the
population on Cyprus consisted of at least 100, but by 2012
it numbered only 11–12 individuals (Kassinis et al., 2019).
This alarming fact led to initiation of an urgent restocking
project. A total of 25 wild-born, rehabilitated individuals
originating from Crete were transported to Cyprus during
2011–2014 (Stavrinides, 2019), though 2 died before their
release and 3 were unable to adapt because of imprinting.
Auxiliary conservation actions included acclimatization of
the birds in proper aviaries, construction of several supplemental feeding sites, and public awareness campaigns in the
national media and in local schools. All these birds together
with two fledglings born in Limassol Zoo were released successfully in the wild and were monitored by radio tracking
and by camera traps positioned close to the artificial feeding
sites. However, a poisoning incident in the winter and spring
of 2015/16 killed at least 11 griffon vultures (Stavrinides,
2019). Currently (2020–2021) only one small population nucleus remains on the island hosting approximately 20 individuals. This includes at most three egg-laying pairs, and
most of these are from restocked individuals (Kassinis et al.,
2019). This amounts to a net loss of population since the restocking program.
Poisoning of vultures in Cyprus is a characteristic example
of the worldwide phenomenon of the “small type” of poisoning attributed to the use of baits against small canines that has
never before been assessed in depth. In particular, the only
top predators of the island, namely red foxes, feral dogs and
cats, prey on small game species and newborn livestock. On
Cyprus, there are no events on the scale of the mass poisonings of vultures such as those by elephant poachers in Africa,
those provoked by wolf kills in the Balkans, or those where
entire carcasses of large ungulates are laced with toxic agrochemicals (Xirouchakis et al., 2000; Ntemiri et al., 2018).
Instead, we observe relatively small-scale ones such as individually poisoned canids that are consumed by a handful
of vultures (Iezekiel et al., 2004; Ogada et al., 2012; Ogada,
2014). The model used in this paper can be applied to other
areas worldwide (with the appropriate choice of parameters),
but more importantly it is especially focused on reintroduc-
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tion and restocking projects where initial populations are extremely small.
2.2

Basic mathematical model

We assume a simple model with an initially small, densityindependent vulture colony of size N0 (i.e., autochthonous
plus restocked birds) subject to births and deaths. This may
be described in discrete time by a simple linear growth model
(ignoring stochasticity and age structure; see Appendix A)
with a yearly growth rate r given by the birth rate minus the
death rate. When these rates do not vary in time and the birth
rate is higher, the population is expected to grow exponentially or, if the death rate is higher, to decline exponentially.
However, in real populations that are small, this pattern is
strongly affected by demographic stochasticity, which can
lead to decline or extinction even when the populations are
expected to grow. In a newly formed griffon colony, variations in the birth rate can happen for a variety of reasons such
as the failure of adults to mate, the improper social structure of the breeding group or other individually based effects
(Grimm and Railsback, 2005; Lomnicki, 2011).
We assume that conditions, in the absence of poisoning,
are good, so that the instantaneous rate of change in population size per individual (linear growth rate), r, is positive.
Poisoning can be described by adding an extra mortality of
specified frequency and value (i.e., the number of dead vultures per poisoning incidence). Assuming that a poisoning
incidence occurs on average every T years and kills each
time exactly D individuals at random in the population, it is
possible to show (Appendix A, Eq. S4) that the growth rate
modified by the presence of poison baits is
r0 = r −

D
.
NT

(1)

Here N is the population size. Equation (1) shows that the
reduction in the growth rate is less severe for larger population size. It is also evident from Eq. (1) that there is a critical
population size and if population exceeds this, then the resulting growth rate is positive but if it is smaller than this critical size then the growth rate is negative. If the growth rate r 0
becomes zero, then it is evident that the population is at the
minimum viable population size. This critical value, M, considering that this very small initial population has not reached
the carrying capacity, is given (Appendix A, Eq. A5) as
M=

D
.
rT

(2)

The value M can be understood as a conditional minimum
viable population (MVP; Fagan et al., 2001; Flather et al.,
2011) that arises from the poisoning imposed on the population. Equation (1) shows that the reduction in the growth rate
is more serious for small populations and as such constitutes
an Allee effect. It is also evident that if a big poisoning event
occurs, then the whole population could be extirpated. The
Web Ecol., 21, 79–93, 2021

structure of this MVP reveals that the gain through regular
population growth between episodes should be greater, on
average, than the number of individuals lost in an episode.
Thus, for a population N to be viable we require N > M.
If there is a large mortality episode of magnitude D every
T years, then by the time of the next episode at t = T , the
population will have reached a size of N0 Exp(rT ) and will
fall by D again after the next poisoning event. Immediately
after the nth poisoning event, the population will be
N (nT ) = N0 e

rnT


ernT − 1
D.
−
erT − 1


(3)

This equation has a different limit in two different situations. As shown in Appendix A, firstly, as baits become bigger but less frequent we have
N (t0 ) → 0.

(4a)

On the other hand, when the baits are big but rare, with
rT  1, we have
N (t0 ) → N0 ert0 − (m/r)(ert0 − 1).

(4b)

Here, m is the number of deaths per unit time due to poison (see Eq. A8 in Appendix A). Thus, making baits smaller
and more frequent always depresses population, while making baits larger but less frequent in the limit becomes less
important in its effect. This demonstrates that theoretically
many small events could be worse than a few large events
of the same total mortality compared to what the simulation
population models predicted. Note that the relations (Eq. 4)
reflect average behavior. A single badly timed large event
could wipe out a whole population at once before it has time
to recover, thus impacting a population more seriously than
a series of small events.
2.3

Simulation model

To make a more realistic forecast of the population dynamics
in the presence of catastrophes, a simulation model was used.
A large range of simulation models are available for a wide
spectrum of needs (e.g., see Grimm and Railsback, 2005).
The simulation model used in this study, written in C++,
was based on an earlier study (Hoelzel et al., 1993; Halley
and Hoelzel, 1996). Although the earlier studies made extensive use of the capacities of this program to follow the genetics of a population, genetic consequences lie beyond the
intended scope of this study. The program works in a similar
fashion to packages such as Vortex (Lacy and Pollak, 2014)
which have also been used in vulture PVA studies (Aresu
et al., 2020); see flow chart (Appendix B). Our program uses
a demographic structure like a Leslie matrix model but with
discrete individuals. The program runs the model a specified
number of times to obtain this number of replicates for every
set of parameters. Each run of the model traces the fate of all
https://doi.org/10.5194/we-21-79-2021
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Table 1. Parameter values used in simulations in this study, including those that change according to the different model runs. Demographic

parameters (e.g., reproductive success and survival rates based on data from the griffon vulture population on the island of Crete, after
Xirouchakis, 2002, 2010). The parameter T is the expected time for the exponentially distributed waiting time for which the 95 % interval
will be (0.0253T , 3.69T ).
Parameter(s)

Value(s)

Number of replicate runs

1000

Years covered by each run

1–1000

Carrying capacity

10 000

Initial population size (N0 )

5, 6, 7, 8, 10, 12, 15, 20, 25, 30, 40, 50, 60, 70 or 100

Impact of catastrophe (D is no. of individuals poisoned
in each event)

0, 1, 10 or 30

Average frequency of catastrophe in years (T )

Every 1, 10 or 30 years. Waiting times follow an exponential distribution for which the 95 % interval ranges from 0.0253 to 3.69 times the
average value

Male and female reproductive success

0 for age classes 1–4
1 for age classes 5–25

Male and female survival for each year class

0.35 for age class 1
0.75 for age class 2
0.8 for age class 4
0.95 for age classes 5–25

individuals in a small colony. Individuals are independent but
subject to the same demographic parameters. At every time
step, each individual is subject to mortality and the opportunity to reproduce. This mortality depends on the age and
sex of each individual, which dies or progresses to the next
age class according to a Bernoulli trial for each year whose
probability is based on the age-specific survival coefficient.
Females mate and give birth to offspring with a Poisson random variable with a parameter equal to the annual fecundity
for that age class. Originally this application was developed
for the study of the effects of different types of population
catastrophe on small colonies and is thus ideal for this study.
Catastrophes are modeled by events that happen at random
according to a specified frequency of occurrence. If such an
event occurs, its impact is fixed and exactly this number of
individuals is removed from the population, their identities
being chosen at random irrespective of sex or age.
The demographic parameters for the population of griffon vultures in Crete were adopted and used for yearly survival and fecundity, and these provided the demographic
constants such as age-specific mortality and fecundity (Table 1). The first-year survival rate (s0 ) ranges between 0.3–
0.5 (Xirouchakis, 2002, 2010), but we set s0 close to the
lower limit, namely 0.35, since larger figures produced unrealistic values of the growth rate. We assumed older individuals had survival rates of 0.75, 0.8 and 0.9 for the second,
third and fourth year, respectively, and 0.95 thereafter. We
assumed that each female beginning in its fifth year could
produce and raise one offspring per year. Improved procehttps://doi.org/10.5194/we-21-79-2021

dures of parameterization in the event of parameter uncertainties could be applied, such as shown by McGowan et al.
(2011), but these are beyond the intended scope of this study.
Density dependence is imposed by means of a ceiling condition: if the population finds itself close to this ceiling, only
as many new individuals are recruited to the population as
there is room for. The program ran the model 1000 times for
1000 years of model time for every set of parameters. In the
absence of poisoning events, our assumptions lead to exponential growth, with a growth rate of r = 0.07 for the parameters used. In simulations, we assumed that a poisoning event
of fixed magnitude (D) happened on average every T years.
This was performed by allowing events to happen each year
with a probability of 1/T , thus ensuring an average rate of
1/T and hence an average time between events of T . Poisoning often takes place when someone puts a poison bait
in the field or by poisoning the carcass of an animal; thus
the number of vultures affected corresponds to the bait or the
carcass size. Recent information from the field suggests that
such poisoning events of vultures occur in Cyprus approximately once a decade (Game and Fauna Service, unpublished
data), which would suggest a value T ≈ 10. If the “delivery
mechanism” is a dead animal contaminated with poison, then
this could kill several vultures. In our simulation model we
explore events of different fixed impact (i.e., different D). In
this model, density dependence was included through an upper limit on the total population. We ran this model for a set
of scenarios involving different sets of the parameters. These
included values for D of 1, 10 and 30 individuals and for T
Web Ecol., 21, 79–93, 2021
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Figure 1. (a) Sample of five population trajectories as a function
of time generated by the simulation model (using the same parameters), showing two extinctions and three iterations in which the population persisted. The thick black line is the average of 1000 simulations. (b) Empirical persistence probability, based on the surviving
populations (thick black line) and the number of new extinctions
out of the 1000 simulated populations, both as a function of time.
By t = 50 most populations have either gone extinct or reached a
population sufficiently high that extinction is improbable. Parameters: initial population is 10; impact of catastrophe is 10 deaths;
average time interval between catastrophes is 10 years (95 % interval is 0.253 to 36.9 years); carrying capacity is 10 000.

of 1, 10 and 30 years. We considered a different initial population size N0 of between 5 and 100.
3

Results

Our simple mathematical model of population shows the effect of frequent poisoning events on population dynamics
and yields quantitative estimates of the population growth
rate. When a population with a positive growth rate (r > 0)
is subjected to poisoning events, the effect is to depress the
growth rate. In the presence of poison baits, the growth rate
decreases when the population size decreases, as it does
with an Allee effect. For a sufficiently small population, the
growth rate may become zero; this is the minimum viable
population (MVP; Fagan et al., 2001; Flather et al., 2011).
Thus, for viability a population N must exceed this value
(N > M). If the population exceeds this, the resulting growth
rate is positive, but if the population is smaller than this critical size, then the growth rate is negative. The structure of
Eq. (2) reveals that the gain of individuals through regular
population growth between episodes needs to be greater, on
Web Ecol., 21, 79–93, 2021

average, than the number of individuals lost in an episode
(N > M). Equation (3) also shows (see Appendix A) that a
sequence of small, frequent poison baits can be worse for a
colony than a sequence of large catastrophes with the same
total mortality, as small, frequent events have greater impact
on growth than large but very rare ones that have a negligible effect on an otherwise healthy population. Of course, if
such an event does happen in the initial stage, it can extirpate
the whole population in one poisoning episode. The more realistic simulation model, where the timing of poisonings is
random with an average frequency 1/T , supports these findings. Simulation runs with the same parameter set show that
a population may survive or become extinct when the population is small (Fig. 1).
In the early stages of a newly formed colony, when the
population numbers tens of individuals, the extinction probability remains high, but once the population becomes large,
the extinction probability becomes negligible. Furthermore,
the growth of the population suggests that an Allee effect is
present depending on the initial group size (Fig. 2). A delay
in the population growth rate is thus prominent among populations where the initial colony size is small (Fig. 2a). In
contrast, this pattern is rather muted when we consider only
the populations that survived (Fig. 2b). The discernable leveling off of population growth above 1000 individuals is density dependent because the population has a ceiling at 10 000
(Fig. 2). The leveling off (Fig. 2a) below 10 000, associated
with smaller initial populations, is because there are more extinct populations leading to a lower average. Given the same
amount of deaths per unit time, the impact of small and frequent poisoning incidents was more significant than the impact of large but rare ones.
More specifically by investigating the probability of population survival as a function of initial colony size (N0 )
for four scenarios with different poisoning intensity, namely
(a) small and frequent (D = 1), (b) large and rare (D = 30),
(c) intermediate (D = 10), and (d) no poisoning, showed that
for any starting colony size, the survival rate is lowest for
small, frequent events (Fig. 3).
We also found through simulations that for models with
different ceiling values (100, 200 and 10 000), the results
were rather insensitive to the value of the ceiling (Fig. 3).
The proportion of populations surviving in the three cases is
more or less the same, with the coefficient of variation between them being less than 5 %. Thus, the basic persistence
probability will not be so sensitive to changes in the ceiling
value (or carrying capacity) if this is greater than 100 individuals.

4

Discussion

Poisoning events range from small but frequent to large
but rare. Media headlines tend to concentrate on large-scale
catastrophic events with the power to shock (Smith, 2021;
https://doi.org/10.5194/we-21-79-2021
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Figure 2. Model predictions for average population size as a function of time and different restocking (initial) population sizes: N0 = 5,

N0 = 10, N0 = 25, and N0 = 50. (a) Population size average over all populations, including extinct ones. The depression in the initial phase
(red arrow) reflects the Allee effect. (b) Average population size only for populations that eventually survive. Impact of catastrophe is 30
deaths; average time interval between catastrophes is 30 years (95 % interval is 0.76 to 111 years); carrying capacity is 10 000. (The vertical
scale is logarithmic, so regular, density-independent growth should follow a straight line.)

Figure 3. Model predictions for the probability of survival as a

function of different restocking (initial) population sizes and different impacts of catastrophes. In each case involving poisoning,
the cumulative loss rate due to poison is one individual per year.
Thus, for the three curves for which the numbers of individuals poisoned in each catastrophe (D) were 1, 10 and 30, the corresponding frequencies of poisoning events (T ) were once every 1, 10 and
30 years, respectively, with 95 % intervals (0.0253T , 3.69T ) in each
case. The initial population sizes used were 0, 5, 6, 7, 8, 10, 12, 15,
20, 25, 30, 40, 50, 60, 70 and 100.

Murn and Botha, 2018), neglecting the importance of small
ones. In this study, the values of the respective model simulations were chosen with a constant ratio D/T , meaning that
the number of poisoned vultures per unit time remained the
same on average. We have shown that a sequence of small,
frequent episodes of poisoning is expected (on average) to
have a higher impact on the population than a few large, infrequent ones for the same cumulative mortality (Fig. 3). This
can be understood by the fact that a growing population rehttps://doi.org/10.5194/we-21-79-2021

covers exponentially in long time intervals and this geometric
growth advantage is lost if intervals are small.
Poisoning events of this kind also induce Allee effects
which are associated with minimum viable population sizes.
Therefore, in a conservation context this can make it much
more difficult for a colony to become established if it is initially small. Similarly, the initial population size has also
been found to be critical, through applying different PVA
models, for the two remaining griffon vulture colonies in Sardinia (Aresu et al., 2020). Specifically, there is no point in establishing a colony that is smaller than the MVP: M = D/rT
(where r is the population growth rate of the vultures and
where poisoning occurs on average every T years killing
each time D individuals). The minimum viable population
represents an important threshold, but, in the presence of environmental and demographic uncertainty, there is no certain outcome. In this context the extinction of the founder
colony does not necessarily imply poor management, since
even populations with N0 < MVP might still survive or those
with N0 > MVP might still go extinct. In the present case this
type of Allee effect is manifested in small initial populations
that grow more slowly than larger ones when they are close
to the critical number of vultures needed to be released for
the recovery and the safeguarding of the species in the long
term. This underlines the great need for the creation of largesized sustainable vulture colonies. This in turn demands a
large reservoir of birds available for restocking. The Allee
mechanism emerging from this model, based on poison baits,
is distinct from Allee effects associated with communal foraging (where large colonies share effort and hence improve
survival rates, especially if food is scarce and widely scattered) or with genetic effects (Berec et al., 2007). If either
of these other effects were to be present, the result would be
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to increase the strength of the Allee effect and raise the size
of the MVP. Our model is based on demographic parameters without explicitly considering food as a limiting factor
in contrast to other studies where there is more explicit treatment of food energetic requirements (Colomer et al., 2011;
Margalida et al., 2018).
These results were supported using a combination of arguments from mathematical models and from simulations. The
purpose of this paper was primarily to demonstrate the possibility of these things happening. In this case our approach
of parameterizing the simulation model on the basis of average values based on the population in Crete is appropriate.
Should specific, targeted management be required for the single population in Cyprus, a more systematic approach to parameter uncertainty might be considered (McGowan et al.,
2011).
So, consistent with intuition and experience, a substantial
initial group size is needed to offset mortalities due to poison
baiting, consistent with the predictions of many demographic
and genetic studies demonstrating that the persistence time
of a colony increases with initial size (Shaffer, 1987; Griffith et al., 1989; Allen et al., 1992). Specifically, if poisoning events of impact D (i.e., the number of dead vultures)
happen every T years and the species has a yearly growth
rate r, the colony size should always be well in excess of
D/(rT ) birds in order to have a sustainable population. In
this context, the restocking success would strongly increase
by using already-paired breeding adults among the released
founders, as this would lead to a larger effective population
size which is generally a small fraction of the total population
(Frankham, 1995; Sarrazin and Legrende, 2000). Our results
were obtained using a model developed specifically for the
parameters of the population of griffon vultures in Cyprus
but are expected to be relevant to most vulture species in any
place worldwide whenever restocking is used as a conservation tool.
In the absence of a stable breeding nucleus of griffon
vultures on Cyprus (i.e., four to six individuals) and with
the lack of other nearby mainland colonies, the restocking
scheme could be seen as a colonization process. In this case,
its success would be largely determined by habitat suitability, the species ranging behavior and its reproductive performance (Le Gouar et al., 2008; Knowlton and Graham,
2010). Given that the foraging and breeding habitat remains
intact and within the dispersal abilities of griffon vultures, the
promotion of breeding activity might be a good short-term
conservation target, which would lead to a higher growth
rate (see Eq. 1) and lower MVP (Eq. 2). This could be
achieved by taking advantage of the species’ high gregariousness and conspecific attraction (Mihoub et al., 2011),
which has shown to be the main driver for the creation of
new colonies (Sarrazin et al., 1996; Le Gouar et al., 2008).
By supplementary feeding close to old traditional breeding or
roosting cliffs, these sites would facilitate potential breeders
to locate mates as well as providing safe, non-contaminated
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food (Bijleveld et al., 2010; Mateo-Tomás and Olea, 2010).
Consequently, effort has to be focused on certain areas and
time periods, as poison bait occurrence does not happen at
random as in our simulations but exhibits a characteristic
spatial pattern (i.e., in pastoral and hunting areas) and a distinctive period of manifestation (i.e., in the lambing or preshooting season).
Therefore, as small canids (e.g., feral dogs, foxes) continue to be poisoned very frequently globally but are frequently overlooked due to species-dependent detection bias
that underrepresents such animals (Gil-Sánchez et al., 2021),
we expect that small numbers of dead, poisoned vultures
will similarly be unnoticed especially in remote places, while
only major poisoning events are expected to be found easily
and registered officially. This unintentional (secondary) poisoning (Xirouchakis et al., 2000), although difficult to reveal
in situ, may be one of the biggest threats to vultures worldwide (Botha et al., 2017) and could explain why small, isolated vulture populations where they still exist continue to
decline or are unable to recover. Clearly, small poison events
should be targeted by authorities to attract the attention they
deserve, as they could eliminate other endangered raptors too
and be a critical determining factor in the species’ population dynamics especially if they affect adult age classes of
species with low reproductive rates (Hernández and Margalida, 2008).
The colony of Gyps fulvus on Cyprus still remains critically endangered. Fresh action started in 2019 via a new restocking project aiming to transfer and release at least 24 individuals of Spanish origin into Cyprus over a 2-year period.
The conservation actions needed for the survival of such a
small group are primarily to do with protecting the colony
from poisoning such as by constant supplementary feeding and an extensive anti-poisoning campaign, e.g., by using specially trained anti-poison dogs (Ntemiri et al., 2018).
There should also be some constantly monitored individual
vultures tagged with GPS-tracking devices, a cheap method
for locating small poisoning events over extensive rough areas (Stoynov et al., 2019). This will allow the creation of
(poison-free) “vulture safe zones” (VSZs; see also IUCN
Bangladesh, 2016; Botha et al., 2017). Locally adapted VSZs
are critical for maintaining the population nucleus relatively
safely. Since the use of poison baits to kill predators is
based on complex socio-economic factors in rural areas, antipoisoning action plans should be applied worldwide according to the specific peculiarities of each area (Safford et al.,
2019). Alongside this, it is important to boost populations
via targeted restocking projects. Such actions may also need
to overcome Allee effects by ensuring minimum viable populations.
In conclusion, while the public concern over shrinking vulture populations has focused mainly on large mass-poisoning
events, we have shown, through mathematical models and
simulation, that a sequence of small episodes may actually
be worse than a few large but rare events that cause the
https://doi.org/10.5194/we-21-79-2021
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same overall mortality. Future population reinforcement actions for vultures will most likely be successful if many adult
individuals are released simultaneously in poison-free vulture safe zones around remaining colonies so as to maximize
initial density and minimize Allee effects. In the meantime,
such action could promote social facilitation and the formation of new griffon vulture colonies throughout their former
ranges, which could also be important for the other seven
Gyps species, as well as for other vulture species worldwide
that are threatened with extinction.
Appendix A: Description of mathematical model for
the griffon vulture population

In this appendix we describe the mathematical aspects of the
model in greater detail. We assume that the population of
vultures consists of a small colony subject to births (b) and
deaths (d) but not density dependence. This may be described
in discrete time by the following simple equation:
Nt+1 = (b − d)Nt .

(A1)

Here d is the annual mortality of individuals, ignoring age
structure. The growth in this system is exponential growth
(if b > d) or decline (if b < d) provided b and d are constants which do not vary in time. However, in reality when
populations are small, b and d are strongly subject to demographic stochasticity, which can lead to declines or even extinction even when b > d. In a new colony, variations in the
birth rate, b, can happen for a variety of reasons such as the
failure of adults to mate. Random variations include individually based effects. Other issues that may affect small populations are Allee effects caused by genetic, behavioral or anthropogenic factors. We do not consider such factors in this
study apart from the effects of poison baits. In reality, poisoning events happen at random with a random size. Nevertheless, we can usually assign a characteristic frequency and
a characteristic size. In the simulation model in the text we
explore this with simulations. Here, we use a simple mathematical model to show that (a) there is an Allee effect and an
associated MVP and (b) many small events are worse than a
single large one.
Estimating the effect of poisoning on the population
growth rate

https://doi.org/10.5194/we-21-79-2021

The replacement rate for T years is
D
Nt+T
= R0T − .
Nt
Nt

(A3)

We assume that the replacement rate is greater than unity
for the population to grow. Thus from Eq. (A2), it becomes
evident that if the starting population size does not exceed a
certain value of at least
N0 >

D
,
−1

R0T

which is essential for colony survival, it will not grow.
This threshold is the associated minimum viable population
(MVP).
Evaluating the Allee effect on the population growth rate

The growth rate is the logarithm of the replacement rate. If
the intrinsic growth rate, r, is small but positive, then the
modified growth rate can be found from Eq. (A3) as follows:




1
D
1
D
r 0 = ln R0T −
≈ ln 1 + rT −
T
Nt
T
Nt
D
≈r−
.
(A4)
Nt T
For this approximation (a Taylor series expansion of the
logarithm) to hold, we require that the terms in rT − D/N T
are small relative to 1. Overall, the growth rate would be reduced for small populations, equivalent to an Allee effect.
The modified growth rate becomes zero at a population of
M = D/rT . For a population N0 to be viable we require
N0 > M. Thus, the associated minimum viable population
(MVP) is
M=

D
,
rT

(A5)

which is also Eq. (2) in the main text. This reflects that the
gain through regular population growth between episodes
should be greater, on average, than the number of individuals
lost in an episode.
Impact of small and frequent versus large and rare
catastrophic events

Poisoning can be described by adding an extra mortality of
specified frequency and value (i.e., the number of dead vultures per poisoning incidence). Assuming that a poisoning
incidence occurs on average every T years and kills each
time exactly D individuals and R is the replacement rate
(the growth rate r is actually the natural logarithm of R), the
species population dynamics is described by the following
equation:
Nt+T = R0T Nt − D.
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(A2)

We can rewrite Eq. (A2) in terms of the growth rate:
N (t + nT ) = N(t) exp[nrT ] − D.

(A6)

If we define ρ = exp(rT ), then we can say that
N (t + nT ) = N(t)ρ n − Dρ n−1 − Dρ n−2 − . . . − Dρ − D
= N(t)ρ n − D

ρn − 1
.
ρ −1
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We can also rewrite this (starting with t = 0 so that N(t) =
N0 ) as

 rnT
e
−1
rnT
D,
(A7)
N(nT ) = N0 e
−
erT − 1
which is Eq. (3) in the main text. We can also define t0 = nT
so that we have



D
rt0
N(t0 ) = N0 e − rT
ert0 − 1 .
e −1
Note that the first term is independent of the size, D, and
frequency, T , and so is the second factor of the second term,
so everything comes down to the factor D/[exp(rT ) − 1].
Now suppose the number of poison baits per unit of time
is constant so that
(A8)

D = mT .
Then we can rewrite the above as



mT
N(t0 ) = N0 ert0 − rT
ert0 − 1 .
e −1

(A9)

Clearly, the amount of poison per unit time, m, decreases
that population at time t0 , N(t0 ). However, the distribution of
poisoning is also significant. The population N (t0 ) increases
as T increases because the factor depending on T , in square
brackets, decreases with T . More specifically, if T is small
so that rT  1, then exp(rT ) ≈ 1 + rT + (rT )2 /2 so that



mT
rt0
N(t0 ) = N0 e −
ert0 − 1
2
2
(1 + rT + r T /2 + . . .) − 1



m/r
≈ N0 ert0 −
ert0 − 1 .
1 + rT /2
The limit is

lim {N (t0 )} = N0 ert0 − (m/r) ert0 − 1 .

(A10a)

In the other limit, when rT  1 we have
n
h
i
o
lim {N (t0 )} = lim N0 m T e−rT ert0 = 0.

(A10b)

T →0

T →∞

T →∞

Based on this limit, the effect of making baits smaller and
more frequent always depresses population, while making
baits larger but less frequent in the limit becomes negligible in its effect. This demonstrates that many small events
are worse than a few large events of the same total mortality,
comparable to what the simulation population models predicted.
Appendix B: Framework describing simulation model

In this appendix we describe the simulation model using the
ODD protocol of Grimm et al. (2006). The basic idea of the
Web Ecol., 21, 79–93, 2021

protocol is to structure the information about an individually
based model as a sequence of seven elements in three blocks:
ODD means overview (purpose, state variables, scales), design concepts and details (initialization, input, submodels).
We will refer to our model within this framework. Our simulation model was specifically designed to incorporate population genetics. However, since that aspect is not used in this
paper, we will not refer to it.
B1

Purpose

The purpose of this program is to see how age-structured
populations respond to various highly structured environmental mortality events, such as bottlenecks and repeated
poisoning events, especially when these populations are
small.
B2

State variables and scales

The state variables consists of sub-populations of discrete individuals. Populations are characterized by the state variables
of age and sex. There is only a single population, and there
is no spatial component. The shortest timescale is a single
year. The longest timescale can be chosen to any length, but
common choices are typically less than 1000 years. There is
a fixed maximum lifetime for each animal, T , which determines how many age classes there are.
B3

Process overview and scheduling

The model proceeds in annual time steps. Within each year or
time step, several stages happen. These are imposed mortality (e.g., by poisoning), natural mortality and reproduction.
B4

Design concepts

Emergence. Population dynamics emerge from the basic demographic parameters and from the stochastic processes underlying morality and reproduction.
Interaction. There are two types of interactions: reproduction can occur for any female if there is at least one male
present in the population at the time. Density dependence
occurs through a ceiling mechanism. If there are more new
individuals born than allowed by the carrying capacity, then
there is no reproduction that year.
Stochasticity. All demographic parameters are interpreted
as probabilities or are drawn from probability distributions.
Imposed mortality is defined by the number of killed individuals (D)T and is carried out by selecting D individuals from
the entire population at random. Natural mortality is defined
by the probability of each individual in each age–sex class of
surviving. Thus, if there are N animals in an age class and
their survival probability is s, then the number surviving is a
binomial random variable of N trials and probability s. The
number of births from each age class is the number of females of that age weighted by the probability of reproductive
https://doi.org/10.5194/we-21-79-2021
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success or the number of offspring. Each offspring is male or
female with a probability of 50 %.
B5

Input

Imposed environmental conditions are classed as “input” and
often change either randomly or according to a set pattern.
In our model the only such input is the externally imposed
mortality (i.e., poisoning), which is fixed by the user (see
Table 1).
B7

Code availability. Code may be found in the Open Sci-

ence Framework repository (https://osf.io/tnvuh/?view_only=
205bcf1f4a274c579591454827023b79; Halley, 2019).

Initialization

The evaluation of each simulation run started in the first year
when the number of model animals was equal to N0 individuals. These are chosen to be male or female with 50 %
probability. The numbers in each age class are chosen from
a multinomial distribution at random. The maximum lifetime, T , determines the number of categories, and each category k is associated with probability of success pk , which is
proportional to the probability of survival to age k.
B6

89

Data availability. No external data sets were used. The only data

used are in Table 1, which are from published sources.
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