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The Allee effect (the positive relationship between population growth rate and population
size) is a constraint of some animal populations at low numbers, which increases their
likelihood of extinction because of a decrease in reproduction and/or survival. We were able
to demonstrate that the Allee effect can be the result of a mortality increase affecting floaters
(i.e. dispersing individuals able to enter as breeders in the reproductive population when a
breeding territory or a potential mate - owner of a suitable breeding territory - becomes
available). Previously, potential mechanisms underlying Allee effects were always related
to the breeding portion of a population only. In contrast, our understanding of or solutions
to population declines due to the Allee effects can reside elsewhere, away from breeding
territories.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

be classified into three main categories: (a) genetic inbreed-
ing and loss of heterozygosity; (b) demographic stochasticity

Without attempting a comprehensive explanation, let us spell
out the three essential features that main portray the Allee
effectin animal populations (Courchamp et al., 1999; Stephens
et al., 1999; Dennis, 2002). Firstly, the Allee effect denotes a
scenario in which populations at low numbers are affected by
a positive relationship between population growth rate and
population size, which increases their likelihood of extinction
because of a decrease in reproduction and/or survival. Sec-
ondly, the numerous factors associated with such an effect can
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(including sex-ratio fluctuations); and (c) reduction in cooper-
ative interactions among conspecifics when there are fewer
individuals (including sexual reproduction, i.e. shortage of
receptive mate encounters during the mating period when
density is too low). Finally, there exists a critical density below
which the aggregation unit considered (e.g. population, colony
or social group) is prone to extinction.

The increasing interest for the Allee effects in animal
populations (examples of Allee effect have been described
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for most animal taxa; Mgller and Legendre, 2001; Dennis,
2002) is largely due to its importance as strong selective
forces in evolution (Dennis, 1989), as well as to the signif-
icance of his consequences on coloniality (Serrano et al.,
2005), the theory of population dynamics (especially when
studying small metapopulations), establishment/eradication
of species, predator prey cycles and conservation (Courchamp
et al.,, 1999; Stephens and Sutherland, 1999; Dennis, 2002;
Engen et al.,, 2003; Bessa-Gomes et al., 2004). As for this lat-
ter, species/(meta)population can be dramatically impacted by
Allee effect (Lande, 1988), being more predisposed to catas-
trophic collapses with only a slight increase in mortality
(Courchamp et al.,, 1999). Such an interest in conservation
biology is increased by the fact that, in the past, many conser-
vation programs focused on extinction risks and minimum
population size without take into consideration the Allee
effect. Knowing that a given species/(meta)population is under
the risk of an Allee effect would be of much help to reverse
the fate of the population collapse by reducing or eliminat-
ing the cause/s that conducted the species/(meta) population
close to, or below, its critical threshold. As an end result, more
systematic investigation on the Allee effect in endangered
populations were evoked to better understand their dynam-
ics and efficiently protect them (Courchamp et al., 1999), the
causes of decline of many populations still remaining a puzzle
(Courchamp et al., 1999; Penteriani et al., 2005a).

In a time when human disturbances on natural systems
lead to even smaller population size, the question posed by
Allee (1938, p. 107) “...what minimal numbers are necessary if a
species is to maintain itself in nature?” continue to be of an awe-
some and contemporary actuality. However, after more than
a half a century on research on how the Allee effect works
on animal population, we think that an additional question
arises: if the Allee effect is a consequence of population decrease,
what generate and where is determined such a decrease? Or, in other
words, where does the Allee effect originate?

We previously showed that factors affecting the survival
of floaters (i.e. dispersing individuals able to enter as breed-
ers in the reproductive population when a breeding territory
or a potential mate — owner of a suitable breeding territory
- becomes available) have the potential to directly influence
the dynamics of the whole population due to their effects on
the breeding segment of the population in reproductive areas
(Penteriani et al., 2005b). What is more, an increase in floater
mortality within settlement areas can both explain puzzling
declines or extinctions of breeding populations (Penteriani
et al,, 2005a) and patterns of density-dependence fecundity
(Penteriani et al., 2006). The strong relationship between
floaters and breeders of a same population suggests that indi-
vidual dynamics within settlement areas may be at the origin
of the density-dependence properties of a (meta)population.
Consequently, mortality rates of dispersers have the potential
to be one of the (overlooked) ecological mechanism by which
the population size can affect demographic rates, leading to
the Allee effect. Clearly defining the portion of the population
(e.g. floaters) that shapes density-dependent patterns may
help to solve some of the puzzling extinction processes, allow-
ing us to focus our conservation effort on the right direction
(e.g. reduction of mortality rates within settlement areas). In
fact, whereas the phenomenon of the Allee effect is today

clearly defined and described, the main mechanisms at the
basis of the Allee effects are still unclear (Mgller and Legendre,
2001; Engen et al., 2003).

The outputs of our individual-based simulation models
show how floater dynamics within settlement areas can be
responsible for the Allee effect that we detect in animal
(meta)populations.

2. Methods
2.1.  The species and main population parameters

Our individual-based models were based on a century-long
time series of the metapopulation of the Spanish imperial
eagle Aquila adalberti of Donana (south-western Spain), which
consists on a maximum of 16 pairs. With less than 150 pairs,
this large eagle is the most endangered bird of prey in Europe
and one of the most threatened raptors in the world (Ferrer,
2001). The maximum population threshold of the Spanish
imperial eagle population in Dofiana consists of 16 pairs. This
species is a large (2500-3500 g), sedentary and territorial bird
of prey, characterized by low reproductive rates (on average
0.75 chicks per pair per year), a density-dependent imma-
ture phase of 3-5 years (most frequently 5) and a maximum
longevity of 22 years. Typically, breeding pairs include two
adults (which can remate over successive years), but some
pairs may be mixed, that is one or both mates have not
attained adult plumage (<5 years old). Survival probability is
equal for males and females. Using the same procedures as
in Penteriani et al. (2005a,b, 2006), we analysed the effects of
floater mortality (ranging from 5 to 30%) within settlement
areas on the relationships between mean number of pairs (the
population size) and mean fecundity (i.e. the mean number of
fledglings per year, averaged over all pairs in the population)
within the breeding population. On the basis of the previ-
ous results (Penteriani et al., 2005a,b, 2006), we simulated two
different scenarios: (i) when the age at first reproduction of
the breeder population varied from 3 to 5 years; and (ii) for
three different metapopulation size, i.e. 10, 15 and 20 breed-
ing pairs. We explored these ranges of values for age at first
reproduction and saturation levels of the population because
they best reflect the real scenarios that we observed for the
Spanish imperial eagle in Doniana. The values of floater mor-
tality reflects the real range of possible values that we recorded
in the field (Ferrer et al., 2004 reported an annual mortality
of 0.26 £0.30 for unpaired eagles) after then 30 floaters (60%
of the whole disperser population) were marked with radio
tags over a period of approximately 15 years (Ferrer, 2001).
The structure, parameters and initial values of our models
were guided and set by the observed long-term (more than
one century) eagle population dynamics, for which previous
simulations proved the similarity between modelled patterns
and empirical data (Ferrer and Penteriani, 2003; Ferrer et al.,
2004).

2.2. Simulation algorithms and parameters

Because in previous analyses (Penteriani et al.,, 2005a,b,
2006) we highlighted that environmental stochasticity has
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a stronger influence on the whole population when varia-
tions in environmental conditions occur in a synchronous
way (i.e. in both the settlement and breeding areas at the
same time), the simulations were performed under the less
adverse scenario, that is when the variations in environmen-
tal conditions occur asynchronously. An increase in floater
mortality could be due to environmental stochasticity (e.g.
natural catastrophes, habitat destruction and fragmentation)
or human-induced deaths (e.g. poisoning, electrocution).

Our model included density-dependent compensation
because models without density-dependent compensation
inevitably lead to the demise or explosion of a population, as
well as erroneous inferences about a population’s responses
toindividual intra- and interspecific interactions (Emlen et al.,
2003).

All the simulations start at time t =0 with 15 eagle pairs and
15 floaters (to simulate real situations). We ran 100 simulations
(each of them of 100 years) and, at the end of each series of
100 simulations, the model generated the mean of number of
pairs and fecundity (fledged young) for the 100-year period for
each simulation.

The output of a simulation contains statistics on the pop-
ulation census for each interaction (1 year). The population
dynamics were simulated by individual-based evaluation of
three main stochastic functions whose behaviour is driven by
the internal status of the given individual.

2.2.1. Function 1: death

Computes a Boolean value stating if the given individual will
die during the current year. The value returned by this function
is TRUE (the individual will die) if

r < A(a) + (1 — A(a))B(s)

where

¢ ais the age of the individual,

¢ sis the status (chick, floater, breeder) of the individual,

e 1 (0<r<1)is an uniformly distributed random deviate,
o A(a) is a continuous probability distribution

1
0" <1 + (a/30)1°>

describing the probability of death as a function of the age of
the individual,

A(a)=1

e B(s) is a randomised discrete function

B(s) = knP(s)

describing the probability of accidental death as a function of
the status of the individual (k and n are normally distributed
random variates with mean 1.0 and standard deviation 1.0
and P(s) is a discrete function returning 0.6 for chicks, 0.06 for
breeders and a value in the range 0.05-0.30 for floaters (this
value is a parameter of the simulation as described in the text).
Finally, the expression

e A+(1-A)x Bimplements the logic or operator for two prob-
ability distributions.

The value of the random deviate k is fixed for each year,
representing “environmental stochasticity”. The correlated or
uncorrelated effect of stochasticity in breeders and floaters
discussed in the paper is simulated by generating two different
values of k, one for breeders and one for floaters (asyn-
chronous stochasticity).

All numerical values conditioning the shape of the prob-
ability distributions have been estimated from actual data in
the historic series.

2.2.2.  Function 2: breed

Is evaluated for all breeder females, returning the number
of chicks produced during the current year as a density-
dependent distribution

N(c) = w(c)Dp, + (1 - w(c)D;

where

e wis a weighting term for the two discrete productivity func-
tions Dy, and Dy

1

this value can be though as the “saturation” of the population

e Dy is the high-w limit of the Percent Point Function (PPF)
of the discrete productivity distribution Ey, describing the
probability of raising a given number of chicks as

No. chicks Probability
0 0.48
1 0.37
2 0.10
3 0.05

A number of chicks is selected as the value of the PPF for an
uniformly distributed random variable.

e D is the low-w limit of the productivity distribution Percent
Point

Function of the discrete productivity distribution E;
describing the probability of raising a given number of chicks
as

No. chicks Probability
0 0.20
1 0.30
2 0.30
3 0.20

A number of chicks is selected as the value of the PPF for a
uniformly distributed random variable.
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The resulting number of chicks is added to the population
as 0-year-old individuals.

All numerical values conditioning the shape of the prob-
ability distributions have been estimated from actual data in
the historic series.

2.2.3. Function 3: couple

Computes a suitable partner for the current individual. If the
individual is a non-breeder adult, it generates a list of all
potential partners and randomly chooses one of them (if the
list is not empty). Each candidate (non-breeder adult of the
opposite sex) in the population is tested and included in the
list with a density-dependent probability

C(c)=1—w(c)

function of the number of couples c in the population. If, even-
tually, a partner is found (i.e. the list is not empty), both the
individual being evaluated and the chosen partner are tagged
as breeders.

The simulation proceeds by iterative evaluation of the three
functions each year for each individual in the population and
updating accordingly the internal status of each individual.

Due to this iterative processing three subtle corrections
were built into the simulation:

(a) Individual shuffling. As new chicks are append to the end of
the population list, individuals end up sorted by age into
the list, resulting in old individuals being evaluated before
younger ones. During the loop that evaluates all individ-
uals, some parameters of the population change, notably
the “saturation” thathas an effect in all density-dependent
calculations. To avoid this effect, the list containing all
individuals is shuffled at the beginning of each yearly
update;

(b) Events sorting. The death of a breeding individual implies
that either no young is produced by the couple during
this last year (if the death function is evaluated before the
breed function) or that all chicks are produced elsewhere.
Obviously both situations are wrong. To account for this
effect, the order in which these two functions are evalu-
ated is randomly chosen with a 75% probability of being
“death-breed” and a 25% probability for the reverse order.
These probabilities were chosen because the success of
raising a chick depends on parental care during 75% of the
year;

(c) Sex sorting. When a breeding individual dies, his/her part-
ner also loss his breeding status. This can lead to an
artificially reduced productivity.

Having “Event Sorting” implemented, it is safe to evaluate
females before males to account for this effect.

The model has been implemented using heavily Object
Oriented techniques in the Python programming language
(www.python.org).

2.3. Sensitivity analysis of the model
A visual debugging of our simulations was performed to pre-

vent that some errors in the model could generate false
outputs (Grimm, 2002; Grimm et al., 2006). Such a sensitiv-

ity analysis of the model showed that: (1) the main observed
effect (i.e. positive density dependence of fecundity) was really
due to the floater availability along the time of the simulation.
When we looked at simulations run again, as well as the pop-
ulation structure year by year during the visual debugging of
our model, we mainly observed that: (a) once a breeder dies,
floaters quickly fill in the vacant position (in the year later)
and the population is always at its saturation level. However,
this occurred only for high floater availability (i.e. low floater
mortality). In such a scenario the mean productivity is con-
stant and low (due to the density-dependent fecundity, see
features of the function 2_breed of the model); (b) an increase in
floater mortality determines a corresponding decrease of the
floater availability and, consequently, lower floater numbers
cannot allow to replace all the vacancies in the breeding pop-
ulation (i.e. decrease in the recruitment process) because in
our model there is a specific probability that determines new
pair formation (again the function 2_couple of the model). For
low numbers of floaters the probability of formation of a new
pair is very low too. In fact, our simulation is not determin-
istic (e.g. each time a breeder dies there is a replacement of
the lost mate by an adult floater of the same sex), but mat-
ing is under a probability constraint and difficulties in pair
formation can also appear when the number of floater is not
n=0 (see also the function 2_couple); (c) as a consequence of the
density dependence of fecundity, all the changes in the pop-
ulation saturation levels are reflected in the fecundity values
that we recorded in the simulated population. Under scenarios
of high floater mortality, extinctions can occur, but the extinct
populations do not contribute in the calculation of the mean
fecundity. In other words, there are no artefacts in the model
and its computation of fecundity; and, finally, (d) the decrease
in floater numbers and, consequently, its reduced availability
as potential mates able to fill vacancies in the breeding ter-
ritories, determines an increase in the age of breeders and,
accordingly, in the probability of death of a breeder before the
end of the breeding cycle, due to its older age (see both the func-
tion 1_death and Events Sorting). This breeder mortality before
fledging is a secondary effect that, even determined by the
highest levels of floater mortality, contributes to the decrease
of the population’s fecundity.

3. Results and discussion

By analysing the effect of an increasing mortality of floaters
within the settlement areas that they use during dispersal,
we contemporaneously observed the appearance of the Allee
effect in the breeding population. In fact, when floater mor-
tality reached the 30% threshold (Fig. 1), the number of pairs
decreased (for the small populations of 20 and 10 individuals,
A and B) and fecundity showed a positive density-dependent
pattern, which is typical of the Allee effect. That is, when
population size decreases (before extinction) the population
shows inverse density dependence (the Allee effect strictly
refers to inverse density dependence at low population num-
bers, Courchamp et al., 1999).

As predicted by the Allee effect (Henle et al., 2004), its
consequences were more severe for the smallest population
(Fig. 1B). Moreover, in the smallest population (10 breeding
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Fig. 1 - When floater mortality within settlement areas reach a threshold of 30%, the breeding population (i.e. number of
pairs) decrease (for both a small population of 20 and 10 individuals, A and B) due to the scarcity of available mates and
fecundity shows a positive density-dependent pattern (i.e. Allee effect). The Allee effect, as expected, is highest for the
smallest size population (B). In the smallest population (population size =10 breeding pairs), an age at first reproduction of 3
years old (C) buffers the floater mortality, whereas the same population become extinct at his most common age of first

reproduction of 5 years old (D).

pairs), extinct occurs when an early age at first reproduc-
tion did not buffer (Ferrer et al., 2004) the increasing floater
mortality (Fig. 1D). The extinction process started when the
scarcity of available mates, because of the high mortality in
settlement areas, made pair formation more and more diffi-
cult due to the lack of new individuals potentially available to
replace a lost mate. The difficulty of finding a partner repre-
sents the most frequently mentioned cause of the Allee effect
(McCarthy, 1997; Amarasekare, 1998; Courchamp et al., 1999;
Stephens et al., 1999; Stephens and Sutherland, 1999; Engen
et al,, 2003; Lande et al., 2003).

Because of the density dependence of fecundity, for rel-
atively low floater mortalities we observe an increase in
the breeding performance due to the reduced saturation of
the breeding population (Fig. 2, for a value of floater mor-
tality ranging between 5 and 20%). When this occurs, the
breeding territories of low quality (which when inhabited by
breeding pairs lead to reduced mean breeding output of popu-
lations; Ferrer and Dondzar, 1996; Kriiger and Lindstrém, 2001;

Penteriani et al., 2004), disappear earlier than the high qual-
ity territories. In fact, best breeding territories generally show
higher rate of occupancy than poor territories due to strong
mate survival and site fidelity (Liberatori and Penteriani, 2001;
Sergio and Newton, 2003). As an end result, the lost of poor
territories determines an increase of the mean breeding per-
formance of the population. The fact that the increased usage
of poor territories in situation of high density decreases per
capita breeding performance (Ferrer and Donazar, 1996; Both,
1998) is also known as site-dependent population regulation
(Rodenhouse et al., 1997) or Habitat Heterogeneity Hypothesis
(Ferrer and Dondazar, 1996; Ferrer et al., 2006). In a scenario of
not saturated populations, and until the population density
does not approach the saturation again (e.g. reduced floater
mortality in the settlement areas), we will detect an increase
in the mean fecundity. But an increase in floater mortality
(Fig. 2, for a value of floater mortality ranging between 25
and 30%) immediately gets the breeding population under the
Allee effect. When the (meta)population felt below its critical
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Fig. 2 - Appearance of the Allee effect in a breeding
population (characterised by an age at first breeding of 5
years old and population threshold of 10 breeding pairs),
when floater mortality within settlement areas shift from 5
to 30%. At the beginning of an increase in floater mortality
(from 5 to 20%), because of density-dependent fecundity,
we observe an increase in the breeding performance due to
the reduced saturation of the breeding population.
However, when the (meta)population goes below its critical
threshold (from 25 to 30%), a positive relationship between
population growth rate (i.e. fecundity) and population size
(number of breeding pairs) determines extinction because
of a decrease in reproduction (i.e. Allee effect).

the settlement areas). That is, the effects that we observe in
an animal population can be the result of external causes.
Floaters, the “invisible” component of animal populations,
represents their “foundations” and become “visible” by the
Allee effect when environmental stochasticity reduces their
number during dispersal and settlements previous to the
incorporation as breeders. In conclusion, we do not should
ever search for the causes of an observed pattern in the loca-
tion in which it is visible, detectable or produced. The truth is
out there.
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