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ABSTRACT: After some 70 years of debate on density-dependent
regulation of animal populations, there is still poor understanding
of where spatial and temporal density dependence occurs. Clearly
defining the portion of the population that shapes density-dependent
patterns may help to solve some of the ambiguities that encircle
density dependence and its patterns. In fact, individuals of the same
species and population can show different dynamics and behaviors
depending on their locations (e.g., breeding vs. dispersal areas). Con-
sidering this form of intrapopulation heterogeneity may improve our
understanding of density dependence and population dynamics in
general. We present the results of individual-based simulations on a
metapopulation of the Spanish imperial eagle Aquila adalberti. Our
results suggest that high rates of floater mortality within settlement
areas can determine a shift in the classical relationship (from negative
to positive) between the fecundity (i.e., fledglings per pair) and den-
sity (i.e., number of pairs) of the breeding population. Finally, we
proved that different initial conditions affecting the breeder portion
of the population can lead to the same values of fecundity. Our
results can represent a starting point for new and more complex
approaches studying the regulation of animal populations, where the
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forgotten and invisible component—the floater—is taken into
account.

Keywords: breeding performance, density-dependent fecundity,
floater mortality, settlement areas.

Density dependence affects life-history traits and is one of
the key processes in bird population dynamics; thus, un-
derstanding it is crucial in conservation biology (Lack
1954). In stable, saturated populations living in homo-
geneous habitats, density-dependent reproduction (i.e., the
input rate of a population) generally shows a negative
relationship with population density; that is, the higher
the density, the lower the fecundity (e.g., Ferrer and Don-
azar 1996; Both 1998; Newton 1998; McCallum et al. 2000;
Hixon et al. 2002; Paradis et al. 2002). Finally, there are
many causes of density dependence (Dhondt et al. 1992;
Both 1998; Ricklefs 2000; Hixon et al. 2002), and these
can act simultaneously at different spatial scales (Roden-
house et al. 2003).

A crucial link exists between the population dynamics
of birds in their settlement (i.e., temporary settling zones
used during dispersal by nonbreeders and in which they
do not display territorial behavior) and breeding areas.
Factors affecting the survival of floaters (i.e., dispersing
individuals able to enter as breeders into the reproductive
population when a breeding territory or a potential mate—
the owner of a suitable breeding territory—becomes avail-
able) also influence the dynamics of the whole population
due to their effects on the breeding segment of the pop-
ulation in reproductive areas (Penteriani et al. 2005b). Fur-
thermore, an increase in floater mortality within settle-
ment areas can explain puzzling declines or extinctions of
breeding populations (Penteriani et al. 20054). In fact, we
previously showed that (1) the number of floaters in a
population is a function of the fecundity in the breeding
territories (i.e., the higher the fecundity, the sooner an
equilibrium is attained) and is limited by the availability
of settlement areas, (2) environmental stochasticity has a
lower impact on breeders when it takes place in a tem-
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porally and spatially disjunct way (in either settlement or
breeding areas) and therefore affects only a portion of a
population, and (3) an increase in floater mortality within
settlement areas negatively affects the breeding population,
reducing both the mean number of pairs and mean
fecundity.

Such a strong relationship between floaters and breeders
of the same population suggests that floater dynamics
within settlement areas may affect breeding population
properties such as density dependence. However, studies
on density dependence have been focused mainly on the
breeding portion of animal populations and consequently
have been generally inattentive to the possible influences
of what occurs to floaters. Because of the link between the
dynamics in settlement and breeding areas (e.g., factors
affecting floater survival also influence whole population
dynamics), disperser mortality has the potential to be a
crucial ecological mechanism by which density can affect
demographic rates. Consequently, population studies that
ignore floater dynamics (generally due to a lack of infor-
mation on the location of settlement areas and the dy-
namics of individuals within them) may fail to understand
all of the different factors that influence density-dependent
population patterns. In this context, we agree with Tur-
chin’s (2003) view of density dependence, according to
which such a property of an animal population must be
considered as “a theoretical framework with which to in-
vestigate the causal factors of population fluctuations” and
that “although quantifying density dependence does not
uniquely identify the biological mechanisms responsible
for various aspects of population dynamics, it allows us
to make the first step toward this goal.” For example, there
is a poor understanding of where both spatial and temporal
density dependence occur (Sinclair 1989; Dhondt et al.
1992). Clearly defining the portion of the population
(breeders and/or floaters) that shapes density-dependent
patterns may help to solve some of the ambiguities that,
after some 70 years of debate (Nicholson 1933), still sur-
round density dependence and population dynamics in
general (Murray 1994). In fact, intrapopulation hetero-
geneity represents an issue that was largely ignored in the
context of density dependence but was shown to have
important consequences (see Grimm and Uchmanski
2002, although in a different context). How do floaters
alter density-dependent patterns within populations? To
test this question we developed individual-based simula-
tion models to explore the range of possible variations of
density-dependent fecundity when individual dynamics
within settlement areas are taken into account.

Methods

We based our work on a century-long time series of a
metapopulation of the Spanish imperial eagle Aquila

adalberti, which, with fewer than 150 pairs, is the most
endangered bird of prey in Europe and one of the most
threatened raptors in the world (Ferrer 2001). Using the
same procedures as Penteriani et al. (20054, 2005b), we
analyzed the effects of floater mortality (ranging from 5%
to 30%) on the mean fecundity (i.e., the mean number
of fledglings per year, averaged over all pairs in the pop-
ulation) of a breeding population under two different sce-
narios: (1) when the gradient of the age at first repro-
duction varied from 3 to 5 years and (2) for saturation
levels of 10, 15, and 20 breeding 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 Donana (southwestern Spain). The values of floater
mortality reflects the real range of possible values that we
recorded in the field (e.g., Ferrer et al. [2004] reported an
annual mortality of 0.26 + 0.30 for unpaired eagles).

Empirical and Theoretical Basis of Simulations

The Spanish imperial eagle population of Dofnana consists
of a maximum of 16 pairs. This species is a large (2,500—
3,500 g), sedentary, and territorial bird of prey that is
characterized by low reproductive rates (averaging 0.75
chicks per pair per year), a density-dependent immature
phase of 35 years (most frequently five), and a maximum
longevity of 22 years. Typically, breeding pairs include two
adults, but some pairs may be mixed; that is, one or both
mates have not attained adult plumage (<5 years old).
Thirty floaters (60% of the whole disperser population)
were marked with radio tags over approximately 15 years
(Ferrer 2001). Because data collection started in 1890, our
long-term data set represents a strong basis for the general
understanding of the dynamics of a small population and
the building of realistic, predictive models accounting for
the general relationship (e.g., breeding performance) be-
tween floaters and breeders of a population of a predator
species. 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 be-
tween modeled patterns and empirical data (Ferrer and
Penteriani 2003; Ferrer et al. 2004; Penteriani et al. 2006).

Because in previous analyses (Penteriani et al. 20054,
2005b) we highlighted that environmental stochasticity has
a stronger influence on the whole population when var-
iations in environmental conditions occur in a synchro-
nous 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
environmental conditions occur asynchronously. An in-
crease in floater mortality could be due to environmental



stochasticity (e.g., natural catastrophes and habitat de-
struction or 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 re-
sponses to individual 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 (100 years for each of
them), 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. See the appendix in the online edition of the
American Naturalist for the full description of the algo-
rithms and parameters used in the simulation.

Output Analyses

Spearman tests explored the direction of the relationship
between mean fecundity and population density (i.e.,
number of pairs) under different conditions of annual
floater mortality. Mann-Whitney U-tests compared the
patterns in fecundity for several different combinations of
ages at first reproduction and saturation thresholds, when
mortality in settlement areas varied from 5% to 30%. All
means are given with +1 SD, all tests are two-tailed, and
statistical significance was set at P <.05. The software
package used was SPSS, version 10.0.

Results and Discussion

The patterns shown by the density-dependent fecundity
under different rates of floater mortality highlighted the
occurrence of three phenomena within the breeding pop-
ulation. First, we observed an inversion in the direction
of the density dependence of fecundity, that is, from neg-
ative to positive density dependence (Sinclair 1989), when
floater mortality increased (fig. 1) and consequently de-
pressed the number of breeders. That is, extremely high
mortalities of floaters in the settlement areas are able to
engender (1) a decrease in the number of breeders due to
the lack of new mates available to replace the lost ones
(i.e., increasing difficulty of pair formation) and, conse-
quently, (2) a positive density-fecundity relationship in the
breeding portion of the population. A possible scenario
accounting for a positive relationship between breeding
pair density and fecundity (i.e., the Allee effect; Allee et
al. 1949) could be the one in which breeder density de-
creases well below the saturation density of the population
due to high levels of floater mortality (see Courchamp et
al. 1999 for a review of scenarios and factors involved in
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generating inverse density dependence at low densities).
This would imply that when floater mortality increases, a
corresponding decrease of the floater availability as po-
tential mates does not allow us to replace all the vacancies
in the breeding population. The difficulty in encountering
mates at low densities is a scenario typical of the Allee
effect, determining a disproportionate reduction in fecun-
dity at small population sizes (Amarasekare 1998). Such
a correspondence between the outputs of our simulation
and previous information on population dynamics (e.g.,
Lande 1987; Dennis 1989; Amarasekare 1998, Lande et al.
2003) indicates that our explanation might be correct, but
a more thorough future analysis is needed to fully un-
derstand positive density dependence fecundity in animal
(meta)populations.

The thresholds of mortality rate at which mean fecun-
dity shifted from a negative to a positive relationship with
number of pairs mainly corresponded to 25% and 30%.
In fact, (1) for all ages at first reproduction and saturation
thresholds of the breeding population, the pattern of
density-dependent fecundity was always positive (signifi-
cance levels equal to P < .0001; Spearman tests) when the
floater mortality was 30%, and (2) when the floater mor-
tality was 25%, fecundity showed a positive pattern for
ages of 4 and 5 years and thresholds of 10 pairs (signifi-
cance levels ranging from P = .002 to P <.0001; Spear-
man tests). It is interesting to highlight that, as predicted
for the factors affecting population changes (Turchin
1999), floater mortality showed the properties of density-
dependent endogenous factors, that is, dynamic feedbacks
affecting population numbers and involving time lags. In
fact, the effects of floater mortality appear in the breeding
areas only after several decades (Penteriani et al. 20054).
Although negative density-dependent fecundity has been
previously described for our eagle population (Ferrer and
Dondzar 1996), some periods of positive relationship be-
tween fecundity and density have been also detected (M.
Ferrer and V. Penteriani, unpublished data). Taking floater
dynamics within settlement areas into consideration can
explain otherwise inexplicable positive density-dependent
patterns in breeding populations.

Second, the fecundity of our population showed similar
values for different rates of floater mortality (i.e., different
pressures acting on the population) for both the age at
first reproduction (fig. 1A) and saturation thresholds (fig.
1B). This means that the same values of fecundity that we
observe in a population can be the results of (at least) two
different, spatially distinct factors acting on the whole pop-
ulation, that is, (1) the classical density-dependent effect
due to population saturation or (2) the effect of high mor-
talities in the floater sector of the population. Conse-
quently, different initial conditions (i.e., a stable and sat-
urated population or high rates of floater mortality
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Figure 1: Patterns of density-dependent fecundity when floater mortality (mort) shifts from 5% to 30%. Gray trajectories represent the whole range shown by fecundity when floater mortality
has been varied from 5% to 30%, whereas black circles show the specific fecundity for each level of floater mortality for both ages at first reproduction (age in A) and population capacity (cap
in B). Bird populations can shift from negative to positive density-dependent fecundity as a result of increasing mortality rates of floaters within settlement areas. Similar patterns in breeding
performance arise when simulating both different ages at first reproduction (from 3 to 5 years old; A) and population thresholds (from 20 to 10 pairs; B). That is, different departure conditions
of the breeding populations can determine similar breeding performance. In fact, the same values of mean fecundity can appear in the same breeding population under extremely different situations
(e.g., saturated and stable population vs. increasing or unstable population), depending on the levels of floater mortality within settlement areas.
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determining a decline in the population) produced similar
effects (i.e., the same values of mean fecundity) in the
breeding sector of the population. This means we could
potentially be confronted with inferential fallacy (Alker
1969), quite relevant but often probably overlooked by
analyses on population dynamics and regulation when in-
dividual processes are deduced from wide patterns. In fact,
mistakes may arise by inferring processes or patterns at
one level of analysis (e.g., density dependence in the breed-
ing population) from those occurring at another level (e.g.,
floater mortality within settlement areas).

Third, both earlier ages at first reproduction and higher
saturation thresholds in the breeder section of the popu-
lation buffered the negative effect of increasing floater mor-
tality (see also Ferrer et al. 2004). In fact, the lowest values
of mean fecundity (lowest tails in fig. 1) mainly character-
ized higher ages at first reproduction and lower saturation
thresholds. That is, both a lower age at first reproduction
and a higher population threshold were able to reduce the
effect of floater mortality in the breeding sectors. Once
more, the pressure of two independent and different factors
(i.e., younger age of first reproduction and higher saturation
levels or higher age of first reproduction and lower satu-
ration levels) generated similar patterns. These pairs of sim-
ilar patterns were (see fig. 1) 3 years old and 20 breeding
pairs, 4 years old and 15 breeding pairs, and 5 years old
and 10 breeding pairs. In particular, (1) breeding perfor-
mances of populations of 3-year-olds at first reproduction
were similar to breeding performances of populations with
a saturation threshold fixed at 20 pairs when floater
mortality was 5% (z = —0.65, P = .52; n = 100, 100;
Mann-Whitney U-test), 15% (z = —0.79, P = 43), and
30% (z = —0.03, P = .98); (2) populations of 5 years old
at first breeding reproduced similarly to those with a
threshold of 10 pairs when floater mortality was 5%
(z = —1.27, P = .20) and 25% (z = —1.34, P = .18); and
(3) all three age combination thresholds showed similar
breeding performances (all z from —1.80 to —0.86 and all
P from 0.39 to 0.07) when floater mortality was 10%. To
conclude, the buffer mechanisms that were shown to act
on our small population support the importance of taking
into consideration buffers in population analyses, as pre-
viously highlighted by Ferrer et al. (2004) and Grimm et
al. (2005). In fact, buffer mechanisms are able to reduce the
environmental noise (i.e., the variation of a population’s
growth rates due to environmental variations; Burgman et
al. 1993), a key determinant of the extinction risk of small
populations (Wissel et al. 1994).

In the same way that population dynamics within breed-
ing areas have a strong influence on dispersal (Murrell et
al. 2002), it is crucial to consider floater dynamics when
modeling population dynamics for the whole population
(breeders + dispersers). The study of population dynamics

in dispersal areas warrants the same levels of interest and
awareness as breeding population studies; the result can
be answers to population regulation, changes, alterations,
or simply demographic tendency in breeding territories.
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Appendix from V. Penteriani et al., “Floater Dynamics Can Explain
Pogtive Patterns of Densty-Dependent Fecundity in Animal
Populations’

(Am. Nat., val. 168, no. 5, p. 697)

Smulation Algorithms and Parameters
Simulation Model

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

Function 1. death. A Boolean value is computed and states whether the given individual will die during the
current year. The value returned by this function is TRUE (the individua will die) if

r<A) + (1 — A@)B(s).

In this equation, a is the age of the individual, s is the status (chick, floater, breeder) of the individual, r (0 <
r <1) isauniformly distributed random deviate, A(a) is a continuous probability distribution

A

1 a
=10—|-+|=
A(@ = 1.0 1 30]

that describes the probability of death as a function of the age of the individual, and B(s) is a randomized
discrete function

B(s) = knP(s)

that describes the probability of accidental death as a function of the status of the individual. The k and n
represent 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 of 0.05-0.30 for floaters (this value
is a parameter of the simulation as described in the text). Finaly, the expression A + (1 — A) x B implements
the logic or operator for two probability 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 note is simulated by
generating two different values of k, one for breeders and one for floaters (asynchronous stochasticity). All
numerical values conditioning the shape of the probability distributions have been estimated from actual data in
the historic series.

Function 2: breed. Breed is evaluated for all breeder females, and because fecundity was modeled as density
dependent, relying on the population saturation, such a function returns the number of chicks produced during
the current year as a density-dependent distribution:

N(c) = w(c)Dy, + (1 — w())D,,

where c is the number of breeding pairs and w is a weighting term for the two discrete fecundity functions D,,
and D,
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1
~+
1

c

K
cap, O]
This value can be thought of as the “saturation” of the population, where cap represents the population capacity.
The term D, is the high-w limit of the percent point function (PPF) of the discrete fecundity distribution E, that
describes the probability of raising a given number of chicks for a population saturation threshold as 1 (i.e.,
population totally saturated); that is,

w(c) = 1-

No. chicks Probability
0 48
1 37
2 .10
3 .05

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

In the equation above, D, is the low-w limit of the fecundity distribution PPF of the discrete fecundity distribution
E, that describes the probability of raising a given number of chicks for a population saturation threshold = 0; that
is,

No. chicks Probability
0 .20
1 .30
2 .30
3 .20

Note: A number of chicksis selected asthevalue

of the PPF for an uniformly distributed random

variable. For intermediate values of saturation, the

probability is calculated as the weighted average of

the extreme values: saturation x productivity(1) +

(1 — saturation) x productivity(0). The resulting

number of chicksisadded to the population as0-years-

old individuals. All numerical values conditioning the

shape of the probability distributions have been

estimated from actua data in the historic series.

Function 3: couple. This computes a suitable partner for the current individual. If the individual is a nonbreeder
adult, it generates a list of all potential partners and randomly chooses one of them (if the list is not empty). Each
candidate (nonbreeder adult of the opposite sex) in the population is tested and included in the list with a density-

dependent probability function,
C(c) = 1—w(c),

of the number of couples c in the population. If a partner is eventually 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, the following three
subtle corrections were built into the simulation.

Individual shuffling. As new chicks are appended 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
al individuas, some parameters of the population change, notably the saturation that has an effect in al density-
dependent calculations. To avoid this effect, the list containing all individuals is shuffled at the beginning of each
yearly update.

Events sorting. The death of a breeding individual implies that either no chicks are produced by the couple during
this last year (if the death function is evaluated before the breed function) or al chicks are produced elsewhere.
Obviously, both situations are wrong. To account for this effect, the order in which these two functions are evaluated

2



App. from V. Penteriani et al., “Floater Dynamics and Breeding Populations’

is randomly chosen, with a 75% probability of being “death-breed” and 25% probability of being “breed-death.”
These probabilities were chosen because the success of raising a chick depends on parental care during 75% of the
year.

Sex sorting. When a breeding individual dies, his’her partner also loses his’her breeding status. This can lead to
an artificially reduced fecundity. Having “Events sorting” implemented, it is safe to evaluate females before males
to account for this effect.

The model was implemented using heavily object-oriented techniques in the Python programming language (http:
/lwww.python.org).



