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0.26–0.59) limited population growth before 2003; subse-
quent culling of the brood parasite resulted in a two-fold 
increase of the proportion of successful breeders during 
the ‘expansion phase’. When the population approached 
the carrying capacity of its habitat, territory size declined 
by more than 50% and fecundity declined from 1.9 (1.54–
2.27) to 1.3 (1.12–1.53) chicks per breeding pair, but the 
proportion of successful breeders remained constant 
(expansion phase: 0.85; 0.76–0.93; equilibrium phase: 
0.86; 0.79–0.92). This study demonstrates that limiting 
resources can lead to individual adjustments instead of des-
potic behavior, and the individual reduction of reproductive 
output at high population densities is consistent with the 
slow life-history of many tropical species.
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Introduction

An important goal in ecology is to increase our under-
standing of the various factors that regulate natural popula-
tions (Fretwell and Lucas 1970; Ashmole 1963). Popula-
tion changes depend mainly on four central demographic 
parameters: Fecundity, mortality, immigration, and emi-
gration (Sibly and Hone 2002), which together determine 
whether a population is stable or not. Whether resources 
(bottom-up forces) or predators and parasites (top-down 
forces) play a stronger role in population regulation has 
been an important research topic in ecology (Hunter and 
Price 1992; Walker and Jones 2001). Fecundity and mor-
tality are frequently influenced by a variety of extrinsic 
and intrinsic factors (Coughenour and Singer 1996). As 

Abstract  Density-dependent processes are fundamental 
mechanisms for the regulation of populations. Ecological 
theories differ in their predictions on whether increasing 
population density leads to individual adjustments of sur-
vival and reproductive output or to dominance and monop-
olization of resources. Here, we use a natural experiment to 
examine which factors limit population growth in the only 
remaining population of the endangered pale-headed brush 
finch (Atlapetes pallidiceps). For three distinct phases (a 
phase of population suppression, 2001–2002; expansion 
due to conservation management, 2003–2008; and equi-
librium phase, 2009–2014), we estimated demographic 
parameters with an integrated population model using pop-
ulation size, the proportion of successfully breeding pairs 
and their productivity, territory size, and mark-recapture 
data of adult birds. A low proportion of successful breed-
ers due to brood parasitism (0.42, 95% credible interval 
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finite resources impose limits on the size of plant and ani-
mal populations, many populations are ultimately regu-
lated by the carrying capacity of the environment which 
they inhabit (Hanski et al. 1993; Turchin 2001). Whereas 
extrinsic factors, such as weather (White 2001), predators 
(Choquenot 2006; Krebs 2009), or parasites (Woodworth 
1999), act independent of population density, intrinsic 
population regulation typically involves a negative feed-
back between population size and population growth rate 
as a consequence of decreasing per capita resource avail-
ability (Carrete et al. 2006; Ferrer et al. 2004; Nicoll et al. 
2003).

Two important concepts in ecology differ in the question 
whether population regulation is affecting all individuals 
within a population similarly. The ‘ideal free distribution’ 
and ‘individual adjustment hypothesis’ posit that increas-
ing population size decreases available resources for all 
individuals, resulting in lower per capita productivity, but 
constant proportion of breeders (Ashmole 1963; Ferrer and 
Donazar 1996; Fretwell and Lucas 1970). Alternatively, the 
‘ideal despotic hypothesis’ predicts superior individuals to 
monopolize resources and to maintain the same per capita 
productivity as at low population sizes (Fretwell and Lucas 
1970), whereas an increasing proportion of individuals is 
excluded from critical resources and either cannot breed or 
survive, a pattern which is common among territorial bird 
species (Andren 1990; Janiszewski et al. 2013; Sergio et al. 
2007).

While resource availability and territoriality mediate 
regulation at the population level, individuals within pop-
ulations will strive to maximize their lifetime reproduc-
tive success given the resources available to them. This 
frequently leads to trade-offs between current reproduc-
tion, time of breeding, and survival (Charnov and Schaffer 
1973; Stearns 1976). Due to a lower amplitude of seasonal 
resource pulses, many tropical bird species follow a ‘slow 
pace of life’ (Hau et al. 2010; Williams et al. 2010) which 
manifests itself in smaller clutch sizes (Cardillo 2002; Jetz 
et  al. 2008; Martin et  al. 2006) and higher survival prob-
abilities than in temperate congeners (Allcorn et al. 2012; 
McGregor et  al. 2007; Peach et  al. 2001). Experimental 
evidence from tropical passerines suggests that a limitation 
of natural resources does not affect survival but decreases 
fecundity (Brouwer et  al. 2009; Ghalambor and Martin 
2001), for example through the colonization of a larger 
amount of suboptimal habitat with increasing popula-
tion size (Armstrong et  al. 2005). However, whether this 
decrease in fecundity at the population level is a conse-
quence of lower clutch size or breeding success for every 
individual in the population (hereafter referred to as ‘indi-
vidual adjustments’), or despotic behavior that displaces 
and prevents inferior individuals from reproducing is still 
poorly understood for tropical species.

Here, we took advantage of a recovery program as a 
natural experiment to test which reproductive parameter 
responded to changes in population density in a tropical 
bird population that has recently reached carrying capacity. 
Successful species recovery programs, where the external 
forces suppressing a population are actively manipulated, 
can serve as excellent case studies to examine aspects of 
population regulation, as management activities that have 
an important influence on the life-history parameters of a 
species are clearly identified (Nicoll et al. 2006). The glob-
ally threatened pale-headed brush finch (Atlapetes pallidi-
ceps), a territorial passerine, is a suitable species to inves-
tigate the mechanisms of population regulation, because 
the entire global population is restricted to a small reserve 
and represents a closed, simplified study system where 
the effects of immigration and emigration are negligible. 
Recent management activities controlling a brood para-
site (the shiny cowbird Molothrus bonariensis) and habi-
tat maintenance have led to a fivefold population increase 
over the past 15 years (Krabbe et al. 2011). We examined 
how territory sizes, the proportion of successful breeders, 
and the number of raised offspring for successful pairs 
varied over three distinct phases of population develop-
ment: an initial phase prior to management intervention 
when the population was suppressed by shiny cowbirds 
(Oppel et al. 2004a); a rapid expansion phase following the 
implementation of conservation management; and, most 
recently, a stagnating phase indicating that the carrying 
capacity of the environment was reached and the popula-
tion approached equilibrium. Based on the mechanisms 
of population regulation in other territorial bird species 
(Andren 1990; Janiszewski et al. 2013; Sergio et al. 2007), 
we expected patterns consistent with despotic behavior. We 
hypothesized that with increasing population size, territory 
sizes would remain stable, and the proportion of successful 
breeders would decrease, as more birds would be excluded 
from good breeding habitat by dominant individuals.

Materials and methods

Study species and study site

The pale-headed brush finch is an omnivorous territorial 
songbird endemic to dry valleys along the central Andes in 
Ecuador, and a small reserve was established in Yunguilla 
(3°13′59.33″S, 79°16′52.97″W) in 2001 to protect the last 
population of that species. The reserve covers 160  ha of 
heterogeneous semi-open scrubland, the preferred habitat 
of the species (Oppel et al. 2004b). The region has a pro-
nounced wet season from January through May, and the 
pale-headed brush finch exhibits seasonal breeding behav-
ior during which territorial pairs can nest repeatedly after 
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failure, but generally only raise one successful clutch of 
up to three offspring per season (Oppel et al. 2003). Until 
2003, brood parasitism by the shiny cowbird, which has 
colonized the valley following habitat modification by 
humans, was likely the most imminent threat to the popu-
lation, because the majority of pairs raised shiny cowbirds 
rather than pale-headed brush finch offspring (Oppel et al. 
2004a). If a shiny cowbird chick was successfully raised, 
no further breeding was attempted.

Conservation management started in 2003 and consisted 
of two aspects: First, a yearly cowbird control program 
during the breeding season of the pale-headed brush finch, 
where shiny cowbirds entering the reserve from adjacent 
agricultural fields were shot while perching on large exotic 
trees that formed a natural gateway for cowbirds to enter 
the reserve. Second, habitat management by removing 
bushes and trees higher than 2 m was implemented within 
the reserve to preserve the semi-open bushlands preferred 
by the species. Following this conservation management, 
the population increased fivefold until 2008 (Krabbe et al. 
2011).

Since 2008, the population has increased only margin-
ally and appears to have reached the carrying capacity of 
the small reserve which is surrounded by largely unsuit-
able agricultural habitat (according to habitat preferences 
described in Oppel et  al. 2004c). We refer to the distinct 
phases in the population trajectory of the pale-headed 
brush finch as the suppression phase (2001–2002), the 
expansion phase (2003–2008), and the equilibrium phase 
(2009–2014).

Field data collection for demographic parameters

Population size was monitored yearly since 2001 by an 
intensive territory mapping approach, during which all 
male individuals were counted based on their characteris-
tic songs. The number of singing males was then doubled 
for the population size estimation, based on an approxi-
mately 50% sex ratio in the species (Krabbe 2004). Since 
2002, detailed monitoring throughout the breeding season 
resulted in information on territory size, breeding success, 
and the number of fledglings produced by each pair (for 
details see Oppel et al. 2003, 2004a). Reproductive success 
was monitored for 26 pairs in 2002 (suppression phase), 
a total of 46 pairs in 2003–2006 (expansion phase), and a 
total of 120 pairs in 2013–2014 (equilibrium phase); the 
increase in sample size was a direct consequence of the 
increasing population.

To estimate adult survival probabilities, we individu-
ally color-ringed a third of the global population during 
the equilibrium phase (n  =  36 individuals in 2012 and 
n = 37 in 2013). We captured birds by mist-netting before 
or after breeding (between January and June, depending 

on the exact breeding phase of the respective pair) to keep 
possible disturbance at a minimum. In 2013 and 2014, we 
searched for ringed individuals among all breeding pairs 
during the phase of territory establishment to ensure that 
individuals were detected even outside of the territories in 
which they were ringed. We considered individuals which 
could not be detected in a given year as ‘missing’, because 
successful emigration from the study area is extremely 
unlikely for this species. No second population is known, 
and searches for pale-headed brush finches in other poten-
tially suitable habitat patches outside the reserve (up to 
20 km away) remained unsuccessful.

Measurement of territory size

Pale-headed brush finches use prominent song perches 
from which they demarcate breeding territories, and we 
mapped territorial boundaries by intensively following 
individual birds (Oppel et al. 2004c). Well-known territory 
boundaries located in the same part of the reserve (n = 16 
in 2003 and n =  54 territories in 2014) were digitized in 
Google Earth™ by following conspicuous landmarks, such 
as bushes and emergent trees. Territory polygons were 
exported into ArcGIS and converted to a projected coordi-
nate system (UTM, Zone 17S) to facilitate consistent meas-
urements of territory size.

Assessment of temporal changes in demographic 
parameters

Our goal was to assess how population regulation was 
mediated during the distinct phases of population recov-
ery: specifically, how different reproductive parameters 
changed once limiting factors were removed or emerged. 
This required us to estimate all demographic parameters of 
interest for each phase of the population trajectory. Because 
intrusive monitoring approaches, such as capture and indi-
vidual marking, were avoided, while the population was 
at precariously low levels (i.e., below 70 individuals dur-
ing the suppression phase), there were insufficient data to 
estimate all demographic parameters for each time period 
directly from field data. We, therefore, took advantage 
of recent advances in population modelling to estimate 
demographic parameters for which limited or no field data 
existed (Freeman and Besbeas 2012; Kéry and Schaub 
2012; Schaub and Abadi 2011; Schaub et al. 2007).

We estimated demographic parameters of the pale-
headed brush finch using an integrated population model, 
which has recently become an important tool to integrate 
population count data into a demographic model (Abadi 
et  al. 2010; Besbeas et  al. 2004; Oppel et  al. 2014). We 
parameterized the model with a temporal structure, so that 
reproductive success and proportion of successful breeders 
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varied between the suppression phase, the expansion phase, 
and the equilibrium phase. The integrated population 
model was constructed with two age classes, juveniles, and 
adults, and assumed that the sex ratio at hatching was 0.5, 
and that all females started breeding at the age of 1 year. 
We decomposed population dynamics into a state process 
that was described by adult and juvenile survival prob-
ability, and annual fecundity, which was, in turn, decom-
posed into a process determining breeding success and the 
quantity of offspring produced if breeding was success-
ful. The state process was based on the survey data and 
accounted for potential observation error during the moni-
toring (Fig. 1). We used a hierarchical state-space model to 
decompose the observed time series of pale-headed brush 
finch counts into a population process and an observation 
error component (Clark and Bjørnstad 2004; De Valpine 
2003; Kéry and Schaub 2012). To estimate adult survival 
probabilities from individual capture–recapture data, we 
used Cormack–Jolly–Seber open population live recapture 
models (Cormack 1964; Jolly 1965; Seber 1965). Per cap-
ita productivity of successful pairs was defined as the num-
ber of fledglings per successfully breeding female in each 
year, and was assumed to follow a Poisson distribution 
constrained by the number of successful breeders in each 

year. The number of successful breeders was derived from 
a binomial distribution based on the number of observed 
pairs and the number of pairs that raised offspring in a 
given year.

We used a Leslie matrix (Vaughan and Saila 1976) 
to describe the transition probabilities of juveniles and 
adults from 1 year to the next, and estimated those transi-
tion probabilities with the parameters for survival, breed-
ing success probability, and productivity of successful 
breeders (Fig.  1). We assumed that annual survival dur-
ing the first year of life (juvenile survival) was different 
from annual survival for birds that were older than 1 year 
(adult survival), but that both survival probabilities would 
not be affected by changes in population density and 
thus remained constant over time (Brouwer et  al. 2009). 
In preliminary models, we included temporal variation in 
survival probabilities, but because these models yielded 
extremely imprecise estimates due to the lack of survival 
data prior to 2012, we did not incorporate temporal vari-
ation in survival probability in the model presented here. 
Although temporal variation in survival is possible, our 
model is still a valid evaluation of whether temporal vari-
ation in reproductive parameters can explain the observed 
population trend.

N juv. N ad. 

S juv 

Capture-
resight data 

s.prob f 

Nest monitoring 
data 

S ad 

Count data 

= Data source 

= Popula�on   
model stage 

= IPM model 
parameter 

= Demographic 
process 

= Informa�on flux 

N juv. = Number of juveniles 
N ad. =  Number of adults 
S juv  =   Juvenile survival 
S ad   =  Adult survival 
f = Number of fledglings/  successful pair 
s.prob = Probability of succesful brood 

Fig. 1   Schematic outline of the data sources and demographic parameters incorporated into the integrated population model (IPM) used to esti-
mate the population trajectory of the Pale-headed brush finch
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We fitted the integrated population model using a Bayes-
ian approach to combine the joint likelihood with prior 
probability distributions of the parameters to draw infer-
ences about all demographic parameters (Kéry and Schaub 
2012; Schaub et al. 2010, 2007). We used informative pri-
ors for adult and juvenile survival probabilities, because 
few empirical field data were available for these param-
eters. We expected annual adult survival probability to 
vary between 0.32 and 0.95. This range covered the 95% 
confidence interval of an intensive mark-recapture study 
of a congeneric species (Ruiz-Gutierrez et  al. 2012). For 
juvenile survival, we assumed a range between 0.05 and 
0.85 given that pale-headed brush finches have a long post-
fledging parental care interval (Oppel et  al. 2003) which 
results in high juvenile survival in other tropical songbird 
species (Ricklefs et  al. 2011; Tarwater and Brawn 2010; 
Tarwater et  al. 2011). Priors for breeding success, prob-
ability (uniform prior 0–1) and the number of fledglings 
per successful pair (normal prior with mean 0) were unin-
formative. We ran three Markov chains with 150,000 itera-
tions each and discarded the first 50,000 iterations. From 
the remaining iterations, we only used every second itera-
tion for inference, and we tested for convergence using the 
Gelman–Rubin diagnostic (Brooks and Gelman 1998); all 
estimated parameters had values of R-hat <1.002. To cal-
culate the posterior distributions of the parameters of inter-
est, we used Markov chain Monte Carlo methods in JAGS 
3.3 (Plummer 2012) via the R2jags library (Su and Yajima 
2012) in R 3.0.1 (R Core Team 2013).

We report the proportion of successful breeders, aver-
age number of fledged chicks, and adult and juvenile sur-
vival probabilities estimated from the integrated population 
model together with 95% credible intervals. To assess dif-
ferences in demographic parameters between time periods, 
we calculated the proportion of all simulations where the 
estimate from one time period was greater or smaller than 
the estimate from another time period, resulting in a Bayes-
ian equivalent of a p value, and we considered these differ-
ences significant if the proportion exceeded 97.5%. Terri-
tory size was not a part of the integrated population model 
and was only measured during the suppression and equi-
librium phases. We tested whether territory sizes differed 
between these two phases with a Wilcoxon rank-sum test in 
R 3.0.1 (R Core Team 2013).

Results

Field data and population trajectory

The pale-headed brush finch population increased from 
an estimated 68 to 220 individuals between 2001 and 
2014 (Fig. 2). Of all 26 observed breeding events in 2002 

(suppression phase), 10 pairs bred successfully (38%) and 
a total of 17 fledglings were produced. Of all 46 breeding 
pairs monitored between 2003 and 2006 (expansion phase), 
39 pairs (85%) were successful and produced a total of 67 
fledglings. Two pairs (4.4%) raised three chicks, 24 pairs 
(52.2%) raised two chicks, and 13 pairs (28.2%) raised one 
chick. Of all 120 breeding pairs monitored in 2013–2014 
(equilibrium phase), 105 (87.5%) were successful; 42 pairs 
(35%) raised two chicks, 63 pairs (52.5%) raised one chick, 
but no pair raised more than two chicks, and no breeding 
failure in 2013 and 2014 was caused by cowbird parasitism. 
Of all 37 birds ringed in 2012, 21 (57%) were resighted in 
both 2013 and 2014, 7 (19%) were resighted in only 1 year, 
and 9 (24%) were not seen. Of all 36 birds ringed in 2013, 
22 (61%) were resighted in 2014.

Temporal changes in demographic parameters

The integrated population model successfully replicated 
the population trajectory of the pale-headed brush finch 
(Fig. 2), and indicated that two component parameters of 
seasonal fecundity had changed substantially over time. 
During the suppression phase, the population was regu-
lated by reproductive failure owing to brood parasitism 
resulting in a very low probability of successful breeding 
(0.42; 95% CRI 0.26–0.59), which would have eventually 
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Fig. 2   Population trajectory of the global population of the pale-
headed brush finch confined to a small reserve in the Ecuadorian 
Andes. Population size derived from territory mapping (crosses) 
facilitated the development of an integrated population model (esti-
mates presented as white circles with 95% credible intervals) to 
estimate demographic parameters during the phase of population 
suppression, expansion, and approaching equilibrium. Grey circles 
represent hypothetical population size estimates if no conservation 
management had been implemented from 2003 onwards (assuming a 
constant 61% parasitism rate and fecundity as found in 2002/2003). 
Vertical dashed lines demarcate the three distinct phases of the study 
period
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led to extinction (Fig.  2). After cowbird control, prob-
ability of successful breeding doubled during the expan-
sion phase (0.85; 0.75–0.93, Fig.  3) and remained 
equally high during the equilibrium phase (0.86; 0.79–
0.92). Conversely, the number of fledglings produced by 
successfully breeding pairs was similar during the sup-
pression (1.83; 1.12–2.68) and expansion phase (1.89; 
1.54–2.27), but lower during the equilibrium phase 
(1.32; 1.12–1.52) in 99.97% of 150,000 simulations 
(Fig. 3). Adult survival probability was estimated at 0.77 
(0.67–0.87) and juvenile survival probability was esti-
mated at 0.49 (0.32–0.69), and these estimates were not 
constrained by the chosen priors for survival parameters 
(Appendix S1). The overall mean population growth rate 
λ was 1.095 (1.077–1.113) over the entire study period, 
but varied substantially between years from a minimum 
of 0.962 (0.825–1.117) in 2001 to 1.261 (1.108–1.435) 
in 2003 immediately after the adoption of conservation 
measures. The mean population growth rates for the sup-
pression, expansion, and equilibrium phases were 0.981 
(0.877–1.095), 1.191 (1.155–1.228), and 1.035 (1.006–
1.065), respectively.

Territory sizes during the equilibrium phase in 2014 
(0.22 ha ± 0.07, n = 54) were less than half the size of ter-
ritories during the suppression phase when the population 
was at very low density (0.56 ha ± 0.13, n = 54; W = 859; 
p < 0.01, Fig. 4).

Discussion

Our data provide evidence for decreased territory size 
and fewer fledglings per successful breeding attempt as 
mechanisms of population regulation in a territorial bird 
species. While the population was limited by the propor-
tion of pairs that managed to breed successfully during 
the suppression phase, the application of conservation 
management has resulted in a much higher probability of 
successful breeding since 2003. Both during the expan-
sion phase and also while the population approached 
equilibrium, more than 80% of pairs bred successfully, 
indicating that population regulation is not achieved by 
superior individuals monopolizing available resources to 
the detriment of others. Thus, the ‘ideal despotic hypoth-
esis’ is not supported in the pale-headed brush finch, 
which is in contrast to our expectations. Instead, we 
found that territories became much smaller, which typi-
cally results in food limitation and possibly decreased 
fertility (Brouwer et  al. 2009; Dobson and Oli 2001; 
Sibly et  al. 2005). This pattern was supported in our 
study species, where each successful pair raised fewer 
fledglings during the equilibrium phase than during the 
suppression or expansion phase.

As most studies concerning life-history variation have 
been conducted in temperate zones (Arnold 2011; Ban-
bura et al. 2008; Hainstock et al. 2010; Wilson et al. 2016), 
the value of studies of tropical species such as ours is high 
(Bulit et al. 2014). Our estimates of adult and juvenile sur-
vival are consistent with the previous estimates of related 
species (Ruiz-Gutierrez et al. 2012), and further strengthen 
the evidence that tropical species have relatively high adult 
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survival probabilities (Allcorn et al. 2012; McGregor et al. 
2007; Peach et  al. 2001). Although we were not able to 
examine temporal variation in survival probabilities, other 
studies of tropical birds have also found that changes in 
population density were primarily regulated by a reduc-
tion of breeding investment and not by a reduction in life 
span (Ghalambor and Martin 2001; Brouwer et  al. 2009). 
Our study is, therefore, fully consistent with the ‘slow 
pace’ characteristics of a tropical bird species predicted by 
the ‘Pace of Life’ hypothesis (Ricklefs and Wikelski 2002), 
even though the mechanism of reducing productivity via 
individual adjustments rather than despotic behavior is 
unexpected.

Individual adjustments are an unusual finding in ter-
ritorial songbirds which have been described only once 
before (Hache et al. 2013), but alluded to in another tropi-
cal passerine (Brouwer et al. 2009). We found that adjust-
ments concerned all breeding individuals in the study area, 
including those from high-quality habitats (Hartmann et al. 
2015). We can thus exclude the possibility that individual 
despots were able to maintain high productivity and that 
only inferior individuals had to adjust territory size and 
ultimately productivity. We propose that an explanation 
for this pattern in the pale-headed brush finch could be the 
restriction to a small reserve within a matrix of unsuitable 
land, where an expansion of the increasing population to 
the surroundings of the reserve was equally impossible as 
for populations of birds restricted to small oceanic islands 
(Brouwer et  al. 2009). Territory defense thus probably 
became energetically more costly with increasing popula-
tion size and a higher number of neighboring territory hold-
ers, which can impose individual survival costs (see Drent 
and Daan 1980). The time and energy spent in territory 
defense can also be lacking for parental care (Duckworth 
2006; Ros et  al. 2004), which could increase the risk of 
nest failure through predation or parasitism in case of the 
pale-headed brush finch. Individual birds might, therefore, 
benefit from decreased territory and brood size, decreased 
defense costs, and better survival prospects, which again 
supports the ‘slow pace of life’ in this species.

A possible confounding factor for our study was natu-
ral succession of the vegetation towards more densely veg-
etated scrubland in approx. 50% of the area after the con-
version of former agricultural land into a reserve, which 
coincided with the increase in population size (Hartmann 
et  al. 2015). Although the species management program 
maintained high-quality habitat by active intervention and 
vegetation removal since 2003, the benefit of vegetation 
removal appeared to increase over time, indicating that hab-
itat quality in unmanaged territories might have decreased 
(Hartmann et al. 2015). Although some of the reduction in 
productivity may have been due to slightly deteriorating 
vegetation structure, the persistent high breeding success 

across all individuals is more consistent with individual 
adjustments than with despotic behavior by dominant 
individuals.

The finding of individual adjustments in an endangered 
species has important implications for its conservation. The 
shrinkage of territories facilitated the increase of the popu-
lation to an unexpected size: the small reserve now holds a 
population almost 2.5 times larger than originally predicted 
(Oppel et al. 2004c). Individual adjustments could further-
more have contributed to the preservation of genetic diver-
sity despite the past bottleneck: If all animals rather than a 
few despotic individuals reproduce and thus pass on their 
genes, a larger overall genetic diversity can be preserved in 
the population because of an increased effective population 
size (Greenwald 2010; Wang et al. 2014). The unusual lack 
of despotic behavior could thus explain the surprisingly 
high microsatellite diversity found in the pale-headed brush 
finch (Hartmann et  al. 2014). In addition, the finding of 
individual adjustments together with a lack of cowbird par-
asitism in the latter years demonstrates that the limitation to 
population growth is no longer a top-down suppression via 
brood parasitism, but a bottom-up limitation via the carry-
ing capacity of the reserve. In contrast to other endangered 
species with cowbird parasitism, e.g., the black-capped 
vireo (Vireo atricapilla) (Wilsey et  al. 2014), the pale-
headed brush finch is, therefore, no longer dependent on 
permanent cowbird control. Future conservation activities 
should now focus on providing more habitat rather than 
cowbird control to allow a future population increase.

In summary, we provide insights how the demographic 
parameters of a remnant population suppressed by an exter-
nal (top-down) factor have changed due to management 
activities to become a bottom-up regulated population with 
insufficient resources for further expansion. We further-
more show that individual adjustments instead of despotic 
behavior appear to regulate the population in this territorial 
bird species, and our finding of decreased fecundity and 
high survival in a tropical species is in concordance with 
the ‘Pace of Life’ hypothesis (Ricklefs and Wikelski 2002). 
Population dynamics in our study system depend strongly 
on how density-dependent population growth translates 
into individual life-history parameters, and that the respec-
tive life-history strategy is contingent upon the environ-
ment a species inhabits. The understanding of population 
regulatory processes has become increasingly important 
during the biodiversity extinction crisis (Hixon et al. 2002). 
Our study adds to other positive examples showing that 
integrated population models are a valuable tool that can 
help evaluate past management strategies and thus inform 
future management decisions (Oppel et  al. 2014; Schaub 
et  al. 2010; Wilson et  al. 2016). Our results thus contrib-
ute to a better ecological understanding and more effective 
management of this globally threatened species as well as 
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to deeper ecological insights into population regulatory 
patterns, in general.

Acknowledgements  We thank the Deutsche Ornithologische 
Gesellschaft (DO-G), the Eva-Mayr-STIHL-Stiftung, the Wissen-
schaftliche Gesellschaft Freiburg, Müller-Fahnenberg-Stiftung, and 
the Swedens Club 300 Bird Protection for financial support. We 
thank Fundacion Jocotoco for cooperation and permission to work in 
their reserve Yunguilla. We further thank P. A. Carrasco Ugalde, C. 
Hermes, and M. Hoffmann for their help in mist-netting. Permissions 
to conduct field work (032-DPA-MA-2012 and 038-DPA-MA-2013) 
were granted by the Ministerio del Ambiente and by the Ministerio de 
Agricultura, Ganaderia, Acuacultura y Pesca, Ecuador.

Author contribution statement  SAH, GS and HMS originated and 
developed the idea for thestudy. SAH, SO and MJ conducted the 
field work. SO developed the integrated populationmodel. SAH and 
SO analyzed the data. SAH and SO wrote the manuscript, GS and 
HMScontributed to writing the manuscript

References

Abadi F, Gimenez O, Ullrich B, Arlettaz R, Schaub M (2010) Esti-
mation of immigration rate using integrated population models. 
J Appl Ecol 47:393–400. doi:10.1111/j.1365-2664.2010.01789.x

Allcorn RI et  al (2012) Demography and breeding ecology of the 
critically endangered Montserrat Oriole. Condor 114:227–235. 
doi:10.1525/cond.2011.110033

Andren H (1990) Despotic distribution, unequal reproductive success, 
and population regulation in the jay Garrulus glandarius. Ecol-
ogy 71:1796–1803. doi:10.2307/1937587

Armstrong DP, Davidson RS, Perrott JK, Roygard J, Buchanan L 
(2005) Density-dependent population growth in a reintroduced 
population of North Island saddlebacks. J Anim Ecol 74:160–170

Arnold TW (2011) An experimental study of fledging success in 
american coots (Fulica americana) effects of brood size, food 
availability, and hatching asynchrony. Auk 128:737–745. 
doi:10.1525/auk.2011.11050

Ashmole NP (1963) The regulation of numbers of tropical oce-
anic birds. Ibis 103b:458–473. doi:10.1111/j.1474-919X.1963.
tb06766.x

Banbura J et al (2008) Effects of brood size manipulation on physio-
logical condition of nestling Blue Tits Cyanistes caeruleus. Acta 
Ornithologica 43:129–138. doi:10.3161/000164508x395234

Besbeas P, Freeman S, Morgan B, Catchpole E (2004) Integrating 
mark–recapture–recovery and census data to estimate animal 
abundance and demographic parameters. Biometrics 58:540–547

Brooks SP, Gelman A (1998) General methods for monitoring con-
vergene of iterative simulations. J Comput Graph Stat 7:434–455

Brouwer L, Tinbergen JM, Both C, Bristol R, Richardson DS, Komdeur 
J (2009) Experimental evidence for density-dependent reproduc-
tion in a cooperatively breeding passerine. Ecology 90:729–741

Bulit F, Barrionuevo M, Massoni V (2014) Insights into life history 
theory: a brood size manipulation on a southern hemisphere spe-
cies, Tachycineta leucorrhoa, reveals a fast pace of life. J Avian 
Biol 45:225–234. doi:10.1111/j.1600-048X.2013.00266.x

Cardillo M (2002) The life-history basis of latitudinal diversity gra-
dients: how do species traits vary from the poles to the equator. 
J Anim Ecol 71:79–87. doi:10.1046/j.0021-8790.2001.00577.x

Carrete M, Donazar JA, Margalida A (2006) Density-depend-
ent productivity depression in Pyrenean Bearded Vultures: 
implications for conservation. Ecol Appl 16:1674–1682. 
doi:10.1890/1051-0761(2006)016[1674:dpdipb]2.0.co;2

Charnov EL, Schaffer WM (1973) Life-history consequences of 
natural selection- coles result revisited. Am Nat 107:791–793. 
doi:10.1086/282877

Choquenot D (2006) Bioeconomic modeling in conservation pest 
management: effect of stoat control on extinction risk of an 
indigenous New Zealand passerine, Mohua ochrocephala. Con-
serv Biol 20:480–489. doi:10.1111/j.1523-1739.2006.00343.x

Clark JS, Bjørnstad ON (2004) Population time series: process varia-
bility, observation errors, missing values, lags, and hidden states. 
Ecology 85:3140–3150

Cormack RM (1964) Estimates of survival from sighting of marked 
animals. Biometrika 51:429. doi:10.2307/2334149

Coughenour MB, Singer FJ (1996) Elk population processes in Yel-
lowstone National Park under the policy of natural regulation. 
Ecol Appl 6:573–593. doi:10.2307/2269393

De Valpine P (2003) Better inferences from population-dynamics 
experiments using Monte Carlo state-space likelihood methods. 
Ecology 84:3064–3077

Dobson FS, Oli MK (2001) The demographic basis of population 
regulation in Columbian ground squirrels. Am Nat 158:236–247. 
doi:10.1086/321322

Drent RH, Daan S (1980) The prudent parent––energetic adjustments 
in avian breeding. Ardea 68:225–252

Duckworth RA (2006) Behavioral correlations across breeding con-
texts provide a mechanism for a cost of aggression. Behav Ecol 
17:1011–1019. doi:10.1093/beheco/arl035

Ferrer M, Donazar JA (1996) Density-dependent fecundity by habi-
tat heterogeneity in an increasing population of Spanish imperial 
eagles. Ecol 77:69–74

Ferrer M, Otalora F, Garcia-Ruiz JM (2004) Density-dependent age 
of first reproduction as a buffer affecting persistence of small 
populations. Ecol Appl 14:616–624. doi:10.1890/02-5361

Freeman SN, Besbeas P (2012) Quantifying changes in abun-
dance without counting animals: extensions to a method of fit-
ting integrated population models. J Ornithol 152:S409–S418. 
doi:10.1007/s10336-011-0667-4

Fretwell DS, Lucas HL (1970) On territorial behavior and other factors 
influencing habitat distribution in birds. Acta Biotheor 19:16–32

Ghalambor CK, Martin TE (2001) Fecundity-survival trade-offs and 
parental risk-taking in birds. Science 292:494–497. doi:10.1126/
science.1059379

Greenwald KR (2010) Genetic data in population viability analysis: 
case studies with ambystomatid salamanders. Anim Conserv 
13:115–122

Hache S, Villard MA, Bayne EM (2013) Experimental evidence for 
an ideal free distribution in a breeding population of a territorial 
songbird. Ecology 94:861–869

Hainstock MH, Smith MC, Carr J, Shutler D (2010) Parental investment 
and brood value in tree swallows, Tachycineta bicolor. Behaviour 
147:441–464. doi:10.1163/000579509x12580070671323

Hanski I, Turchin P, Korpimaki E, Henttonen H (1993) Population 
oscillations of boreal rodents- regulation by mustelid predators 
leads to chaos. Nature 364:232–235. doi:10.1038/364232a0

Hartmann SA, Schaefer HM, Segelbacher G (2014) Genetic depletion 
at adaptive but not neutral loci in an endangered bird species. 
Mol Ecol 23:5712–5725. doi:10.1111/mec.12975

Hartmann SA, Segelbacher G, Juiña ME, Schaefer HM (2015) Effects 
of habitat management can vary over time during the recovery of 
an endangered bird species. Biol Conserv 192:154–160

Hau M, Ricklefs RE, Wikelski M, Lee KA, Brawn JD (2010) Cor-
ticosterone, testosterone and life-history strategies of birds. 
Proc R Soc Lond Ser B Biol Sci 277:3203–3212. doi:10.1098/
rspb.2010.0673

Hixon MA, Pacala SW, Sandin SA (2002) Population regulation: his-
torical context and contemporary challenges of open vs. closed 
systems. Ecology 83:1490–1508. doi:10.2307/3071969

http://dx.doi.org/10.1111/j.1365-2664.2010.01789.x
http://dx.doi.org/10.1525/cond.2011.110033
http://dx.doi.org/10.2307/1937587
http://dx.doi.org/10.1525/auk.2011.11050
http://dx.doi.org/10.1111/j.1474-919X.1963.tb06766.x
http://dx.doi.org/10.1111/j.1474-919X.1963.tb06766.x
http://dx.doi.org/10.3161/000164508x395234
http://dx.doi.org/10.1111/j.1600-048X.2013.00266.x
http://dx.doi.org/10.1046/j.0021-8790.2001.00577.x
http://dx.doi.org/10.1086/282877
http://dx.doi.org/10.1111/j.1523-1739.2006.00343.x
http://dx.doi.org/10.2307/2334149
http://dx.doi.org/10.2307/2269393
http://dx.doi.org/10.1086/321322
http://dx.doi.org/10.1093/beheco/arl035
http://dx.doi.org/10.1890/02-5361
http://dx.doi.org/10.1007/s10336-011-0667-4
http://dx.doi.org/10.1126/science.1059379
http://dx.doi.org/10.1126/science.1059379
http://dx.doi.org/10.1163/000579509x12580070671323
http://dx.doi.org/10.1038/364232a0
http://dx.doi.org/10.1111/mec.12975
http://dx.doi.org/10.1098/rspb.2010.0673
http://dx.doi.org/10.1098/rspb.2010.0673
http://dx.doi.org/10.2307/3071969


Oecologia	

1 3

Hunter MD, Price PW (1992) Playing chutes and ladders––heteroge-
neity and the relative roles of bottom-up and top-down forces in 
natural communities. Ecology 73:724–732

Janiszewski T, Minias P, Wojciechowski Z (2013) Occupancy reliably 
reflects territory quality in a long-lived migratory bird, the white 
stork. J Zool 291:178–184. doi:10.1111/jzo.12059

Jetz W, Sekercioglu CH, Bohning-Gaese K (2008) The worldwide 
variation in avian clutch size across species and space. PLoS 
Biol 6:2650–2657. doi:10.1371/journal.pbio.0060303

Jolly GM (1965) Explicit estimates from capture-recapture data 
with both death and immigration-stochastic model. Biometrika 
52:225. doi:10.2307/2333826

Kéry M, Schaub M (2012) Bayesian population analysis using Win-
BUGS. Academic Press, Oxford, UK

Krabbe N (2004) Pale-headed Brush-finch Atlapetes pallidiceps: 
notes on population size, habitat, vocalizations, feeding, interfer-
ence competition and conservation. Bird Conserv Int 14:77–86. 
doi:10.1017/s0959270904000115

Krabbe N, Juina M, Sornoza AF (2011) Marked population increase 
in Pale-headed Brush-finch Atlapetes pallidiceps in response 
to cowbird control. J Ornithol 152:219–222. doi:10.1007/
s10336-010-0567-z

Krebs CJ (2009) Population dynamics of large and small mammals: 
graeme Caughley’s grand vision. Wildl Res 2009(36):1–7

Martin TE et al (2006) Life-history and ecological correlates of geo-
graphic variation in egg and clutch mass among passerine spe-
cies. Evolution 60:390–398

McGregor R, Whittingham MJ, Cresswell W (2007) Survival rates 
of tropical birds in Nnigeria, West Africa. Ibis 149:615–618. 
doi:10.1111/j.1474-919X.2007.00670.x

Nicoll MAC, Jones CG, Norris K (2003) Declining survival rates in a 
reintroduced population of the Mauritius kestrel: evidence for non-
linear density dependence and environmental stochasticity. J Anim 
Ecol 72:917–926. doi:10.1046/j.1365-2656.2003.00768.x

Nicoll MAC, Jones CG, Norris K (2006) The impact of har-
vesting on a formerly endangered tropical bird: insights 
from life-history theory. J Appl Ecol 43:567–575. 
doi:10.1111/j.1365-2664.2006.01165.x

Oppel S, Schaefer HM, Schmidt V (2003) Description of the nest, 
eggs, and breeding behavior of the endangered pale-headed 
brush-finch (Atlapetes pallidiceps) in Ecuador. Wilson Bull 
115:360–366

Oppel S, Schaefer HM, Schmidt V, Schroder B (2004a) Cowbird 
parasitism of Pale-headed Brush-finch Atlapetes pallidiceps: 
implications for conservation and management. Bird Conserv Int 
14:63–75. doi:10.1017/s0959270904000103

Oppel S, Schaefer HM, Schmidt V, Schroder B (2004b) Habitat selec-
tion by the pale-headed brush-finch (Atlapetes pallidiceps) in 
southern Ecuador: implications for conservation. Biol Conserv 
118:33–40. doi:10.1016/j.biocon.2003.07.006

Oppel S, Schaefer HM, Schmidt V, Schroder B (2004c) How much 
suitable habitat is left for the last known population of the Pale-
headed Brush-Finch? Condor 106:429–434

Oppel S et  al (2014) Assessing population viability while account-
ing for demographic and environmental uncertainty. Ecology 
95:1809–1818

Peach WJ, Hanmer DB, Oatley TB (2001) Do southern African 
songbirds live longer than their European counterparts? Oikos 
93:235–249. doi:10.1034/j.1600-0706.2001.930207.x

Plummer M (2012) JAGS version 3.3.0. http://sourceforge.net/projects/
mcmc-jags/files/Manuals/

R core team (2013) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. http://www.R-project.org/

Ricklefs RE, Wikelski M (2002) The physiology/life-his-
tory nexus. Trends Ecol Evol 17:462–468. doi:10.1016/
s0169-5347(02)02578-8

Ricklefs RE, Tsunekage T, Shea RE (2011) Annual adult survival 
in several new world passerine birds based on age ratios in 
museum collections. J Ornithol 152:481–495. doi:10.1007/
s10336-010-0614-9

Ros AFH, Bruintjes R, Santos RS, Canario AVM, Oliveira RF (2004) 
The role of androgens in the trade-off between territorial and 
parental behavior in the Azorean rock-pool blenny, Parablen-
nius parvicornis. Horm Behav 46:491–497. doi:10.1016/j.
yhbeh.2004.04.007

Ruiz-Gutierrez V et al (2012) Survival of resident neotropical birds: 
considerations for sampling and analysis based on 20  years of 
bird-banding efforts in mexico. Auk 129:500–509. doi:10.1525/
auk.2012.11171

Schaub M, Abadi F (2011) Integrated population models: a novel 
analysis framework for deeper insights into population dynam-
ics. J Ornithol 152:227–237. doi:10.1007/s10336-010-0632-7

Schaub M, Gimenez O, Sierro A, Arlettaz R (2007) Use of inte-
grated modeling to enhance estimates of population dynam-
ics obtained from limited data. Conserv Biol 21:945–955. 
doi:10.1111/j.1523-1739.2007.00743.x

Schaub M, Aebischer A, Gimenez O, Berger S, Arlettaz R (2010) 
Massive immigration balances high anthropogenic mortality in a 
stable eagle owl population: lessons for conservation. Biol Con-
serv 143:1911–1918

Seber GAF (1965) A note on multiple- recapture census. Biometrika 
52:249

Sergio F, Blas J, Forero MG, Donazar JA, Hiraldo F (2007) Sequen-
tial settlement and site dependence in a migratory raptor. Behav 
Ecol 18:811–821. doi:10.1093/beheco/arm052

Sibly RM, Hone J (2002) Population growth rate and its determinants: 
an overview. Philos Trans Royal Soc Lond Series B-Biol Sci 
357:1153–1170

Sibly RM, Barker D, Denham MC, Hone J, Pagel M (2005) On the 
regulation of populations of mammals, birds, fish, and insects. 
Science 309:607–610. doi:10.1126/science.1110760

Stearns SC (1976) Life-history tactics- review of ideas. Q Rev Biol 
51:3–47. doi:10.1086/409052

Su Y-S, Yajima M (2012) R2jags: a package for running jags from 
R. R package version 0.03-08, http://CRAN.R-project.org/
package=R2jags

Tarwater CE, Brawn JD (2010) The post-fledging period in a tropical 
bird: patterns of parental care and survival. J Avian Biol 41:479–
487. doi:10.1111/j.1600-048X.2010.05006.x

Tarwater CE, Ricklefs RE, Maddox JD, Brawn JD (2011) Pre-repro-
ductive survival in a tropical bird and its implications for avian 
life histories. Ecology 92:1271–1281. doi:10.1890/10-1386.1

Turchin P (2001) Does population ecology have general laws? Oikos 
94:17–26. doi:10.1034/j.1600-0706.2001.11310.x

Vaughan DS, Saila SB (1976) Method for determining mortality 
rates using Leslie Matrix. Trans Am Fish Soc 105:380–383. 
doi:10.1577/1548-8659(1976)105<380:amfdmr>2.0.co;2

Walker M, Jones TH (2001) Relative roles of top-down and 
bottom-up forces in terrestrial tritrophic plant-insect 
herbivore-natural enemy systems. Oikos 93:177–187. 
doi:10.1034/j.1600-0706.2001.930201.x

Wang SP, Zhu W, Gao X, Li XP, Yan SF, Liu X, Yang J, Gao ZX, Li 
YM (2014) Population size and time since island isolation deter-
mine genetic diversity loss in insular frog populations. Mol Ecol 
23:637–648

White TCR (2001) Opposing paradigms: regulation or limitation of popu-
lations? Oikos 93:148–152. doi:10.1034/j.1600-0706.2001.930116.x

http://dx.doi.org/10.1111/jzo.12059
http://dx.doi.org/10.1371/journal.pbio.0060303
http://dx.doi.org/10.2307/2333826
http://dx.doi.org/10.1017/s0959270904000115
http://dx.doi.org/10.1007/s10336-010-0567-z
http://dx.doi.org/10.1007/s10336-010-0567-z
http://dx.doi.org/10.1111/j.1474-919X.2007.00670.x
http://dx.doi.org/10.1046/j.1365-2656.2003.00768.x
http://dx.doi.org/10.1111/j.1365-2664.2006.01165.x
http://dx.doi.org/10.1017/s0959270904000103
http://dx.doi.org/10.1016/j.biocon.2003.07.006
http://dx.doi.org/10.1034/j.1600-0706.2001.930207.x
http://sourceforge.net/projects/mcmc-jags/files/Manuals/
http://sourceforge.net/projects/mcmc-jags/files/Manuals/
http://www.R-project.org/
http://dx.doi.org/10.1016/s0169-5347(02)02578-8
http://dx.doi.org/10.1016/s0169-5347(02)02578-8
http://dx.doi.org/10.1007/s10336-010-0614-9
http://dx.doi.org/10.1007/s10336-010-0614-9
http://dx.doi.org/10.1016/j.yhbeh.2004.04.007
http://dx.doi.org/10.1016/j.yhbeh.2004.04.007
http://dx.doi.org/10.1525/auk.2012.11171
http://dx.doi.org/10.1525/auk.2012.11171
http://dx.doi.org/10.1007/s10336-010-0632-7
http://dx.doi.org/10.1111/j.1523-1739.2007.00743.x
http://dx.doi.org/10.1093/beheco/arm052
http://dx.doi.org/10.1126/science.1110760
http://dx.doi.org/10.1086/409052
http://CRAN.R-project.org/package%3dR2jags
http://CRAN.R-project.org/package%3dR2jags
http://dx.doi.org/10.1111/j.1600-048X.2010.05006.x
http://dx.doi.org/10.1890/10-1386.1
http://dx.doi.org/10.1034/j.1600-0706.2001.11310.x
http://dx.doi.org/10.1577/1548-8659(1976)105%3c380:amfdmr%3e2.0.co;2
http://dx.doi.org/10.1034/j.1600-0706.2001.930201.x
http://dx.doi.org/10.1034/j.1600-0706.2001.930116.x


	 Oecologia

1 3

Williams JB, Miller RA, Harper JM, Wiersma P (2010) Functional 
linkages for the pace of life, life-history, and environment in 
birds. Integr Comp Biol 50:855–868. doi:10.1093/icb/icq024

Wilsey CB, Lawler JJ, Cimprich D, Schumaker NH (2014) Depend-
ence of the endangered black-capped vireo on sustained cow-
bird management. Conserv Biol 28:561–571. doi:10.1111/
cobi.12176

Wilson S, Gil-Weir KC, Clark RG, Robertson GJ, Bidwell T (2016) 
Integrated population modeling to assess demographic variation 
and contributions to population growth for endangered whooping 
cranes. Biol Conserv 197:1–7

Woodworth BL (1999) Modeling population dynamics of a songbird 
exposed to parasitism and predation and evaluating management 
options. Conserv Biol 13:67–76

http://dx.doi.org/10.1093/icb/icq024
http://dx.doi.org/10.1111/cobi.12176
http://dx.doi.org/10.1111/cobi.12176

	Decline in territory size and fecundity as a response to carrying capacity in an endangered songbird
	Abstract 
	Introduction
	Materials and methods
	Study species and study site
	Field data collection for demographic parameters
	Measurement of territory size
	Assessment of temporal changes in demographic parameters

	Results
	Field data and population trajectory
	Temporal changes in demographic parameters

	Discussion
	Acknowledgements 
	References




