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Abstract This paper reports analyses of a capture–mark–

recapture (CMR) dataset of 149 Azores Bullfinches ringed

on São Miguel island (Azores) between 2005 and 2007,

and recaptured–resighted on a monthly basis over a 4-year

period (2005–2008) throughout their breeding range. We

examined the effect of time, age (adults vs. juveniles),

gender (adult males and females), and environmental

covariates (temperature, rainfall, NAO index) on survival

probabilities. The modelling found a high and constant

monthly survival probability (mean ± SE) estimated at

0.96 ± 0.01, similar between both adults and juveniles and

independent of environmental conditions and gender.

These findings agree with expectations from island-based

life-history theory where relatively mild conditions and

lack of predators should favour high survival rates to

compensate for the low reproductive output. The annual

survival rate was estimated at 0.62, which was also con-

sistent with this pattern when compared with survival

estimates of mainland bullfinch and passerine species on

other subtropical islands obtained in similar CMR studies.

Based on a canonical estimator, the size of the studied

population (mean ± SE) was estimated at 1608 ± 326

individuals. Given that the population size was only around

120–400 individuals in the early 1990s, we suggest that the

high survival probabilities currently applying to this criti-

cally endangered species may have substantially contrib-

uted to the recent recovery of this population. Future

research studies on the species’ demography should con-

tinue to monitor survival in order to measure the effect of

management interventions currently taking place within the

range of the Azores Bullfinch, including the restoration of

the biodiversity rich laurel forest, but also focusing on nest

success, which is important for understanding population

dynamics.
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Introduction

Understanding the dynamics of animal populations via

demographic models and population growth rate (k) esti-

mations is a central theme in applied ecology and conser-

vation biology, but requires the determination of basic vital

rates such as fecundity and age-related survival of indi-

viduals (Caswell and Fujiwara 2004). Only if these

parameters are estimated accurately, based on empirical
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studies, can their population dynamic implications be fully

understood and appropriate management decisions taken

(Perkins and Vickery 2001; Steifetten and Dale 2006). Sur-

vival rates of passerine bird species and the factors that affect

them have been documented increasingly over recent dec-

ades. Adult survival has been found to vary in relation to

individual characteristics (e.g., sex, age, mass; Clobert et al.

1988), density-dependent processes (e.g., Saether et al.

2002), and weather conditions (e.g., Robinson et al. 2007).

However, while most of our current knowledge is based on

temperate-zone studies, there is little information on the

survival of species living in both tropical and subtropical

environments and on oceanic islands. Available data suggest

that species living in northern temperate regions typically

experience lower survival rates than similar taxa from trop-

ical and southern hemisphere species (Peach et al. 2001;

Schaefer et al. 2006; McNamara et al. 2008 and references

therein). This pattern has been related to several factors, such

as stronger seasonal fluctuations in climatic conditions in

northern habitats (i.e., harsh winter conditions leading to

high winter mortality), and, for nonresident species, the

survival costs associated with migration (Møller 2007;

McNamara et al. 2008). Compared to their mainland coun-

terparts, passerine species living on oceanic islands have

been found to exhibit enhanced survival rates (in both adults

and juveniles), but the reasons behind this remain, as yet,

uncertain (Faaborg and Arendt 1995; Blondel 2000),

although relatively constant climatic conditions throughout

the year and a lack of predators on islands may be, at least in

part, responsible for the observed differences (Blondel 2000;

Brouwer et al. 2006).

The Azores Bullfinch Pyrrhula murina is a critically

endangered sedentary species (BirdLife International

2008), whose breeding range is largely restricted to about

1,675 ha of native high-altitude laurel forest in the Azorean

oceanic island of São Miguel, North Atlantic Ocean

(37�470N 25�300W) (Ceia 2008; Ceia et al. 2009). This

species seemed abundant in the second half of the nine-

teenth century (Hartert and Ogilvie-Grant 1905; Banner-

man and Bannerman 1966), but became very rare in the

first half of the twentieth century (Ramos 1996a). The

population was estimated at 60–80 individuals in the 1970s

(Le Grand 1983), 200 individuals in 1989 (Bibby and

Charlton 1991), and 120–400 individuals in 1991–1993

(Ramos 1996a). From 2002 onwards, annual estimations of

abundance through distance sampling fluctuated between

283 (in 2003) and 965 (in 2006) individuals (Ceia 2008).

From 1991 to 1993, Ramos (1994) estimated annual adult

survival at around 50% and annual recruitment of first-time

breeders at around 45–59%, suggesting a stable population

(population growth rate k & 1). However, survival figures

did not rely on robust methods (i.e., capture–recapture

modelling; CMR), and hence may be underestimated if, for

instance, the recapture probability of the species is \1.

Thus, to support the present efforts made towards the

conservation of this critically endangered species (see Ceia

2008), the need for a more recent (and accurate) estimation

of demographic rates, and survival in particular, using a

CMR approach was stressed. This study should also allow

the comparison of Azores Bullfinch survival estimates with

published data on the closely related Eurasian Bullfinch

Pyrrhula pyrrhula, thus offering a unique opportunity to

understand how demographic rates vary between island and

mainland species.

A monthly ringing–resighting scheme was conducted

between 2005 and 2008 (4 years) throughout most of the

breeding range of the Azores Bullfinch, in order to estimate

the survival of adult and juvenile (first-year) individuals.

Based on life-history theory (Stearns 1992) and on our

knowledge of the biology and ecology of the Azores

Bullfinch (Ramos 1994, 1996a), we made four predictions:

(1) Survival estimates should be higher than those found

in their temperate European counterparts (Eurasian

Bullfinch Pyrrhula pyrrhula), which have annual

survival of ca. 41% in adults and ca. 33% in juveniles

(Siriwardena et al. 1999; British Trust for Ornithol-

ogy 2009)

(2) The less variable weather conditions in the Azores

should favour relatively little interannual and seasonal

variation in survival, compared to the strong interan-

nual fluctuations reported for Eurasian Bullfinches

breeding in Britain, where winter severity is more

variable among years (Siriwardena et al. 1999)

(3) Younger, less experienced individuals are less able to

cope with adverse conditions than adults (Stearns

1992), hence we expected that juvenile birds would

exhibit lower and more variable survival rates than

those of adults

(4) Finally, gender-related differences in passerine sur-

vival rates are commonly attributed to differential risks

of predation on breeding males and females, especially

for species in which breeding behaviour and foraging

ecology differ markedly between sexes (Post and

Götmark 2006); however, assuming that the Azores

Bullfinch is relatively predator-free on S. Miguel

island, we expected a priori no sex-specific survival

difference between breeding males and females.

Methods

Study area and study species

The Azorean climate is mild and wet, with considerable

precipitation during the summer (Silva 2001). The oceanic
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influence stabilizes the temperature with an annual mean of

17.3�C and an average relative humidity of 84% (Silva

2001). Overall, the weather and structure of natural forests

in the Azores match those of a subtropical environment

(Haggar 1988). The Azores Bullfinch breeding range is

restricted to São Miguel island and encompasses the last

patches of native laurel cloud forest (covering less than

2,000 ha), mainly found around Pico da Vara summit. For

a full description of the study area and the breeding range

of the species, see Ramos (1995, 1996a) and Ceia et al.

(2009).

Ringing–resighting scheme

Azores Bullfinches were mist-netted in 2005–2007 from

11 different ringing stations covering ca. 80% of the

entire Azores Bullfinch distribution range (Fig. 1). In

order to maximize captures, the position of each ringing

station was initially determined according to habitat type,

food availability and most recent observations of feeding

Azores Bullfinches. Mist-netting efforts varied from 2 to 8

ringing sessions each month from March to October.

During each ringing session, seven mist-nets (3 with 6 m

and 4 with 12 m) were opened for five consecutive hours,

starting shortly before sunrise. Birds were marked at

initial capture with a metal ring and a combination of

three plastic colour rings (two rings on each tarsus).

Whenever possible, age (adult or juvenile) and sex of

captured birds were recorded. In this species, juveniles

(first-year birds) and adults (age [ 1 year) can be easily

distinguished by examining plumage features such as the

colour of the cap, since the former typically retain a

brown cap at least until November, while the latter have a

black cap. The age upon first capture for the sample

group of juveniles (n = 23 birds) could not be precisely

established because no monitoring data on nest success

and fledging dates were collected during the study period.

Based on our own field notes (i.e., approximate timing of

fledging each year and dates of capture of the birds), we

could nevertheless estimate that all juvenile individuals

were between 1 and 4 months of age upon first capture

(i.e., age class 1–4 months). For adults, sexing based on

plumage characteristics is virtually impossible, but males

are significantly larger than females (Ramos 1998).

Gender was assigned only to a subset of 81 individuals,

using either a direct or an indirect method. Individuals

were sexed in the field as female (existence of a brood

patch, n = 34) and male (when birds were caught in pairs

during the breeding season and one of the two individuals

had a larger wing-length, n = 18), or indirectly in the

laboratory through molecular sexing using PCR (n = 29

individuals) (Griffiths et al. 1998). For these indirect

determinations, DNA was extracted with the kit GenElute

Mammalian Genomic DNA (SIGMA) from body feathers

collected during ringing sessions.

The recapture dataset consisted of visual resightings

made from June 2005 to September 2008 along six survey

routes that were established to cover 80% of the Azores

Bullfinch range (Fig. 1). Each route was visited twice a

month by a team of trained observers in an attempt to

relocate ringed birds and read their colour ring combina-

tions using binoculars. The length of each route varied

from 4.1 to 12.3 km (mean 8.5 km), and a survey had an

average duration of 6 h, starting at sunrise. Unmarked

individuals (i.e., birds wearing no ring) encountered along

a route during a survey were also carefully noted by

observers (see ‘‘Estimation of population size from recap-

ture probabilities’’). For the remaining 20% of the Azores

Bullfinch breeding range that was not covered systemati-

cally by survey routes (i.e., on the western edge of the

range), all existing roads and tracks were opportunistically

visited by trained observers in spring and summer months

only to search for ringed birds.

Capture–recapture modelling

Data analysis was performed in MARK (White and

Burnham 1999; Cooch and White 2006) using live

encounter histories of 149 Azores Bullfinch individuals.

The data corresponded to birds ringed as either juveniles

(1–4 months old; n = 23 birds) or adults (n = 126 birds),

and included records of whether each individual was or

was not detected in each month following ringing. Model

notation followed the convention used in Lebreton et al.

(1992), with apparent survival rate denoted as U and

recapture probability as P. To investigate the effect of time

(t; month), group (e.g., ‘‘g2’’ for juvenile and adult and

‘‘sex’’ for male and female), and age (e.g., ‘‘a2’’ for two

age classes) on survival and resighting (recapture) proba-

bilities, a set of models was developed based on biological

reasoning (see the models presented in Tables 1 and 2).

The effect of environmental covariates on survival was also

examined (see below).

First, a set of candidate models was designed to examine

potential differences in survival rates among juveniles and

adults. Juveniles (first-year birds) were not older than

4 months upon first capture, but their exact ages could not

be determined. These birds were treated equally regarding

age at first capture (=juvenile group of 1–4 month-old

birds). The modelling started with the global model

denoted as [Ug2*t, Pg2*t], where both survival and resigh-

ting rates vary by time (month) and group. By applying

constraints to the design matrix, reduced-parameter struc-

tures were constructed, including models with an additive

effect between group and time, no group effects (time-

dependent CJS model for pooled groups), and time-
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invariant (constant) survival and/or resighting rates. We

also developed models with two age classes in the group of

birds ringed as juveniles. In these models, individuals were

permitted to survive with constant juvenile survival until a

suitable age, at which time their survival became similar to

that of adults. For instance, in the model denoted as [Ug2a2

(0–12/12?), Pt], the first age class reflects survival over the

first year (0–12 months), while in later months juvenile and

adult survival rates are modelled in the same way (i.e., the

second age class denoted 12?; model 3, Table 1). Because

the oldest fledglings were assumed to be up to 4 months

old upon first capture, the juvenile survival period corre-

sponded roughly to a first age class spanning 8 recapture

occasions (=8 months) following the initial capture.

A subset of 81 breeding adults was of known gender (34

males and 47 females; see the previous section), and this

was used to build a second set of candidate models in order

to examine possible sex-related differences in survival. The

most general model was that in which both survival and

recapture rates depended on time, sex and their interactions

(model 29, Table 2).

Effect of covariates

Selected weather covariates that may explain monthly fluc-

tuations in Azores Bullfinch survival probabilities were

added as linear constraints during model fitting (Table 1). To

describe local-scale weather effects, we used estimated

average monthly temperatures (TEMP) and total monthly

rainfall (Rainfall) data available for São Miguel (http://

www.windguru.com/int/index.php?sc=289), while the

North Atlantic oscillation (NAO) was used as a more global

indicator of climate variability in the region (large-scale

weather effects). The NAO is a large-scale atmospheric

Fig. 1 Top: map showing the entire range of the Azores Bullfinch,

mainly confined to the remaining patches of native laurel forest on

São Miguel island (Azores); bottom: study area where individuals

were mist-netted (11 stations) during 22 monthly ringing sessions,

with three main vegetation types illustrated and tracks surveyed to

resight birds (June 2005–September 2008) sketched
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phenomenon associated with intra- and interannual changes

in temperature and precipitation in the North Atlantic

(Hurrell 1995); positive values of the NAO index are asso-

ciated with above-normal temperatures, whereas negative

values are associated with below-normal temperatures.

Monthly values of the NAO index from May 2005 to August

2008 were obtained from http://www.cpc.ncep.noaa.

gov/products/precip/CWlink/pna/nao_index.html. We also

searched for possible systematic changes in survival over

time by fitting both linear and quadratic trends as covariates

(denoted ‘‘T’’ and ‘‘T ? T2’’, respectively). The significance

of each covariate was first examined by checking the 95%

confidence limits (CL) of the slope of the corresponding beta

(b) parameter.

Goodness-of-fit test and model selection

Two informative goodness-of-fit (GOF) tests were per-

formed in the program U-CARE 2.2 (Choquet et al. 2005)

to check the fits of the global models (models 17 and 29).

The GOF test was performed for separate groups (juvenile/

adult; male/female) to detect transience (Test 3.SR) and/or

trap dependence (Test 2.CT), followed by a sum of tests

(3.Sm, 3.SR, 2.Ct, 2.Cl) over groups to provide a combined

chi-square value. Akaike’s information criterion (AIC;

Akaike 1973; Burnham and Anderson 2002) corrected for

sample size (AICc) was used to select the model that best

fitted the data among our sets of candidate models (i.e., the

model with lowest AICc). As a general rule, models dif-

fering from the best AICc model by more than 2 units

(DAICc[ 2) were considered to be poorly supported by the

data (Burnham and Anderson 2002). Overdispersion (or

extramultinomial variation) in the data may be a cause of

lack of fit, and, if warranted, a coefficient referred to as the

variance inflation factor (ĉ) can be applied to adjust AICc

values (Williams et al. 2002). AICc weights were also used

as they provide a relative measure of how well a model

supports the data compared to other models (Burnham and

Anderson 2002). The number of estimable parameters for a

given model depends on its structure and statistical infor-

mation provided by the data; in the present dataset, no

recapture was available for nine monthly resighting

Table 1 Models used to assess monthly survival (U) and recapture

(P) probabilities in the Azores Bullfinch between May 2005 and

September 2008 using all mark–recapture data (n = 149 birds)

Model AICc DAICc AICc

weight

Npa Deviance

Without covariate

1 Uc, Pg2?t 1468.63 0.00 0.31 33 975.87

2 Ug2a2(0–12/12?),

Pg2?t

1471.04 2.42 0.09 34 975.86

3 Ug2a2(0–12/12?), Pt 1485.04 16.41 0.00 33 992.29

4 Ug2a2(0–18/18?), Pt 1486.37 17.74 0.00 33 993.61

5 Uc, Pt 1487.22 18.59 0.00 32 996.88

6 Ug2, Pt 1488.01 19.38 0.00 33 995.26

7 Uc, Pg2*t 1498.70 30.07 0.00 60 934.76

8 Uc, Pg2 1510.00 41.37 0.00 3 1083.92

9 Ug2, Pg2 1511.97 43.34 0.00 4 1083.84

10 Uc, Pc 1520.36 51.73 0.00 2 1096.31

11 Ug2, Pc 1520.45 51.82 0.00 3 1094.37

12 Ut, Pt 1526.21 57.58 0.00 70 953.58

13 Ut, Pg2?t 1560.18 91.55 0.00 71 963.51

14 Ut, Pg2 1571.25 102.62 0.00 42 1058.64

15 Ut, Pc 1580.08 111.45 0.00 41 1067.47

16 Ug2*t, Pc 1648.46 179.83 0.00 71 1051.79

17 Ug2*t, Pg2*t 1714.33 245.70 0.00 125 913.60

With covariate

18 UT, Pg2?t 1469.58 0.95 0.19 34 974.39

19 URain, Pg2?t 1470.19 1.56 0.14 34 975.00

20 UNAO, Pg2?t 1470.81 2.18 0.11 34 975.62

21 UTEMP, Pg2?t 1471.06 2.43 0.09 34 975.87

22 UT?T2, Pg2?t 1471.98 3.35 0.06 35 974.35

Model development started with the global CJS model, with birds first

banded as breeding adults (age [ 1 year old) and as juveniles

(fledglings B 4 month old) treated as separate groups (g2) (model

17). Several reduced-parameter models were fitted to the data by

pooling groups, setting time-specific (t) rates to be constant (c) and/or

removing interaction terms between time and group (models with an

additive effect). In other models, survival was separated into two age

classes (g2a2), with juveniles showing constant survival (first age

class) until a suitable age where the survival becomes similar to that

of adults (second age class) (e.g., model 2). Total rainfall (Rain),

average temperature (TEMP), and NAO index (large-scale weather

effects) were used as covariates (monthly estimates). Both linear (T)

and quadratic temporal (T ? T2) trends in survival were also fitted to

the data (models 18–22)
a Number of estimable parameters

Table 2 Models used to assess monthly survival (U) and recapture

(P) probabilities of the Azores Bullfinch between May 2005 and

September 2008 using only the subset of breeding adults for which

sex was known (n = 81 birds)

Model AICc DAICc AICc weight Npa Deviance

23 Uc, Pt 817.65 0.00 0.63 30 584.86

24 Usex, Pt 819.96 2.31 0.20 31 584.36

25 Uc, Psex?t 820.30 2.66 0.17 31 584.71

26 Usex, Psex 907.30 89.65 0.00 4 737.18

27 Ut, Pt 944.88 127.23 0.00 68 576.40

28 Usex?t, Psex*t 1080.88 263.24 0.00 98 534.57

29 Usex*t, Psex*t 1302.63 484.98 0.00 121 529.66

Model building procedure started with the global CJS model, with

males and females treated as separate groups (sex) (model 29). The

monthly survival estimate from the best AICc model (model 23) was

0.9611 ± 0.0080 (0.9419–0.9741)
a Number of estimable parameters
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sessions due to a near-complete absence of survey, and the

corresponding parameters were set equal to zero in MARK

(September 2005 to February 2006, May 2006, November

2007, and March 2008). This increased to 11 resighting

months when only the subset of 81 adults of known gender

was analysed (i.e., adding no recapture in January 2007 and

January 2008). Standard errors (SE) of derived parameters

were estimated using the delta method. Parameter

estimates are presented in the ‘‘Results’’ section as

mean ± SE.

Estimation of population size from recapture

probabilities

The monthly capture–recapture probabilities derived from

the modelling permit the estimation of abundance (popu-

lation size) using a canonical estimator (Williams et al.

2002). Considering ni to be the total number of birds caught

(ringed and unringed) during sampling period (month) i,

the number of birds in the population exposed to the

sampling effort for that month i was estimated as

N̂i ¼ ni=p̂i. When the capture–recapture probability is

modelled separately for different groups (e.g., adults and

juveniles), the abundance can be estimated separately as

N̂s
i ¼ ns

i=p̂i; where s denotes group (Williams et al. 2002).

In subsequent estimations, only count data and recapture

rates of adults were used to estimate population size.

Because Azores Bullfinches were captured through mist-

netting but recaptured using a resighting method, the

number of birds recaptured each month (ni) also included

the number of unringed adults that were encountered by

observers. These count data were available from June 2006

onwards. A rough estimate of population size was calcu-

lated as the arithmetic mean of the 25 monthly estimates

available in this study.

Results

Sample size and GOF test

A total of 149 Azores Bullfinches were mist-netted and

released during 22 monthly colour-ringing sessions orga-

nized from May 2005 to September 2007. Following their

initial ringing, 117 individuals (98 adults and 19 juveniles)

were resighted or recaptured in a subsequent month, and,

overall, the modelling was based on a total of 383 monthly

encounters between June 2005 and September 2008

(40 months).

The GOF tests performed in U-CARE provided no

evidence for a lack of fit of the full data set (combined v2

over groups = 89.01, df = 114, P = 0.96) and for the

subset of adults of known gender (combined v2 over

groups = 48.76, df = 99, P = 0.99), so no correction of

AICc values was applied during model fitting.

Effect of time, age and covariates

Highly parameterized models with time-dependent survival

rates, including the global CJS models (models 12–17),

were poorly ranked by AICc, whereas those with constant

survival, where adults and juveniles were either taken as

separate groups (models 6, 9, 11) or as a common pool

(models 5, 7, 8, 10), were better supported by the data

(Table 1). Furthermore, models incorporating full time

dependence in recapture parameters were more parsimo-

nious than those with constant effort (Table 1). Thus,

several models with time-invariant survival and time-spe-

cific recapture probabilities were fitted to further explore

the effect of ‘‘group’’ or ‘‘age’’ (juvenile vs. adult). Among

these, models with different survival between juvenile

individuals aged less than 12 months (=first-year survival),

and adults received substantial support from the data

(models 2, 3), whilst moving (decreasing or increasing) the

age at which juvenile survival becomes similar to that of

adults (e.g., model 4) did not result in models with lower

AICc values. Model 3 was, however, less plausible than

model 2, which included a ‘‘group effect’’ on recapture–

resighting parameters. Finally, a model with an additive

effect of time and group for recaptures but with the survival

rate constant among juveniles and adults showed the best

fit to the data, as expressed by AICc values (DAICc = 2.42

for model 1 vs. model 2); the slope b for the group effect

on recaptures was significant in that model (b =

-0.985 ± 0.208 with 95% CI: -1.394 to -0.576). This

final accepted model (model 1) was 3.449 better supported

by the data than the second-best model (model 2; Table 1).

Model 1 was used as a starting structure to test for

covariate effects on survival rates (Table 1). Two com-

peting models, including linear temporal trend and effect of

rainfall on survival, were classified within 2 AICc units of

the starting model (model 1 vs. models 18, 19) and

received substantial support from the data, as judged from

AICc weights (Table 1). However, the slope b (based on a

logit link function) of the relationship between survival rate

and the covariate was nonsignificant in both cases (i.e., the

95% confidence limits spanned the value of zero), sug-

gesting that these covariates were not important in

explaining the processes that generated the data.

Adult and juvenile survival estimates

The best AICc-supported model (model 1) suggested that

the survival estimates for adults and juveniles were high

and similar, with monthly individual survival estimated at

0.961 ± 0.006 (95%CI: 0.946–0.972). This raised to the
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power of 12 yielded an annual survival rate of 0.62

(±0.07). Resighting rates of this best model (model 1)

varied between monthly periods, and were always slightly

higher in juveniles than in adults (additive effect between

time and group). These resighting probabilities were very

low; on average, they were estimated at 0.125 (±0.048)

and 0.252 (±0.081) for adults and juveniles, respectively.

Effect of gender

The general models accounting for time dependence and

sex-specific difference in survival and resighting proba-

bilities did not perform well, as indicated by AICc values

(e.g., models 27, 28, 29, Table 2). Reduced-parameter

models with sex-effect or constant survival rates were a

better fit to the data (Table 2). In fact, the most parsimo-

nious model was that in which survival was constant and

independent of sex, with a time dependence on resighting

rates (model 23; Table 2), whereas the second best-ranked

model (model 24) had different survivals in males and

females but was less favoured by AICc (DAICc = 2.31),

being at least 39 less likely than the top model. The best

AICc-ranked model (model 23) estimated a constant and

sex-independent monthly survival of 0.961 ± 0.008

(0.942–0.974). This latter estimate was annualised to 0.62

(±0.07), which corresponds to the survival estimate pro-

vided by model 1 (Table 1).

Population size

Based on the resighting probabilities of adults estimated in

model 1, the number of Azores Bullfinch adults in the

population was calculated for 25 months. The lowest

estimate corresponded to June 2006 (296 individuals),

whereas the highest figure was obtained in January 2007

(6,983 individuals); however, apart from these two outliers,

the estimates ranged from 500 to 2,000 individuals in all

other months, and overall the mean population size

(mean ± SE) was 1,608 ± 326 individuals (i.e., 804 pairs

considering an unbiased sex ratio).

Discussion

Our prediction that annual survival rates of adult and

juvenile Azores Bullfinches would be higher than those

found for their European counterparts was well supported

by the data, as the estimate of 0.62 was substantially higher

than those reported by Siriwardena et al. (1999) in Britain,

namely 0.41 in adults and 0.33 in juveniles (data only

available graphically in that paper; see also British Trust

for Ornithology 2009). Overall, Azores Bullfinch survival

estimates were also high compared to other European

finches (Siriwardena et al. 1999) and northern temperate

passerines (Schaefer et al. 2006 and references therein),

which usually have survival probabilities of \50–60%.

Indeed, our estimates are more comparable to those of

tropical passerines (Schaefer et al. 2006), and in particular

to those found in similar taxa living on other subtropical

islands, such as the Puerto Rican Bullfinch (Loxigilla

portoricensis: 0.64; Faaborg and Arendt 1995). We note

that the annual survival estimate of 0.46 reported for the

Greater Antillean Bullfinch (Loxigilla violacea) on the

subtropical island of Andros (Bahamas; Dean 1999) is

lower than that reported here for the Azores Bullfinch,

despite the similar capture–mark–recapture modelling

approaches used in both studies.

Capture–recapture modelling

The survival estimates found in this study are likely to

closely represent true values because the dispersal of

individuals out of our study area was probably very low

due to the fact that 80% of the entire breeding range of the

species was systematically covered by our resighting

scheme. Thus, we believe that our monthly survival prob-

abilities were not confounded by permanent emigration.

The annualised adult survival is slightly higher than that

found earlier by Ramos (1994), but several explanations

may account for this, and these are not mutually exclusive.

Ramos (1994) estimated adult survival at 0.50 using ad hoc

return rates, a method assuming a recapture probability

equal to 1. As this is rarely the case, the use of return rates

may underestimate survival rates (Lebreton et al. 1992;

Williams et al. 2002). As further evidence for this, the

resighting probabilities found in this study were largely\1,

suggesting that capture–recapture modelling of the data

was a more appropriate approach. Given the sedentary

habits and restricted range of the Azores Bullfinch on São

Miguel, the resighting (recapture) rates reported here are

relatively low, which can be explained in part by a low

sampling effort, as survey routes were only visited twice a

month. Moreover, Azores Bullfinches are difficult to detect

in the dense vegetation of the laurel forest on S. Miguel

island (pers. obs.). In fact, we note that many resightings of

ringed individuals could not be integrated into the recap-

ture histories, as the durations of observations by field

workers were not sufficient to allow the full colour ring

combination to be read with confidence. In particular, adult

birds are quiet and elusive, while juveniles are tamer

(especially during the first months after fledging), which

sometimes allowed prolonged observations along surveyed

tracks. This probably explains the higher resighting prob-

abilities of juveniles found in our best models.

The high survival rates obtained in this study when

compared to the previous estimates of Ramos (1994) may
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also help to explain a slight increase in population size

since the 1990s (Ceia 2008). Indeed, demographic rates

such as adult survival play an important role in the popu-

lation dynamics of K-selected species, and an increase of

the population from 120 to 400 individuals in 1991–1993

(Ramos 1996a) to a current estimate of ca. 1,600 individ-

uals would almost certainly have required a genuine

improvement in survival; this increase may have been

operating before this study and stabilizing over the last few

years, as our modelling failed to detect a linear trend in

survival rates between 2005 and 2008. The fact that juve-

niles show a high survival rate, similar to that of adults (see

the ‘‘Discussion’’ below), must be also important for

explaining this increase, because this age class can make

the strongest contribution (i.e., highest elasticity) to the

finite rate of population growth in passerine species (Clark

and Martin 2007).

Effect of food availability and weather

Compared to mainland Eurasian Bullfinches, which show

strong interannual differences in survival rates, our pre-

diction of less variable survival rates in the Azores Bull-

finch was supported by the data. In fact, the constant

monthly survival of Azores Bullfinches over the study

period suggests an absence of seasonal variation in survival

(i.e., winter survival is not lower than summer survival),

and presumably, a low interannual variability. Such a dif-

ference may be explained by the extremely oceanic climate

of São Miguel, which is subject to less seasonal fluctua-

tions in temperature and precipitations than mainland

northern Europe and Britain, thereby contributing to lower

seasonal fluctuations in environmental conditions (e.g.,

food abundance). A detailed study of diet and monthly

habitat selection by the Azores Bullfinch was carried out in

1991–1993 (Ramos 1995, 1996a, b), revealing that it relies

on a mosaic of habitats that provide different feeding

resources seasonally, including exotic species common in

disturbed areas located on the edge of the natural laurel

forest. Ramos (1996a) reported that food was abundant

nearly throughout the year, but that survival could be

negatively affected during a short period of food scarcity

typically occurring in late winter and early spring, which

was more acute in years with late development of flower

buds. The main food resources available and exploited at

this time of the year by the Azores Bullfinch are seeds of

Clethra arborea (lily of the valley tree), flower buds of Ilex

perado, and sori of large ferns (Ramos 1996b; Arosa et al.

2009). The former exotic invasive tree species has been

expanding its range in recent decades (Ramos 1996a, pers.

obs.), providing supplementary feeding resources and

perhaps decreasing the risk of food shortage in winter. The

absence of temporal variation in survival found in this

study supports the hypothesis of a presently fairly constant

access to sufficient food resources by this species

throughout the year, while the absence of covariate effects

(rain, temperature and NAO index) on survival suggests

that monthly fluctuations in environmental conditions are

too slight to negatively affect the species. In other regions

where passerines have easy access to food resources

throughout the year, such as in some tropical and southern-

latitude regions, survival rates are also stable and high

(Covas et al. 2004; Schaefer et al. 2006).

Survival in island species

Changes in fitness-related traits in insular biota have been

attributed to trade-offs among life-history traits in response

to high population densities on islands, a characteristic of

species-poor insular environments (Blondel 2000). A

higher survival rate and a lower clutch size on islands in

comparison to mainland areas are two of these character-

istics, and some passerine species in tropical islands such

as the Seychelles Warbler (Acrocephalus sechellensis)

have survival rates as high as 0.83–0.84 and a clutch size of

one egg (Komdeur 1994; Brouwer et al. 2006). The British

Trust for Ornithology (2009) reports a clutch size of 4–5

eggs for bullfinches from Britain and Europe, which is

larger than the 3-egg clutches for the Azores Bullfinch

(based on a sample size of 3 nests; R. Ceia pers. obs.). This

suggests that, unless their breeding success is higher,

Azores Bullfinches should compensate for this difference

by exhibiting either higher adult survival or higher juvenile

survival, or both (Martin 1996). Observations of adults

accompanied by juveniles in late summer suggest that

breeding success is about two young per pair (Ramos 1994;

Ceia 1998), which is also lower than that of European

Bullfinches (around 3–4 fledglings/pair; British Trust for

Ornithology 2009). Thus, the high survival found in this

study seems part of a syndrome that includes lower brood

size, and is consistent with the patterns described in other

island-living passerines.

Contrary to expectations, the survival rate of juveniles

was as high as that found in adults, a rather unusual—but

not unique—pattern previously reported in several south-

ern-latitude species (Covas et al. 2004 and reference

therein). It should be acknowledged, however, that the

sample size of juvenile birds used in this study was low

(23) compared to that of adults (126), perhaps making the

detection of age-related differences more difficult during

data modelling. Note also that we estimated survival for a

class of juveniles in which some individuals were esti-

mated to be up to 4 months old at first capture; hence, if

mortality was high during the early post-fledging period, it

could not be detected in our study, and our juvenile esti-

mates would be slightly inflated. Nevertheless, field
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observations suggest a relatively prolonged post-fledging

parental care in which recently fledged Azores Bullfinches

are still fed by their parents for at least 1–2 months, which

is likely to enhance their chances of survival. Juvenile

dispersal is also very limited by the restricted range of the

species, which should promote high survival (Brouwer

et al. 2006).

An important characteristic of islands is the lower

number of potential predators when compared to a main-

land situation. Historical references suggest that passerine

species breeding on São Miguel island were initially

predator-free (Fructuoso 1561). There are no avian preda-

tors such as sparrowhawks or other small forest raptors on

São Miguel. Cats and rats were introduced after the colo-

nisation of the island. However, the few known cases of

nest predation (by rats) were on eggs and nestlings (Ceia

2008), but not on flying birds. Sex-biased predation mor-

tality, due particularly to predation of incubating females,

has been often reported in passerines (Post and Götmark

2006), but the overall low predation risk on São Miguel

may explain the high survival rate of the species, including

the similar survival rates of adult males and females.

Since 2002, major management interventions have been

taking place on São Miguel Island within the Azores

Bullfinch range, including both the restoration of the bio-

diversity-rich laurel forest and the removal of exotic plants

that usually do not provide alternative food resources for

the birds (Heleno et al. 2010). Further studies should thus

investigate whether the demography of the Azores Bull-

finch may, at least in the long term, benefit from an

increased availability of natural habitat and food.

Zusammenfassung

Hohe Überlebensraten einer vom Aussterben bedrohten

Art, dem Azorengimpel Pyrrhula murina—ein Beitrag

zur Verbesserung der Population

Dieser Beitrag beschreibt Fang-Wiederfang Untersuchun-

gen (Capture-Mark-Recapture, CMR) von 149 Azoren-

gimpeln, die zwischen 2005 und 2007 auf der Insel São

Miguel (Azoren) beringt und anschließend monatlich

während vier Jahren (2005-2008) im gesamten Brutgebiet

wieder gefangen und gesichtet wurden. Wir untersuchten

den Einfluss von Zeit, Alter (Altvögel vs Jungvögel),

Geschlecht (adulte Männchen und Weibchen), und

Umweltvariablen (Temperatur, Niederschlag, NAO Index) auf

die Überlebenswahrscheinlichkeit. Unser Model ergab eine

konstant hohe monatliche Überlebenswahrscheinlichkeit

von 0.96 ± 0.01 (Mittelwert ± SE), ähnlich für Altvögel

und Jungvögel und unabhängig von Geschlecht und

Umweltfaktoren. Diese Ergebnisse stimmen mit Erwartungen

basierend auf der Life-history Theorie für Inselbewoh-

nende Arten überein, die besagen, dass bei milden

Bedingungen und fehlender Prädation hohe Überle-

benswahrscheinlichkeiten bevorzugt werden, um niedrige

Reproduktionsraten zu kompensieren. Die jährliche

Überlebensrate wurde auf 0.62 geschätzt, und auch

dies ist konsistent zu Schätzwerten der Überle-

benswahrscheinlichkeit anhand von CMR Studien an

Gimpeln auf dem Festland sowie anderen Singvogelarten

auf anderen subtropischen Inseln. Die Größe der unter-

suchten Population wurde anhand eines kanonischen

Schätzwertes auf 1608 ± 326 (Mittelwert ± SE) Indivi-

duen geschätzt. Da die Population in den frühen 1990er

Jahren nur 120–400 Individuen umfasste, nehmen wir an,

dass die momentane hohe Überlebenswahrscheinlichkeit

dieser vom Aussterben bedrohten Art substantiell zur

Erholung der Population beigetragen hat. Zukünftige

Studien zur Demografie dieser Art sollten weiterhin die

Überlebenswahrscheinlichkeit berücksichtigen, um die

Auswirkungen von Managementeingriffen wie zum Bei-

spiel die Restauration des Loorbeerwaldes, die derzeit auf

den Azoren innerhalb des Brutgebietes des Azorengimpels

stattfinden, einschätzen zu können. Gleichzeitig sollte

jedoch auch der Bruterfolg gemessen werden, da dies zum

Verständnis der Populationdynamik ebenfalls wichtig ist.
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