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Abstract

Background: Radio-tracking is increasingly used to assess key characteristics of population dynamics. Since in
many species re-encounter rates are frequently below 1.0 and vary with time and/or life-history stages, known-fate
approaches to analyses may not apply. Cormack-Jolly-Seber (CJS) models estimate apparent survival on the basis of
individual encounter histories. These models allow for complex re-encounter models and constitute an ideal tool
to estimate apparent survival where re-encounter rates vary. However, the implications of radio-tag characteristics and
sample size on the precision of survival estimates and the potential to determine temporal variation in survival have
rarely been investigated. Here we analyze radio-tracking data from juvenile barn swallows (Hirundo rustica) that were
instrumented with four types of transmitters similar in mass but differing in radiated power (n = 560, 132 broods).

Results: For all transmitter types re-encounter probabilities varied between 0.2 and 0.75, depending on radiated power
and bird age. Higher-power transmitters significantly improved the re-encounter rates and thus, the precision of survival
estimates. Apparent survival varied with age, with a minimum around the break-up of families. Later on survival
increased again and approached the rate of adults. Analyses of random sub-samples revealed that sample size
strongly affected the variance in survival estimates, and thus the power in discerning temporal or between-group
variation in survival. Small samples substantially underestimated the survival to independence. In small subsamples the
standard errors of estimates were particularly large in later re-encounters. Consequently, model selection results of
different survival models on the basis of small random sub-samples were highly inconsistent.

Conclusions: Investigating population processes requires modeling of time- and cohort-dependent survival rates,
often for short time periods. We show that CJS estimates of apparent survival from small samples revealed rough
patterns in barn swallow survival with samples of c. 50 individuals. However, small samples underestimated the number
of survivors reaching independence. Inference on underlying mechanistic models based on Akaike’s Information
Criterion (AIC) model selection was unreliable with sample sizes below 200 individuals. As samples are often limited for
practical reasons, maximizing re-encounter rates by optimal choice of telemetry hardware and field logistics is a way to
increase the precision of survival estimates.

Keywords: Population dynamics, Survival, Cormack-Jolly-Seber, Modeling, Radio-telemetry, Hirundo rustica
Background
Quantifying survival rates in different populations or
in relation to ecological factors and life-history traits is
essential for understanding demographic processes. Yet, to
assess survival in the field is difficult due to technical
problems in observing the fate of individuals. Advanced
techniques of mark-recapture analysis allowing separate
estimation of apparent survival and re-encounter probability
brought a quantum step in disentangling apparent survival
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from missed re-observations. Thus, parameter estimates
can be corrected for variation in the re-observation
probability of individuals among cohorts, in relation to
time and to other covariates. The models are built on the
basis of individual encounter histories ([1], application-
related review in [2]). As very low detection rates still
impose a principal problem, technical means to improve
the re-encounter rate are crucial where individuals are
difficult to detect (for example, on the sea, at night, in
dense vegetation, [3]). Very high frequency (VHF) telemetry
is increasingly used to assess key parameters of population
dynamics, such as differential survival in relation to multiple
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Figure 1 The re-encounter probabilities (p) in relation to time
after fledging as calculated using the full sample. Transmitter
specifications and cohort sizes are given in Table 1. Color-marked birds
were not recovered regularly after family break-up, that is, 12 to 15 days
after fledging. The life of a 35 μW tag was less than 20 d. Trend lines
were fitted by distance-weighted least squares, except for color marks
(linear trend).
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factors, such as sex, age, season and life history traits (for
example, dispersal and immigration behavior). In particular,
the technique improves the re-encounter rate of animals,
makes re-encounters independent of visibility conditions,
and is thus often preferred over alternative marking tech-
niques. However, detection probabilities in field studies
are often markedly below 1.0 and thus, insufficient for the
application of known-fate analyses. Transmitter character-
istics, mainly radiated power, life and duty cycle likely
affect the efficiency of the technique (for example, [4,5]).
To assess critical periods in the life history of species it is
often desired to quantify survival rates for short periods of
time (for example, the post-fledging period of birds). To
our knowledge, the implications of transmitter technical
characteristics for collecting survival data in the field and
for survival analysis have not been addressed quantita-
tively. While it is standard practice to evaluate potential
adverse effects of radio-tagging on study animals [4] or to
test effects of sample size on home-range estimates [4],
two important issues remain unclear: first, the technical
characteristics of radio tags, specifically their radiated
power, may have a strong impact on the probability of
detecting individuals. Within a study, transmitters of
different power and life are often used in parallel, and
all battery-driven radio-tags lose power towards the end of
transmitter life. This is expected to cause changes in the
detection probability of individuals irrespective of their
behavior or survival, thus violating the assumption that p
is close to 1.0 and constant over a study period. Second,
the impact of sample size (and detection rate) on estimat-
ing apparent survival and its importance for inference
upon model selection (using Akaike’s Information Crite-
rion (AIC)) remain largely unclear [6,7], but see [8]. So far,
evidence-based rules for evaluating the inferential power
in discerning between-cohort or temporal variation in
survival estimates for different cohorts or time periods
are lacking.
Here, we use the barn swallow (Hirundo rustica L.) as

an example organism to analyze how variation in the
encounter technique and sample size affects the inferential
power of Cormack-Jolly-Seber (CJS) model selection.
Specifically, we first test whether the re-encounter
technique (that is, color marks and radio-tags of different
radiated power) affects the re-encounter rates during the
early life-history stages of the study organism, particularly
during the post-fledging period and after family break-
up. Second, we evaluate the effects of sample size on
estimates of survival, which is the target variable of bio-
logical importance. In the barn swallow, assessing short-
term variation in apparent survival during the post-fledging
period is particularly important. Our general approach to
the problem is by subsampling the large sample (n = 560)
of tracked birds. Given the availability of a large sample of
real fates, we preferred a re-sampling approach over the
simulation of data. General statistical theory predicts that
the uncertainty of estimates decreases with sample size
(that is, precision increases). To evaluate the shape of this
relationship quantitatively is an important issue for plan-
ning data collection and field logistics in order to test
between-group and temporal variation in apparent survival.
Our analysis emphasizes that both the re-encounter

technique and sample size have a pervasive influence on
the inferential power of CJS model selection, and thus, on
drawing conclusions on demographic processes. It also
contributes to resolve important trade-offs in study design;
as most field studies face severe financial and logistic
restrictions, the results provide means to plan studies to
yield the desired results without imposing excessive costs.

Results
Transmitter effects on re-encounter rates
The top ranked model using the full sample showed a
strong effect of both time after fledging and type of
transmitter (color-marked, tags differing in radiated power)
on re-encounter probabilities. Figure 1 illustrates that even
with the use of radio-tags, re-encounter rates were low and
that the radiated power of the tags strongly influenced the
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probability of re-encountering individuals. Over all age
classes the re-encounter rate of color-marked individuals
was lowest. In the first days after fledging, the daily re-
encounter rate for color-marked birds was about 0.8.
However, this rate declined quickly with age and dropped
to c. 0.3 before the families broke up. After family break-
up, recoveries of color-marked individuals occurred
only occasionally (p approximately 0). Compared to color
marks, all radio-transmitters improved the re-encounter
rates, and made individuals observable reliably beyond
family break-up. In the first five days after fledging the
re-encounter rate of radio-tagged individuals was close
to 1.0 with all types of radio-tags. In this period the range
used by families was small but the chicks frequently hid
in trees and bushes near the farms. Hence, while the
radio signal was crucial for detecting the birds, transmitter
power (range) was less. In contrast, from post-fledging Day
6, the families and, later on, the independent juveniles,
moved quickly over distances of up to 15 km. Accordingly,
the re-encounter rate decreased in relation to age and
increased with transmitter power. The daily re-encounter
rate after one month was 0.28 ± 0.07 s.e. with 13 μW
transmitters, 0.39 ± 0.07 with 23 μW transmitters and
0.75 ± 0.08 with transmitters radiating 48 μW (Figure 1).

Sample size effects on survival estimates
The respective top-ranked models for the 50 sub-samples
and for the full sample returned roughly similar temporal
patterns in the estimates for apparent daily survival (for
details on sub-sampling see methods section). As with the
full-sample model, sub-samples revealed declining daily
survival rates in the first days after fledging (re-encounters
2 to 5) with a minimum around Day 15 post-fledging.
Then the rates increased again for fledglings older than
16 days post-fledging (Figure 2). Since all birds surviving
to the entire observation period remained in the study
area, we exclude that the temporal variation in apparent
survival was affected by temporal emigration or similar
behavior. However, the slight decline in apparent survival in
the last re-encounter interval (post-fledging days 31 to 40)
may be due to chicks of late second broods leaving the study
area for migration shortly after reaching independence.
The variation in results obtained from small sub-

samples was large (Figure 2a). On average, small sub-
samples dramatically underestimated the proportion of
birds surviving to the end of the observation period.
With sub-samples of less than 50 individuals, the pro-
portion of juveniles surviving to post-fledging Day 40
was estimated at 0.086 ± 0.043, whereas large sub-
samples (>250) indicated a total survival of 0.285 ± 0.012
(Figure 2b, F21,184 = 4.8, P <0.0001). We conclude from
this that the estimates for each re-encounter interval as
obtained from small subsamples were slightly biased to
the negative.
As expected from statistical theory, the variation of the
estimates of both apparent survival and re-encounter rate
increased inversely to sub-sample size (Figures 2 and 3a).
These ‘trumpet-shaped’ relationships indicate that the
error of parameter estimates grows very large with sam-
ples of less than c. 100 individuals. For small sub-samples
we found a marked negative correlation between the
estimate for the re-encounter rate and that of apparent
survival (Figure 3b). Accordingly, as compared to the
full sample, under-estimation of the encounter rate (P)
resulted in substantial over-estimation of survival (Φ).
With increasing sample size, both estimates converged
to a small range, and thus, the correlation between P
and Φ disappeared (black dots in Figure 3b). However,
the estimated survival rates were consistently above the
regression line obtained from small sub-samples. This
apparent bias was particularly large with samples of less
than 100 individuals (light gray dots in Figure 3b. These
results indicate that, in addition to some bias, the preci-
sion of point estimates strongly decreased with decreasing
sample size. Figure 4 illustrates that these effects strongly
influenced the quality of survival estimates, the target
variable of CJS modeling. In particular, in small sub-
samples, the uncertainty of estimates for later re-encoun-
ters was very high. Only in sub-samples of over 250
individuals the standard errors of survival estimates
were homogeneous over the entire observation period
(contour lines in Figure 4).
Comparing the favored models for the 10 entirely

different sub-samples of 50 individuals each (that
is, subsamples drawn without replacement) further
emphasized that variation in the encounter histories
within small sub-samples strongly affected the outcome
of model selection. Out of the eight ‘simple’ models (that
is, those implemented in the software MARK without
group ·encounter interactions, see methods section)
five were favored at least once. The respective corrected
AIC with quasi-likelihood adjustment (QAICc) weights
ranged from 0.549 to 0.921, and in 8 of the 10 cases the
difference in QAICc (ΔQAICc) to rank 2 exceeded 2.0.
With regard to apparent survival, the conclusions drawn
upon one particular sub-sample would therefore differ
considerably: 1) the results from five sub-sets would
suggest that apparent survival was constant over groups
and re-encounters (Φ(.)), 2) three sub-samples would
indicate that apparent survival differs among transmit-
ter types but not among re-encounters (Φ(g)), and 3) two
sub-samples would suggest that apparent survival differs
among encounters but not in relation to transmitter type
(Φ(t)). We conclude from this that model selection
on the basis of a sample of 50 individuals was highly
sensitive to the particular composition of encounter
histories, and thus insufficient to represent the statis-
tical population.
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Figure 2 Estimates of daily apparent survival (Φ) from all
sub-sample models for post-fledging days 1 to 40. a) Daily
apparent survival rates (one line per model). Most models reveal a drop
in daily survival around 15 days post-fledging; however, the variation in
point estimates is large and several samples deviated strongly from the
general pattern. The bold gray line indicates estimates from the full
sample size (n = 538). b) Cumulative post-fledging survival as estimated
from four categories of sub-samples size in relation to time post-
fledging (x-axis gives category means). Small subsamples dramatically
underestimate the proportion of birds surviving to the end of the
observation period. Dots and whiskers give means and 95% confidence
intervals per sample size category and re-encounter interval.
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Discussion
Parameter estimates
The analyses and simulations revealed that CJS-models
based on small sub-samples of individuals yielded incon-
sistent estimates of apparent survival compared to the
results from the full sample of 538 radio-tagged birds.
Models using small sub-samples deviated substantially
from the general temporal pattern in survival rates and
strongly underestimated the proportion of individuals
surviving to the end of the observation period (Figure 2).
The main source of these deviations was likely the
imprecise estimation of re-encounter rates. In a small
sample, the estimates of p depend much on occasionally
missing one single animal in a particular encounter inter-
val. Thus, estimates of apparent survival may be seriously
biased due to inaccurate modeling of re-encounter rates
(Figure 3b, [9]). This leads to the first main conclusion
that optimal encounter techniques may be an important
measure to maximize the precision of estimates from
a given sample size. With sub-samples of less than 50
individuals, the uncertainty of estimates of the proportion
of juveniles surviving to Day 40 post-fledging was so large
that estimating cumulative survival over the observation
period (that is, the number of chicks surviving to inde-
pendence) was strongly biased (Figures 2 and 4). We there-
fore suggest that, particularly if increasing sample size is
impractical, care is given to maximizing the quality of
data. This implies maximizing the encounter probability
(for example, by increasing transmitter power) and by
increasing the rate of re-encounter attempts or the dur-
ation of searches per re-encounter interval. Increasing
the re-encounter intervals is another option. However,
where the short-term variation in apparent survival in
relation to specific life-history stages is in the focus (this
study, [10]), extending the re-encounter intervals is often
undesirable. Also, collecting additional evidence, such
as dead recoveries, supporting survival estimates may im-
prove the inferential power of analyses of small samples.

Model selection
Model selection was highly sensitive to the particular
composition of the 10 small sub-samples drawn without
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Figure 3 Precision and bias in estimates of apparent survival
(Φ) and re-encounter rate (p). a) Estimates of Φ and p in relation
to sub-sample size. In both parameters the variation of estimates strongly
increased inversely to sub-sample size. b) Average estimates of apparent
survival in relation to re-encounter probability. Small sub-samples were
likely to give biased estimates of the re-encounter rate and in turn, local
survival. Dot size and color indicate sample size categories (small light gray
n ≤100, medium, gray n= 101 to 300, large, black n >300). The line gives
the regression for samples of n <100 individuals. With large sample sizes
the estimates converge to a narrow range and the correlation disappears.

Figure 4 The standard error of estimates of apparent survival
(Φ) in relation to subsample size and time after fledging.
If the initial sample size is small, the uncertainty of estimates greatly
increases towards later encounters. Light gray dots and spike lines
are drawn for data points below the surface (negative residuals),
black dots and lines indicate data above the surface. Surface fitted
using the distance-weighted least squares method.
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replacement. Point estimates for groups and/or encounters
obtained from small samples may, therefore, deviate
substantially from the statistical population. Thus, the
second main conclusion is that, where only small samples
of individuals (below c. 200 individuals) can be included,
inference upon a specific model and on underlying bio-
logical mechanisms, should be drawn very carefully, and
requires support by additional evidence [7,9]. Even if the
difference in QAICc to lower ranked models was large
(>2.0), alternative models were difficult to discern due to
the uncertainty in estimates for both parameters. One
system-immanent cause for these inconsistent results of
model selection is that all cohorts gradually decline in
numbers due to mortality. Therefore, if the initial sample
is small, the basis for estimates at later re-encounters
declines to a very few individuals, hence to have missed
or encountered one individual at a particular occasion has
a strong impact on the modeling results ([11,12] Figure 4).
This effect increases with decreasing re-encounter prob-
ability and increasing re-encounter intervals.
Conclusions
Recent advances in radio-telemetry have opened access
to studying important problems in population dynamics,
such as differential survival during life-history stages in
which individuals are difficult to observe (for example,
[10,13,14]). However, for practical reasons many empirical
studies are restricted to relatively small samples of indivi-
duals. This investigation indicates that the inferential power
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of AIC model selection based on small samples may be
weaker than often presumed for sample sizes of below
c. 50 individuals. Particular problems arise in estimating
survival parameters for later encounters, when the initial
sample gradually declines (Figure 4). Therefore, to obtain
optimal survival estimates, specifically to quantify differen-
tials in relation to specific cohorts, to time or particular
traits, we suggest that maximizing the sample size as
much as affordable is of paramount importance. In par-
allel, using the best encounter technique and optimal
modeling of the re-encounter rate p may greatly improve
the accuracy of survival estimates and, thus, the inferential
power of analyses. These measures may not only include
the selection of optimal telemetry hardware, but also care-
ful planning of field techniques and manpower required
for data collection.
Methods
The data were collected in a study on the post-fledging
survival and range use of juvenile barn swallows that
was carried out in 2000 (pilot study) and 2002 to 2004
(full project) in the Wauwilermoos area, an intensively
cultivated plain of c.20 km2 near Lucerne, Switzerland
(47°10’ N/8° 02’ E). Data of 560 barn swallow fledglings of
132 first and second broods at 60 farms were included.
Further details on the study area and the study population
are given in [15].
Radio-tagging
We caught barn swallow fledglings at their nest during
the night of nestling Day 19 or 20. In 2000 (pilot study) the
chicks were radio-tagged with Holohil LB2 transmitters
(0.7 g, Holohil Inc., Carp, ON, Canada). In 2002 to 2004
we used radio-tags of our own construction [16,17]. These
differed from the LB2 transmitters in an extended life
of 30 d (2002) to 55 d (2004). Due to technical im-
provements, the radiated power of these tags increased
considerably from 2002 to 2004 (Table 1, [17]). All
radio-tags (including battery and harness) had a mass
Table 1 Sample sizes and technical specifications for the diffe

Year Mark type Radiated powe

2000 Color mark

2002

2000 Holohil LB2 35 μW (−15.2 dB

2002 Own, one stage 13 μW (−18.5 dB

2003 Own, one stage 23 μW (−16.3 dB

2004 Own, one stage matched antenna 48 μW (−13.1 dB
of 650 to 750 mg, which represents 3.8 to 4.4% of the
minimum fledgling mass (17 g).
The transmitters (n = 538) were attached using a Rappole-

type harness made from 0.5 mm elastic cord [18,19]. The
juveniles were also individually color-marked on the light
plumage of the belly to allow identification after potential
loss or failure of transmitters. A combination of two colors
out of four (green, blue, red, none) was applied using
waterproof pencil (Edding 3000®, Edding Inc., Ahrensberg,
Germany). These patterns occurred repeatedly among
families. Additionally, a family-specific mark was applied.
To prevent premature departure the nest cups were closed
using a flexible sheet of black plastic. The marked chicks
were set back into the nest in complete darkness. We then
waited 5 to 10 minutes until the birds had relaxed, and
removed the cover.
It is important to ascertain that the marking technique

has no effect on the target parameter of a study, which
in this study was survival. Earlier studies did not find
adverse effects of radio-tagging on small birds of c. 20 g
(adult barn swallow [20]; great and coal tit [21]). Based on
this evidence, we included only a small control group
of untagged but color-marked birds. The treatment of
these birds (n = 22) was identical to the above procedure
except that no transmitter was attached. The most par-
simonious model of swallow survival rates on the basis
of the full sample (n = 538 radio-tagged birds) included
a relationship between survival rate and time after
fledging. Adding an effect of the type of marking (radio-
tag vs. color mark) on survival did not improve parsimony
(Table 2). Including an effect of tagging on survival
resulted in a slight increase of the QAICc. However, in
both models discerning color-marked and radio-tagged
birds (ranks 2 and 3, Table 2) the differences in sur-
vival estimates for color-marked and radio-tagged indi-
viduals were very small (average daily survival over the
first 15 days from fledging 0.956 ± 0.006 (s.e.) in radio-
tagged and 0.932 ± 0.022 (s.e.) in color-marked birds,
respectively). This further corroborates that radio-tagging
had no measurable adverse effect in terms of apparent
survival.
rent types of markings used in the study

r Tag life, d N Comment

14

8

m) 13 to 21 46 www.holohil.com

m) 30 to 35 203 ZA10 ZnO2 cells

m) 30 to 35 203 396 AgO cells

Harness on transmitter

m) 50 to 60 86 396 AgO cells

Harness on cell

www.holohil.com


Table 2 Model selection for post-fledging survival
probabilities of barn swallows

Model QAICc ΔQAICc QAICc weight np Deviance

Φ(age) p(type·age) 5904.93 0.00 0.481 47 5810.22

Φ(tag+age) p(type·age) 5905.34 0.42 0.391 48 5808.61

Φ(tag·age) p(type·age) 5907.57 2.65 0.128 52 5802.71

Φ(age) p(type+(tag·age)) 5930.86 25.94 0.000 26 5878.64

Φ(age) p(type+age) 5935.14 30.21 0.000 20 5895.01

Φ(age) p(tag·age) 6094.60 189.67 0.000 23 6048.43

Φ(age) p(tag+age) 6094.69 189.77 0.000 16 6062.61

Φ(age) p(age) 6180.66 275.73 0.000 15 6150.58

Φ(age) p(.) 6700.32 795.39 0.000 9 6682.29

For each model, the value of deviance, number of parameter (np), the corrected
Akaike’s Information Criterion with quasi-likelihood adjustment (QAICc) and the
QAICc-deviation to the best model (ΔQAICc) are given. For all models an over-
dispersion factor ĉ = 1.192 was used. Model notation: Φ, survival probability; p,
re-encounter probability; +, additive effect; ·, interaction; tag, radio-tagged/color
marked; type, four categories of radiated power.
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Encounter histories
The families and independent juveniles were located twice
per day. The observation sessions lasted one hour and
included the location and visual identification of the
birds, and the collection of behavioral data. Missing birds
were searched within an area of approximately 100 km2

using fixed antenna stations on vantage points and by
using vehicles equipped with an omni-directional antenna.
Additionally, flocks of swallows in the study area and
groups of birds roosting inside buildings were searched
for individuals with color-marks. We never recorded
radio-tagged birds leaving the area within the first three
weeks post-fledging. Even after wider excursions, all birds
returned close (1 to 2 km) to the nest sites. During weeks
4 to 5 post-fledging, the birds regularly roosted in nearby
wetlands. Thus, juvenile barn swallows did not emigrate
from the area up to this age, except a few individuals
from late second broods that may have left the study
area for migration (Figure 2, latest encounter interval).
All telemetry and visual observations were used to build
daily encounter histories for the analysis of survival and
re-encounter rates (fledging day 0 = first encounter).

Statistical analyses
The central issue is that even with the use of radio-tags,
re-encounter rates for individuals are normally below 1.0
and may vary largely, since signals may be temporarily
missed although the individual is present and alive. For
example, topographic characteristics of the study area
can restrict the detection ranges, individuals may hide
in places that shield radiation (for example, underground
or in tree holes), and adverse weather conditions (for
example, heavy rain) may temporarily reduce the detection
probability of transmitters. Also, animals may move tem-
porally out of the operational range of the transmitter but
not disperse from the study area. Setting of transmitter
duty cycles too restrictively may also result in missed
re-encounters [5].
We used Cormack-Jolly-Seber (CJS) mark-recapture

models [1,22] in the software package MARK [23]. The
individual encounter histories were used to model prob-
abilities of apparent survival (Φ) and re-encounters (p).
We aggregated encounter histories for 0 time intervals
of 1 to 10 days each (post-fledging days 1, 2 to 5, 6 to
9, 10 to 13, 14 to 17, 18 to 21, 22 to 28, 29 to 40; Day
0 = fledging day, figures indicate the midpoints of each
re-encounter interval). Encounter histories were grouped
according to the type of marking (type: color-marked,
13 μW, 23 μW, 35 μW, 48 μW). A goodness-of-fit test
was performed on the basis of a highly parameterized
model, including variation in survival in relation to age
and differences between first and second broods, and
variation of the re-encounter rate in relation to age and
transmitter type, but excluding interactions (Φ(brood·age)

p(type·age)). We performed a parametric bootstrap with
n = 1,000 replicates. The observed deviance (dev. = 3,025.14)
did not differ significantly from the simulated deviances
(mean dev. = 2,950.38 ± 10.04 s.e., P = 0.22), indicating
that our set of models adequately fitted the data. The
over-dispersion factor ĉ was 1.192. Slight over-dispersion
was likely to occur, since cohorts were not equal in size,
and fledglings of the same family were treated as inde-
pendent (see also [22]). In contrast to data obtained from
capture-mark-recapture by fixed trap sites, data obtained
from radio-tracking are not area-sensitive because the
search area can be adjusted to the animals’ behavior;
estimates of apparent survival are not affected by variation
in individual range use. Thus, while re-encounter rates
of wide-ranging individuals may decrease, estimates of
apparent survival are not biased by altered range use.
Estimates of apparent survival are thus relative to the
maximum area under survey.

Sub-sampling
To simulate the effects of sample size on the estimates
of survival (Φ) and re-encounter rate (p) we drew a total
of 50 sub-samples of varying size from the full sample of
538 radio-tagged individuals. Random sub-samples were
drawn with replacement and the individual histories were
randomly re-arranged using the random number generator
in the software Excel (Microsoft Switzerland GmbH,
Bern, Switzerland). To further evaluate the performance of
model selection we split the full sample into 10 random
sub-samples of 50 individuals each, that is, without
replacement. For all sub-samples, the 16 pre-defined
models implemented in MARK were compared (combina-
tions of the following encounter and survival models:
constant: Φ (.)/p(.); time(age)-dependence: Φ (t)/p(t);
tag-dependence: Φ (g)/p(g); time- and tag-dependence
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(interaction): Φ (g*t)/p(g*t)). The over-dispersion factor
ĉ of 1.192 was also applied to these models.
Capture, radio-tagging and tracking was conducted under

license of the Swiss Federal Offices for the Environment
and for Communication (1000130413.05, technical license;
F044-0799 ringers’ license).
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