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SUMMARY Studies of life history evolution in passerine birds often depend on examin-

ation of annual survival probability of adult birds. Most studies rely on return rates

(proportion of marked individuals released in one year that are recaptured in the next

year) to estimate annual survival probability. Yet, return rate includes both the probabil-

ity of survival and the probability of recapturing or resighting the bird in the next time

interval. We use numerical estimation to illustrate the increasing bias in return rate as an

estimator of annual survival probability as recapture/resighting probability decreases.

Recapture/resighting probability is normally assumed to be high and relatively invariant

for recapture/resighting studies of color-banded territorial birds. We tested this assumption

through examination of 11 color-banding studies of passerines. These studies showed that

recapture/resighting probabilities vary strongly and cannot be generalized as high. In

short, return rates generally are poor estimators of annual survival probabilities and use

of return rates may strongly bias relationships explored in comparative studies or bias

results of experiments to test survival costs of reproduction. Recapture/resighting probabil-

ities should be estimated in all studies that attempt to estimate annual survival probabil-

ities.

1 Introduction

Life history theory assumes that variation in age-speci® c mortality drives evolution

of life history variation (Cole, 1954; Murphy, 1968; Schaffer, 1974a,b; Hirsh® eld

& Tinkle, 1975; Law, 1979; Charlesworth, 1980) and a variety of mostly aquatic

studies support this assumption (Lynch, 1980; Reznick & Bryga, 1987; Crowl &

Covich, 1990; Reznick et al., 1990; Spitze, 1991; Hutchings, 1993). In birds, food
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is thought to affect evolution of fecundity which then in¯ uences adult mortality

through the cost of reproduction, although empirical tests of a trade-off between

fecundity and adult survival are controversial (Lack, 1948, 1968; Williams,

1966a,b; Charnov & Krebs, 1974; Reznick, 1985; Linden & Mù ller, 1989; Nur,

1990; Roff, 1992; Stearns, 1992). Comparative analyses provide an alternative to
experimentation for examining life history trade-offs and they show an inverse

relationship between fecundity and annual survival, even when phylogeny is

controlled (Sether, 1988; Martin, 1995). Yet, such relationships may be inaccurate

when return rate is used to estimate annual survival probability because return rate

can be biased (Nichols & Pollock, 1983; Nichols, 1986; Lebreton et al., 1992).
Such biases could occlude relationships between annual survival probability and

other life history traits if return rates are widely used and bias varies among species

or studies. Return rates are widely used; for example, 65 of 82 studies of North

American passerines used return rates (see Fig. 9 of Martin (1993) and Martin and

Li (1992)), so the important question is: How variable is bias among studies and
what are the potential consequences of such biases for estimating life history

relationships?

Return rate is often computed as a weighted average over n years as

O n

i

(m i 1 1 /R i)/n (1)

where R i is number of newly marked birds that were released plus number of

re-releases of previously banded birds that were recaptured or resighted in year i

and m i 1 1 is the members of R i that were recaptured in year i 1 1. The bias in

return rate as an estimator of annual survival probability ( Á ) arises because return
rate includes both probability of surviving from time i to i 1 1 ( Á i ) and probability

of being recaptured or resighted (p i 1 1) (Nichols & Pollock, 1983; Nichols, 1986;

Pollock et al., 1990; Lebreton et al., 1992). In short, the expectation of the average

annual return rate is

O n

i

(m i 1 1 /R i)

n
5

O n

i

(R i Á i p i 1 1 /R i)

n
5

O n

i

( Á i p i 1 1)

n
(2)

Return rate 5 Á when p 5 1 for all years and ecological (e.g. age, sex) groups, but

otherwise return rate , Á and is increasingly biased as p decreases because
bias 5 1 2 p. If p is low or variable, return rate may not accurately re¯ ect relation-

ships between annual survival probability and other life history traits.

Return rate has been assumed to provide a reasonable estimate of annual

survival probability in ® eld studies of color-marked, territorial birds. This assump-

tion is based on the untested assumption that recapture/resighting probabilities are
high and relatively invariant (i.e. p i approaches 1 for all years and ecological groups

under study) in color-banding studies of territorial birds. Sampling rates often vary

across years in band-recovery studies (Burnham & Anderson, 1979; Anderson et

al., 1981), but year dependence in recapture/resighting rates in color-banding

studies is relatively unexplored and may not be strong (see Clobert et al., 1987;
Lebreton et al., 1992).

We use numerical methods to illustrate the variable bias in return rates as

estimates of annual survival probabilities when recapture/resighting probabilities

vary. We then examine empirical data to test speci® cally the assumption that

recapture/resighting probabilities are high and relatively invariant for color-band-
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ing studies and further explore the extent of variation in recapture/resighting

probabilities and, hence, bias in return rates as estimates of annual survival

probabilities among these studies. In addition, we examine the potential conse-

quences of these biases for estimation of relationships between survival and other

life history traits such as fecundity.

2 Methods

We used the EXPECT option in program RELEASE (Burnham et al., 1987) to

explore numerically effects of recapture/resighting probability (p ) on return rate as

an estimator of annual survival probability ( Á Ã ). We set the true annual survival

probability at 0.65 (i.e. Á i 5 0.65, for all i) and set p as constant across years but
varied it from 0.2 to 1.0 among tests. We arbitrarily chose 7 years and 100 new

releases each year for our numerical studies.

We obtained 11 data sets from color-banding studies of passerine birds to

estimate annual survival probabilities, recapture/resighting probabilities and return

rates. All studies, except the studies on cliff swallows and Lazuli buntings, focused
on territorial birds and used intensive searching of territories in each year to either

resight or recapture previously banded birds. Studies on cliff swallows were based

on netting and some sighting of birds at colonies, because they are colonial rather

than territorial. Studies on Lazuli buntings were based on mist-netting and some

resighting during winter. Except for these two studies, these analyses were focused
on territorial birds marked as adults because this is the situation for which return

rates are thought to provide the best estimates of Á . We present results from all

data sets that we could obtain, without making any particular claim that this set is

a random sample or completely representative of all such data sets.

We ® rst analyzed these data sets using RELEASE to test for goodness-of-® t
(GOF) to the Cormack± Jolly± Seber (CJS) model using results of Test 2 1 Test 3

(Burnham et al., 1987) and as a basis for summarizing the data for hand

calculation of return rates. We computed return rate as in equation (1) because it

is a common means of calculating return rates (see references in Martin and Li

(1992) and Martin (1995)).
We used program SURGE (Lebreton et al., 1992) to select the best model for

each data set and to compute maximum likelihood estimates of parameters ( Á Ã and

pÃ ) and the covariance matrix. Model selection was important because various data

sets included gender, habitat and year as possible varying factors. We also

examined an arti ® cial dummy age variable, where age was modeled as two-age
classes: (1) the ® rst year following banding and (2) all subsequent years. We chose

the best model based on Akaike’ s Information Criterion (AIC: Akaike, 1973) and

standard likelihood ratio tests (LRTs) following methods of Lebreton et al. (1992).

In cases where we directly compared Á Ã and pÃ , we used methods described by

Sauer and Williams (1989) and based on software developed by Hines and Sauer
(1989).

3 Results

3.1 Numerical methods

Numerical methods provided a means to illustrate the known bias in return rate as

an estimator of annual survival probability ( Á ) as a function of recapture-resighting



866 T. E. Martin et al.

FIG. 1. Estimated annual survival probability ( Á Ã ) and return rate as a function of changing recapture/

resighting probabilities (p ) under numerical methods where true annual survival probability 5 0.65.

Recapture/resighting probability is held constant within each of the nine cases.

probability (p); return rate decreases and the disparity (i.e. bias) between it and Á Ã

increases as p decreases (Fig. 1). However, CJS estimates of Á were unbiased (i.e.
Á Ã was 0.65, the true annual survival probability) (Fig. 1). The changing bias in

return rate with changing pÃ indicates that return rate may not accurately re¯ ect

relationships between Á and other life history traits (e.g. fecundity) when p varies
across species or studies. However, accurate relationships may be approximated if

recapture/resighting probabilities are high or relatively invariant, which we examine

next for color-banding studies.

3.2 Empirical studies

The 11 color-banding studies for which data could be obtained were fairly variable

in numbers of birds released and numbers of years of study (Table 1). We found

that eight of the 10 studies (one species had insuf® cient data for analysis) ® t the
CJS model reasonably well (Table 2). Two species (American redstart in summer,

black-throated blue warbler in summer) showed some lack of ® t to the CJS model

based on Test 3 of RELEASE (Burnham et al., 1987), but sample sizes were small

and only one or two cells were the cause of the lack of ® t (see Table 2). Test 2

could not be interpreted in any of the 11 cases because of small sample sizes and
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TABLE 1. Total numbers of birds released (n ), numbers of years of capture/recapture, location and

source of data

Species n
a Years Location Source of data

Dickcissel 207 5 Kansas J. Zimmerman, unpubl.

Black-throated blue warbler

(winter) 184 8 Jamaica R. T. Holmes & T. W. Sherry,

unpubl.

Black-throated blue warbler

(summer) 458 8 New Hampshire R. T. Holmes & T. W. Sherry,

unpubl.

European dipper 462 7 France Marzolin (1988), Lebreton et al.

(1992)

Eastern kingbird 275 6 New York M. T. Murphy, unpubl.

American redstart (winter) 440 8 Jamaica R. T. Holmes & T. W. Sherry,

unpubl.

American redstart (summer) 382 13 New Hampshire R. T. Holmes & T. W. Sherry,

unpubl.

Eastern phoebe 602 8 Indiana H. P. Weeks, Jr, unpubl.

Hooded warbler 191 3 Maryland B. J. Stutchbury, unpubl.

Lazuli bunting 1867 7 Utah A. W. Stokes in Burnham et al.

(1987)

Cliff swallow 2701 17 Indiana H. P. Weeks, Jr, unpubl.

a
n 5 total number of new (unmarked) birds released plus the number of previously marked birds that

were re-released.

TABLE 2. Tests of GOF of the data sets to the general CJS model based

on Test 3 of RELEASE (Burnham et al., 1987)

Species c 2
df P

Dickcissel 3.61 3 0.31

Black-throated blue warbler (winter) 1.90 2 0.38

Black-throated blue warbler (summer) 27.80 9 0.001a

European dipper 14.91 18 0.67

Eastern kingbird 4.61 4 0.33

American redstart (winter) 20.05 7 0.05

American redstart (summer) 24.66 10 0.006 b

Eastern phoebe 12.56 12 0.40

Hooded warbler Ð Ð Ð c

Lazulie bunting 22.10 18 0.23

Cliff swallow 73.67 71 0.39

a19 of the 27.8 came from only two cells, leaving 8.8 for 7 df, P 5 0.27.
b10.45 of the 24.66 came from one cell, leaving 14.21 for 9 df, P 5 0.12.
c
n 5 3, no test exists.

because recapture/resighting probabilities were relatively high. Overall, these stud-

ies allowed reasonable parameter estimates.

We summarize the data with mean Á Ã and pÃ , which are averaged across years and
ecological groups, but return rates are based on pooled data, so that return rate

does not necessarily equal the product of mean Á Ã and pÃ (Table 3). Recapture/re-

sighting probabilities did not show signi® cant variation with respect to sex, year or

habitat within species for most studies (Table 3), but sample sizes were small and

sampling rates were low in many cases, particularly for the studies with largest
sample sizes (Table 1). Note that the two species with largest sample sizes and
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FIG. 3. Relationship between return rate and estimated recapture/resighting probability (pÃ ) for empirical

studies described in Tables 1 and 3. Inverted triangles represent the three studies with lowest recapture/

resighting probabilities (pÃ , 0.45). Diamonds represent studies with 0.63 , pÃ , 0.78. Circles represent

studies with pÃ . 0.90. Numbers are reference numbers listed in Table 3.

recapture/resighting probability (Fig. 3). Of course, there is a built-in positive

covariance between return rates and pÃ (see equation (2)).

This variability in bias is the greatest problem in examining relationships

between annual survival probability and life history traits. Imagine, for example,
that some general life history trait is perfectly estimated by Á Ã (correlation (r) 5 1.0,

slope (b ) 5 1.0, intercept (a ) 5 0). If p 5 1, return rate will show this `true’

relationship, i.e. the same correlation, slope and intercept (re¯ ected by the solid

line in Fig. 4). Return rate can also roughly re¯ ect the true relationship when pÃ is

high and relatively invariant; e.g. when pÃ $ 0.90 (n 5 5), then r 5 0.99, b 5 1.03,

a 5 0.002 (see dashed-and-dotted line in Fig. 4). However, pÃ does not have to be

high, it only needs to be relatively invariant for return rate to re¯ ect the relation-

ship between annual survival probability and life history traits. Note that with

reduced pÃ , the intercept must differ, but slope can be accurately estimated if pÃ is

constant. If analyses are restricted to studies with 0.63 , pÃ , 0.78 (n 5 6), then

r 5 0.96, b 5 0.92, a 5 0.194; the intercepts clearly differ, but even with this

reduced variation in pÃ , variation is still suf® cient to cause the slopes to differ

slightly (compare dashed and solid lines of Fig. 4). Once the full range of bias

across all studies (n 5 14) is included, return rate does not re¯ ect the true

relationship at all (r 5 0.35, b 5 0.26, a 5 0.406); the correlation is not signi® cant
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FIG. 4. Relationship between return rate and some general life history trait that theoretically is perfectly

estimated by annual survival probability ( Á ) for studies described in Tables 1 and 3. When pÃ 5 1, return

rate is perfectly related to the general life history trait with slope 5 1.0 and intercept 5 0, as illustrated by

the solid line. Studies with pÃ $ 0.90 are represented by circles and the dotted-and-dashed regression line.

Studies with 0.63 , pÃ , 0.78 are represented by diamonds and the dashed regression line. Inverted

triangles represent the three studies with pÃ , 0.45. The dotted line is the regression line for all studies

(n 5 14).

(P 5 0.26) and both the slope and intercept differ from the true relationship

(compare dotted and solid lines of Fig. 4). In short, the perfect correlation between

annual survival probability and the life history trait is not even re¯ ected as a

signi® cant correlation when based on return rates that include strong variation in

p . These results are based on a small sample of studies and must be viewed with

some caution, but the relationships serve to demonstrate the kinds of results that

can arise from life history correlations that are based on return rates with variable

or low p across studies or species.

4 Discussion

Survival can play a strong role in evolution of life history tactics (Roff, 1992;

Stearns, 1992). As a result, estimation of relationships between annual survival

probability and other life history traits is important to the understanding of life

history evolution. Accordingly, proper estimation of annual survival probability is

necessary. The widespread use of return rate to estimate annual survival probabil-
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ity potentially is problematic because of the bias present in return rate. The

importance of bias in return rate lies in its potential in¯ uence on estimating

relationships between annual survival probability (as estimated by return rate) and

other life history traits.

When sampling completeness is high and relatively invariant (p . 0.9), return
rate can roughly estimate the relationship between annual survival probability and

a general life history trait (compare the dotted-and-dashed line to the solid line in

Fig. 4). Yet, bias (1 2 p ) is still 10% when p 5 0.9, which can in¯ uence inferences

about evolutionary responses. On the other hand, estimation of the form of

relationships (i.e. correlation, slope) between annual survival probability and life
hsitory traits may be more important in many cases than exact estimation of

annual survival probability. When sampling completeness is lower, bias is greater

(Figs 1 and 2), but greater bias does not necessarily eliminate relationships; if p is

low but constant, return rate will estimate the incorrect intercept (and incorrect
Á ’ s), but it will estimate the correct correlation and slope. However, as p becomes
slightly variable (e.g. 0.63 , p , 0.78), both the slope and correlation become less

accurate (e.g. compare dashed and solid lines in Fig. 4). As p becomes more

variable, then return rate may completely occlude signi® cant relationships where

they actually exist (e.g. compare dotted and solid lines in Fig. 4).

An important issue, then, centers on whether recapture/resighting probabilities
are high or invariant for color-banding studies of territorial birds, as commonly

assumed. Our analysis is based on a limited sample of studies, but even with this

limited sample it is clear that recapture/resighting probability cannot be general-

ized for color-banding studies and particularly cannot be generalized as high or

invariant. Some studies (n 5 5) show high ( . 0.9) recapture/resighting probabili-
ties, but some (n 5 3) have low ( , 0.45) recapture/resighting probabilities (Fig. 3,

Table 3). It is noteworthy that these three lowest values came from the studies that

were not based on territorial birds. However, the remaining studies still show

substantial variation in pÃ and bias (Table 3, Fig. 2). Of course, we do not know

if this limited sample of studies is fully representative of the variation in pÃ for
recapture/resighting studies of territorial birds. Nonetheless, these results certainly

demonstrate that we cannot assume that p is high or invariant in such studies.

Recapture/resighting probabilities were similar within each of two species (black-

throated blue warbler, American redstart) that were studied separately on both

their summer and winter grounds by the same investigators using the same
methodology (Tables 1 and 3). Yet, recapture/resighting probabilities did differ

strongly between these two species (Table 3). Such results indicate that recapture/

resighting probabilities can be species- and locality-speci® c. Of course, recapture/

resighting probabilities are also in¯ uenced by recapture methodology or sampling

effort, which can mask species af® nities. Thus, given the ease with which recap-
ture/resighting probabilities can vary even when controlling for investigators and

methodology, and given the importance of variation in recapture/resighting proba-

bilities in estimating life history relationships correctly, it is clearly imperative that

recapture/resighting probabilities are included in estimation models for all studies.

This analysis has focused on recapture/resighting studies of color-banded and
territorial passerine birds, but another common method for estimating survival in

passerines is live recapture of marked individuals using mist-nets. Mist-nets are

used to capture birds in both approaches, but these two methods differ in that the

former approach uses resighting of color-banded birds for the vast majority of

recapture/resighting events, whereas the latter approach relies mostly on recaptur-
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ing marked birds in nets. Marked birds may have a lower likelihood of being

recaptured than resighted, especially for species that forage and nest above

mist-net level. In addition, use of mist-nets can lead to strong trap dependence,

where individuals learn to avoid nets (Karr, 1979). As a result, recapture probabil-

ities may be expected to be lower for capture/recapture than for capture/recapture/
resighting studies. Nichols et al. (1981) summarized studies of 11 species that were

sampled largely by mist-nets and recapture probabilities were generally lower (pÃ

varied from 0.23 to 0.73) than for the recapture/resighting studies examined here

(Table 3). Thus, bias in return rates may be greater for mist-netting studies

compared to recapture/resighting studies of color-marked territorial birds.
Transients may be over-represented in mist-net samples (Remsen & Parker,

1983), but effects of transients potentially can be incorporated into models (Peach

et al., 1990; Peach, 1993). Effects of low sampling completeness and high

transients emphasize the importance of proper estimation methods. Intensive

color-banding studies of territorial individuals use playbacks to increase captures
and intensive visual searches to increase sampling completeness (greater p ). Yet,

even these studies need to be coupled with appropriate parameter estimation

methods such as CJS models (i.e. Lebreton et al., 1992) to adjust for variability in

p and gives more reliable estimation and more opportunity to test for violation of

model assumptions.
Finally, this paper has focused on problems with estimation of annual survival

probability. Annual survival probability is also important to life history evolution

through its relationship with fecundity measures. Survival is inversely related to

clutch size (Sñ ther, 1988) and annual fecundity, the latter of which may be most

relevant to annual survival probability (Bennett & Harvey, 1988; Martin, 1995).
However, estimation of annual fecundity depends on measuring clutch size, which

can be measured relatively accurately, and numbers of clutches, which is more

dif® cult to measure and for which few population estimates are available (Martin,

1995). Much greater work on numbers of nesting attempts is needed. Yet,

fecundity is generally considered to be more accurately measured than survival
(Lebreton et al., 1987).

In sum, demographic parameters used for comparative studies generally are

extracted from the literature with little description of experimental design, sam-

pling effort or analytical methods used for estimation. Such details are important

because if biases exist but differ in extent among studies, then perceived differ-
ences in demographic parameters among species or ecological groups may not be

real and instead arise from the methods, the effort used for sampling individuals,

or the statistical methods used to derive estimators. Knowledge or proper model-

ing of sampling completeness (i.e. p ) is particularly important in estimating annual

survival probability because: (1) most survival estimations rely on incomplete
sampling, (2) the extent of sampling can vary with habitat, species and sampling

method, and (3) bias in return rate as an estimator of annual survival probability

increases as p declines (Figs 1 and 2). Most ® eld studies of North America

passerines have used return rate to estimate annual survival probability. This

approach is poor practice because of the demonstrated variability in p . Studies of
the possible survival costs of reproduction can have low power and potentially

invalid inference because of variation in p among treatments (see Nichols et al.,

1994). Variability in p can also invalidate results of comparative studies that rely

on return rates as estimates of annual survival probability (e.g. Sñ ther, 1988;

Martin, 1995). Valid estimates of survival of adult passerines must rest on valid
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sampling design, ® eld procedures and analytic methods. The estimates provided

by such approaches are needed to test evolutionary relationships rigorously.
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