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Recent advances in the statistical theory of mark-recapture analysis have markedly enhanced our ability to
estimate survival probabilities in natural populations (Burnham et al., 1987; Pollock et al., 1990; Lebreton
et al., 1992). Here, we report an analysis of a data set drawn from a published study of female common toads,
Bufo bufo (Kuhn, 1994a). In this otherwise statistically well analysed paper, capture-mark-recapture histories
of thousands of toads were not analysed statistically but inferences were drawn nonetheless. This resulted in a
serious underestimation of survival probabilities. We wish to correct these survival estimates and advocate the
use of robust statistics for drawing inferences. We will also show that such an analysis can reveal unexpected
patterns when using drift fences around amphibian breeding sites.

In the analysis and interpretation of capture-mark-recapture data it is necessary to distinguish between
survival and recapture probabilities and to estimate both, especially if one wishes to understand which factors
or traits affect survival (Lebreton et al., 1992; Martin et al., 1995). The survival probability is the probability
that an individual survives from time ti to ti+ 1, usually from one year to the next, depending on the biological
question asked. The recapture probability is the probability that an individual is recaptured, given that it
is alive (see Lebreton et al., 1992, 1993). Often, return probabilities (= survival probability £ recapture
probability) rather than survival probabilities are calculated and analysed (e.g., Kapfberger, 1984; Elmberg,
1990; Seidel, 1993; Jehle et al., 1995; see Lebreton et al., 1993 and Martin et al., 1995 for discussion).
Return probabilities systematically underestimate survival probabilities (Martin et al., 1995). Additionally,
probabilities of recapture and survival may vary among sexes, age classes or other biological groups (e.g., van
Gelder and Rijsdijk, 1987; Baron et al., 1996; Flatt et al., 1997). Thus, return probabilities may be seriously
biased and therefore an analysis of return probabilities is not meaningful (Martin et al., 1995). An analysis of
life histories and population dynamics based on such estimates may be simply wrong (Martin et al., 1995; van
Gelder and Rijsdijk, 1987, and references therein). Because population dynamics are the result of the balance
between mortality, recruitment and migration, an understanding and estimation of survival is one of the keys
to the understanding of population biology, whether for fundamental (e.g., Shine and Charnov, 1992; Forsman,
1995; Baron et al., 1996) or applied goals (e.g., Crouse et al., 1987; Doak et al., 1994; Halley et al., 1996).

Ó Koninklijke Brill NV, Leiden, 1999 Amphibia-Reptilia 20: 97-108
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Methods and results of Kuhn (1994a)

Kuhn (1994a) enclosed three breeding sites of the common toad, Bufo bufo, using drift fences. Fences were
erected in early March (well before the breeding season of this explosive breeder) and removed in May when
no more toads were captured for several nights. Toads were collected at least once a day. They were marked
(most were marked individually), measured and released on the same day. Using these methods, Kuhn (1994a)
compiled an impressive capture-mark-recapture data set of thousands of toads. Kuhn (1994a) only presents
data of female toads in his paper.

Because Bufo bufo shows high breeding site � delity (Heusser, 1960, 1969) and because Kuhn (1994a)
assumed that drift fences would sample the populations without bias, Kuhn (1994a) assumed that survival
probabilities can be estimated directly from return probabilities. Kuhn (1994a) stated that a statistical analysis
of survival probabilities would require a correction factor to account for the fact that some of the toads that
were marked in the � rst year of his study were not reproducing for the � rst time. Kuhn (1994a) did not discuss
survival probabilities explicitly. He wrote that only 5 to 25% of the toads breed more than once, implicitly
stating that survival probabilities are 5 to 25%. He was aware that he was analysing return probabilities (rather
than survival probabilities) when he analysed which factors (such as age, size or reproductive effort) affected
them.

Based on the difference between the number of toads arriving at the pond and the number of toads leaving
the pond, Kuhn (1994a) estimated that the mortality during the breeding season was roughly 15-40%, depending
on the population and year. These estimates are a component of annual mortality and set an upper limit to
survival probabilities from year to year. These estimates do not contradict our analyses.

The statistical analysis of survival in capture-mark-recaptur e studies

Here, we only present a short description of capture-mark-recapture (CMR) statistics. Lebreton et al. (1992)
and Cooch et al. (1997) present more detailed introductions to CMR statistics, Burnham et al. (1987) and
Pollock et al. (1990) provide comprehensive accounts.

Table 1 illustrates the recapture process and the notation of parameters in a study. It illustrates a study
where a cohort of individuals is marked at time t1 and recaptured at times t2 and t3 . We use population B
of Kuhn (1994a) as an example. For simplicity, we ignore toads that were � rst captured at times t2 and t3.
The recapture tree could easily be expanded to include these animals (see table 4 of Lebreton et al., 1992). A
“1” represents capture, “0” indicates that an individual was not captured. A capture history of the type “111”
indicates that an individual was marked at t1and recaptured at both t2 and t3 . Typically, not all individuals that
are alive are recaptured during all recapture sessions: they have capture histories of the type “101”. This has
two implications: 1) one should incorporate the fact that not all marked individuals that are alive are recaptured
into the estimation of survival probabilities and 2) more than one recapture session after marking is needed to
estimate survival probailities. One recapture session allows only an estimate of the type “survival was at least
20%” (if 20 out of 100 marked individuals are recaptured). Therefore, the analysis of survival probabilities or
the analysis of CMR data sets requires another parameter: the recapture probability, denoted pi .

To analyse the recapture tree in table 1, i.e. to analyse the probability of a capture history, we need the
probabilities of survival ¿1 (from t1 to t2) and ¿2 (from t2 to t3) and the probabilities of recapture at times t2

and t3 , p2 and p3. For example, the capture history “111” requires that an individual survived from time t1 to
t2 and t3 and that it was recaptured both at times t2 and t3 . According to probability calculus, the probability
of this recapture history is (¿1 p2 ¿2 p3). The observed number of realizations of every capture history is the
basis for the estimation of the unknown parameters in the equations under the heading “expected numbers at
time t3“ in table 1. The mathematics underlying the estimation are described in e.g. Burnham et al. (1987)
and Lebreton et al. (1992). The probability p1 does not appear in the equations and can therefore not be
estimated. The parameters of the � nal recapture session cannot be estimated because they appear in the model
only as a product (¿2 p3) that we denote ­ 3. With two recapture sessions, only ¿1 and p2 can be separately
estimated.

The estimation of the survival and recapture probabilities is done in the framework of the Cormack-Jolly-
Seber (CJS) model. This model makes four assumptions (Lebreton et al., 1992; Cooch et al., 1997): 1) every
marked individual at time ti has the same probability of recapture pi , 2) every marked individual in the
population immediately after time ti has the same probability of surviving to time ti+ 1 (in other words:
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Table 1. Recapture tree for two occasions of recapture of a single cohort of marked individuals. Upper branches
mean capture (1), and lower branches mean no capture (0). Observed numbers are given as an example and
are taken from Kuhn (1994a; his � g. 4), but for simplicity only individuals captured in 1989 (time 1) are
included in the � gure. N = number marked and released in 1989, ¿i = survival probability, pi = recapture
probability, ­ 3 = ¿2 p3.

Initial Captured,
number X11 ,
marked not
and captured, Capture Expected number at time 3 Observed
released X10 , at histories (values are based on our estimates in number
at time 1 time 2 at time 3 table 3) at time 3

X111 N ¿1 p2 ­ 3 = 3:8 6
6
\

X11

6 X110 N ¿1 p2 (1 - ­ 3) = 50.3 48
N = 276

\ X101 N ¿1 (1 p2) ­ 3 = 7.0 7
6
\

X10

X100 N [1 - ¿1 p2 - ¿1 (1 p2) ­ 3] = 214.9 215
Parameter Recapture occasion

t1 t2 t3

Survival probabilities
 ¿1 !  ¿2 !

Recapture probabilities p1 p2 p3

individuals marked at time ti 1 have the same probability of surviving from ti to ti+ 1 as do individuals
marked at time ti ), 3) marks are not lost or missed, and 4) all recapture sessions are instantaneous, relative
to the interval between time ti and ti+ 1, and each release is made immediately after the recapture session
(see Cooch et al., 1997, for further discussion of the assumptions). Assumptions 1 and 2 are generally hardest
to meet. However, if the assumptions of the simple CJS model are not met, additional parameters can be
estimated from the data to account for these deviations. Deviations from the CJS model as revealed by the
various tests that together form Test 2 and Test 3 of RELEASE provide direction for the appropriate model
structure and suggest biological hypotheses (e.g., unequal recapture probabilities may hint at a biologically
interesting phenomenon; Lebreton et al., 1992; Cooch et al., 1997). A CJS model with time-dependent survival
and recapture probabilities needs to be � tted to the data to estimate variance in� ation factors to maintain
conservative Type I errors and to see whether the data meet the assumptions of binomial error distributions
(Lebreton et al., 1992; Cooch et al., 1997). The expected result is that the residual deviance is approximately
equal to the residual degrees of freedom. Residual values more than twice the sample size suggest some sort
of heterogeneity among the animals not accounted for by the model such as different sub-populations being
treated as a homogeneous unit.

After testing the assumptions, a fully saturated CJS model is � tted to the data in which both survival and
recapture parameters vary among recapture sessions (denoted ¿t and pt , respectively). More generally, a
model is � t to the data in which all parameters are included that are to be tested or are suggested by the tests of
the assumptions. This initial model then serves as a null model based on which the signi� cance of parameters
of interest can be tested. Signi� cance test are done by model simpli� cation. Model simpli� cation proceeds by
comparing the residual deviances of two models, one of which is a special case of the second. For example, if
the more general model has a separate parameter for each recapture event and the simpler model has the same
parameter for every recapture event, then the simpler model is a special case of the more general. The simpler
model can never explain the data as well as the more complex model, but the additional parameters may not
explain a signi� cant amount of the variation. Statistical signi� cance is calculated by examining the increase
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in deviance when the model is simpli� ed. This is a likelihood ratio test. The expected increase in deviance
is asymptotically À2 distributed with degrees of freedom equal to the number of parameters dropped from the
model. A strict adherence to a P = 0:05 level for rejecting the null hypothesis of no effect does not always
produce the best model (Burnham et al., 1995). Akaike’s Information Criterion (AIC = residual deviance +

[2 £ number of parameters ]) provides a more reliable decision criterion for choosing to retain parameters in
the model. The model with the lowest AIC value is the best compromise between bias from including poorly
supported parameters in the model and residual error. AIC also provides a criterion for comparing two models
that are not nested subsets of each other. No adjustment for multiple testing is needed when using AIC (Cooch
et al., 1997). Model selection strategy is described in great detail in Burnham et al. (1987), Pollock et al.
(1990), Lebreton et al. (1992) and Cooch et al. (1997).

Finally, survival and recapture probabilities are estimated using the model with the lowest AIC. Estimates of
the probabilities are obtained using maximum likelihood methods (Lebreton et al., 1992). Estimates and their
95% pro� le con� dence limits are presented. Note that groups (e.g. marking cohorts) may have overlapping
con� dence limits. Nevertheless, there may be a statistically signi� cant difference as outlined in the section on
model choice.

The analysis of survival probabilities is only the most basic use of CMR statistics. It is also possible to test
the effects of age, sex, reproductive effort, color morph, and other biological or environmental parameters on
survival and recapture probabilities (see Lebreton et al., 1992, for details). Furthermore, it is possible to study
recruitment and population growth (Pradel, 1996), breeding probabilities (Clobert et al., 1994; Nichols et al.,
1994), costs of reproduction (Nichols et al., 1994), natural selection (Kingsolver and Smith, 1995), temporary
emigration from a population (Kendall et al., 1997), and to estimate transition probabilities for stage-based
population matrices (Nichols et al., 1992).

Analysis of the capture-mark-recaptur e data set of Kuhn (1994a)

Recapture histories of adult female Bufo bufo were extracted from � gures 4, 5 and 6 of Kuhn (1994a) and
analysed using the program SURGE (Pradel and Lebreton, 1993; Cooch et al., 1997). The three populations
were analysed separately because: 1) There are no a priori hypotheses about differences among the three
populations that we wish to test. 2) One population was studied for three years while the others were studied
for four years. 3) Analyses showed the data to be rather differently structured among populations. 4) Sample
sizes are large, so power of statistical tests is relatively high.

For each population the models tested included both time and marking cohort effects (denoted with subscripts
t and c, respectively) on the recapture probability in any year and the probability of survival (denoted p and
¿, respectively) from one year to the next. c denotes the number of years since marking. Marking cohorts are
correlated with age after maturity.

Population A. Between 1989 and 1991, 2385 adult females were marked; 329 animals were recaptured at
least once. The combined Tests 2 and 3 of program RELEASE showed that the data did not � t the CJS model
with time dependent survival (¿t ) and recapture probabilities (pt ) (À2 = 32.6; d.f. = 4; P < 0.001). Different
survival probabilities for animals of different ages, or lower survival probabilities immediately after marking
are candidates for this lack of � t (Cooch et al., 1997).

The fully saturated model for survival (¿c¤ t ; separate survival probability parameters for each cohort by
year combination) with separate recapture probabilities for each year (pt ) (model 1 in table 2) was slightly
more variable than we might expect from the pure binomial probabilities of survival and recapture (À2 =

2507; d.f. = 2378; P = 0:03). However, the deviance is only 5% higher than expected and does not affect
any conclusions we draw from the data.

The probability of survival did not vary between years in this population (Model 2 vs. Model 1; À2 = 2.8;
d.f. =2; P = 0:25). Reducing the number of estimated parameters for survival to two with one parameter for
survival the winter immediately after marking and the second for all subsequent winters, signi� cantly increased
the deviance (Model 3 vs. Model 2; À2 = 9.7; d.f. =1; P = 0:002). Having the initial cohort last two years
produced an even worse � t. Thus, three cohort parameters were retained. Removing the time dependence
for the probability of recapture also signi� cantly increased the deviance (Model 4 vs. Model 2; À2 = 40:7;
d.f. = 2; P < 0:0001). However, this is almost entirely due to the � nal year having a dramatically lower
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Table 2. Mark-recapture analysis of Population A. Table a) lists deviance, number of parameters (np), and
Akaike’s Information Criterion (AIC) for models of different complexity. Survival (¿) is indexed by years
since marking (c) and year (t). Recapture probability (p) is indexed by year (t). The numbers following the
indexes indicate the number of years over which each parameter applies. Table b) shows parameter estimates
for the minimal model (highlighted in bold face in a)) with their 95% pro� le con� dence limits.

a) Model np Deviance AIC
1) ¿c¤ t , pt 9 2507.0 2523.0
2) ¿c , pt 6 2509.8 2521.8
3) ¿c (1;2) , pt 5 2519.5 2529.5
4) ¿c , p 4 2550.5 2558.5
5) c; pt(2;1) 5 2509.8 2519.8
b) Parameter Year(s) Estimate Lower Upper

95% CL 95% CL
Survival 1st year 31.4% 26.0% 37.4%
Survival 2nd year 73.6% 58.7% 84.5%
Survival 3rd year 26.3% 13.6% 44.7%
Recapture 1990 & 1991 38.8% 31.4% 46.8%
Recapture 1992 17.9% 13.1% 24.0%

recapture probability than the � rst two years. Using one parameter for recapture in 1990 and 1991, and a
second parameter for 1992 had almost no effect on model deviance (Model 5 vs. Model 2; À2 = 0:5; d.f. =

1; P = 0:48). This model also had the lowest AIC value and, therefore, the minimum adequate model is one
with three cohort parameters for survival and two time parameters for recapture. The maximum likelihood
estimate of survival of cohorts was only 31.4% the year after marking, increased to more than 70% in the
second year and fell again to 26% in the third year (table 2). The model could be further reduced by having
one parameter for the � rst and third years, but it is hard to imagine a reasonable biological explanation for the
similar survival probabilities.

Population B. There was no marking effort at this population in 1992, but in the previous two years 422
animals were marked, of which 69 were recaptured at least once. Program RELEASE revealed no signi� cant
deviations from the CJS model. This suggests that there are no advantages to pursuing a model for separate
marking cohorts. Indeed, the deviance of the model (¿t , pt ) (model 1 in table 3) was very near to what we
would expect from the pure binomial probabilities of survival and recapture (À2 = 436; d.f. = 419; P = 0:27).

This population illustrates one of the problems of having only two recapture sessions. The probability of
seeing an animal again must be time dependent in 1991, but because we do not know if an animal that was not
seen died or was not recaptured, this time-dependence cannot be resolved. In the full model, the survival and
recapture parameters cannot be estimated separately. Their product can be accurately estimated but they cannot
be estimated independently (Lebreton et al., 1992). Thus, removing the time dependence of either survival or
recapture does not affect the number of parameters being estimated and the deviance of the model. Dropping
the time dependence of both parameters has a strong effect (Model 4 vs. Model 1, 2, or 3; À2 = 16.1; d.f. = 1;
P < 0:0001). We have assumed constant recapture probabilities for the estimation of survival probabilities.

Population C. Between 1989 and 1991, 1277 adult female toads were marked and 273 animals were recaptured
at least once. There were no signi� cant deviations from the CJS model as tested by program RELEASE although
the combined Tests 2 and 3 were near the nominal rejection level (P = 0:056). This suggests the possibility
that there may once again be marking cohort effects in the survival probabilities as seen in population A.
The full model (¿c¤ t , pt ) (model 1 in table 4) was somewhat more variable than expected with binomial
probabilities (À2 = 1647; d.f. = 1270; P < 0:001) but the variance in� ation factor is considerably less
than 2 so the estimates should be unbiased. We have not adjusted probability estimates because there are no
borderline cases of signi� cance.
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Table 3. Mark-recapture analysis of Population B. Table a) lists deviance, number of parameters (np), and
Akaike’s Information Criterion (AIC) for models of different complexity. Both survival (¿) and recapture
probability (p) are indexed by year (t). The reasons for choosing Model 2 as the minimal model are clari� ed
in the text. Table b) lists parameter estimates for the minimal model (highlighted in bold face in a)) with their
95% pro� le con� dence limits.

a) Model np Deviance AIC
1) ¿t , pt 3 436.5 442.5
2) t; p 3 436.5 442.5
3) ¿, pt 3 436.5 442.5
4) ¿, p 2 452.6 456.6
b) Parameter Year(s) Estimate Lower Upper

95% CL 95% CL
Survival 1989 to 1990 55.8% 25.7% 82.2%
Survival 1990 to 1991 20.0% 11.3% 32.8%
Recapture 1990 & 1991 35.1% 17.7% 57.6%

Table 4. Mark-recapture analysis of Population C. Table a) lists deviance, number of parameters (np), and
Akaike’s Information Criterion (AIC) for models of different complexity. Survival (¿) is indexed by years
since marking (c) and year (t). Recapture probability (p) is indexed by year (t). The numbers following the
indexes indicate the number of years over which each parameter applies. Table b) lists parameter estimates
for the minimal model (highlighted in bold face in a)) with their 95% pro� le con� dence limits.

a) Model np Deviance AIC
1) ¿c¤ t , pt 9 1647.9 1665.9
2) ¿c , pt 6 1654.2 1666.2
3) ¿c , p 4 1691.2 1699.2
4) ¿c (1;2) , pt 5 1658.9 1668.9
5) c; pt(1;2) 5 1654.2 1664.2
b) Parameter Year(s) Estimate Lower Upper

95% CL 95% CL
Survival 1st year 37.2% 30.6% 44.5%
Survival 2nd year 50.4% 35.8% 64.9%
Survival 3rd year 20.2% 9.4% 38.1%
Recapture 1990 67.7% 54.7% 78.5%
Recapture 1991 & 1992 33.5% 25.2% 42.9%

Dropping the time component of survival did not signi� cantly increase the deviance (Model 2 vs. Model 1;
À2 = 6:3; d.f. = 3; P = 0:1). However, the recapture probability did vary substantially between years
(Model 3 vs. Model 2; À2 = 47:0; d.f. = 2; P < 0:0001). This was due, almost exclusively, to higher
recapture probabilities in 1990. Using only one parameter instead of two separate parameters for recapture
in 1991 and 1992 had no effect on the deviance (Model 5 vs. Model 2; À2 = 0:05; d.f. = 1; P = 0:8).
Reducing the number of age classes to model survival signi� cantly increased the deviance (Model 4 vs.
Model 2; À2 = 4:7; d.f. = 1; P = 0:03). The minimal model has three cohorts for survival and they show the
same humped pattern as in Population A: low survival in the � rst year, increasing in the second, and declining
again in the third (table 4).
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The analysis of breeding patterns

The recapture histories can also be used to analyse the breeding pattern of the species under study. We follow
the methods described by Gittins (1983), Gill (1985, 1987) and Nichols et al. (1987) to answer the question
whether female Bufo bufo breed annually or biannually, i.e. more generally, whether they skip opportunities for
reproduction. The analysis tests whether recapture histories of the type “1010” or “101” occur more frequently
than expected. This is analogous to � ipping a coin four times. With a fair coin we expect that heads will
appear, on average, twice. Occasionally, heads and tails will alternate. If we do many such coin-� ipping
experiments we can ask whether alternation of heads and tails occurs more (or less) often than expected by
chance.

Only toads captured in the � rst year of the study (1989) are included in this analysis. Survival and recapture
probabilities used in this analysis were calculated from the entire data set and then applied to the cohort marked
in 1989, a subset of the data. Expected and observed breeding patterns match very well (table 5). There is
no statistical support for signi� cant deviations of observed from expected breeding patterns (population A: À2

= 6.76, d.f. = 7, P = 0:4540; population B: À2 = 1.38, d.f. = 3, P = 0:7105; population C: À2 = 7.71,
d.f. = 7, P = 0:2586 [table-wide À2 values]).

Table 5. Observed and expected frequencies of breeding patterns (1 = captured, 0 = not captured) in female
Bufo bufo from populations A (table a), B (table b), and C (table c) of Kuhn (1994a) during the breeding
seasons 1989-1992 in populations A and C and breeding seasons 1989-1991 in population B. Only females
� rst captured in 1989 are included in this analysis. N = number of toads captured in 1989 (year i = 1),
¿i = probability of survival from year i to year i + 1, pi = probability of recapture in year i. The models
were taken from Lebreton et al. (1992). The capture histories 101 and 1010 (highlighted in bold face) are
predicted to be signi� cantly larger than the expected values if toads breed at two-year intervals.

a) Breeding pattern Model Expected Observed
1111 N ¿1 p2 ¿2 p3 ¿3 p4 1.8 5
1011 N ¿1 (1 p2) ¿2 p3 ¿3 p4 2.9 3
1101 N ¿1 p2 ¿2 (1 p3) ¿3 p4 2.9 3
1001 N ¿1 (1 p2) ¿2 (1 p3) ¿3 p4 4.6 1
1010 N 1(1 p2) 2 p3(1 3 p4) 58.5 60
1110 N ¿1 p2 ¿2p3(1 ¿3p4) 37.1 31
1100 N ¿1p2[1 ¿2p3 ¿2(1 p3)¿3p4] 94.4 95
1000 N [1 (the 7 terms above)] 915.9 920
Total 1118.1 1118
b) Breeding pattern Model Expected Observed
111 N ¿1p2¿2p3 3.8 6
110 N ¿1p2(1 ¿2p3) 50.3 48
101 N 1(1 p2) 2 p3 7.0 7
100 N [1 ¿1p2 ¿1(1 p2)¿2p3] 214.9 215
Total 276.0 276
c) Breeding pattern Model Expected Observed
1111 N ¿1p2¿2p3¿3p4 1.8 4
1011 N ¿1(1 p2)¿2p3¿3p4 0.8 2
1101 N ¿1p2¿2(1 p3)¿3p4 3.5 2
1001 N ¿1(1 p2)¿2(1 p3)¿3p4 1.7 0
1010 N 1(1 p2) 2 p3(1 3 p4) 11.5 15
1110 N ¿1p2¿2p3(1 ¿3p4) 24.1 23
1100 N ¿1p2[1 ¿2p3 ¿2(1 p3)¿3p4] 124.0 129
1000 N [1 (the 7 terms above)] 442.5 434
Total 609.9 609
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Discussion

Survival probabilities of female common toads. Our analysis of Kuhn’s (1994a) data showed that female
common toads have an annual survival rate of up to 74% which is substantially higher than the 5-25%
suggested by Kuhn (1994a). Survival probabilities varied greatly among marking cohorts (tables 2, 4). In
populations A and C (but not in population B) overwinter survival was highest the second winter after marking
(A: 73.6%, C: 50.4%) and considerably lower the winter immediately following marking (A: 31.4%, C: 37.2%)
or three years after marking (A: 26.3%, B: 20.2%). Kuhn (1994a) noted that return probabilities were higher
for females that had reproduced for the second time (during the study) than for females that had reproduced for
the � rst time. Kuhn (1994a) suggested that this may be due to differences in quality among females. Tests 2
and 3 of program RELEASE showed that animals marked at different times did not have the same probability
of being resighted. Different survival probabilities for animals of different ages, or lower survival probabilities
immediately after marking are candidates for this variation in resighting probabilities. We cannot rule out
other factors, but toe clipping, the marking technique used by Kuhn (1994a), is one possible explanation for
low survival probabilities the � rst year after marking. However, even if toe clipping contributed to decreased
survival probabilities the year after marking, it cannot explain why survival probabilities drop again three years
after marking. Time since marking is correlated with age. Thus, highest survival in the second winter after
marking may re� ect lower survival of younger and older animals.

The importance of recapture probabilities. Our analysis of recapture probabilities revealed three unexpected
results: recapture probabilities are generally low, variable among years, and they drop in later years of the
study (tables 2, 4). These results are not what one would expect from a capture-mark-recapture study when
using a drift fence. A drift fence should allow an almost complete census of the population of a non-climbing
species. However, many authors (e.g., Gill, 1985, 1987; Nichols et al., 1987; Dodd, 1991; Thonke et al., 1994;
Arntzen et al., 1995; Semlitsch et al., 1996) have documented or assumed that a drift fence could not sample
the entire population. Here, we wish to stress that recapture probabilities may not only be <1, but strongly so
and variable among years.

Even though Kuhn (1994a) used the same method in all years, there are many possible reasons for low and
variable recapture probabilities (see also Dodd and Scott, 1994): a) trespassing (Gill, 1985, 1987), b) a variable
quality of the fence rebuilt every year (Arntzen et al., 1995), c) unequal catchability of e.g. size classes among
years (van Gelder and Rijsdijk, 1987), d) avoidance of the fence, e) lack of breeding pond � delity (Schlupp
and Podloucky, 1994), f) migration to the pond in autumn (toads begin to migrate in autumn but apparently
they do not enter the pond in autumn; Sinsch, 1988), g) predation on toads at the fence in later years (Reading,
1989), h) regeneration of clipped toes (Kuhn, 1994b), i) irregular breeding intervals (Gill, 1985) or a lower
frequency of breeding later in the study, or j) effects of weather conditions on breeding migrations and the size
of the breeding population (Semlitsch et al., 1996). Some of these possibilities (e.g., a) assume that the fence
has a low capture ef� ciency whereas others apply even if the fence captures every breeding individual (e.g., i).
Testing and reporting the ef� ciency of the drift fence (note that the recapture probability is not a measure of
the quality of the drift fence) may exclude some listed explanations for the low recapture probabilities. The
low, variable and declining recapture probabilities suggest new interpretations for some patterns reported by
Kuhn (1994a).

Kuhn (1994a) could not � nd factors such as age, size or reproductive effort that in� uenced return probabil-
ities. A hypothetical example illustrates how low and variable recapture probabilities can mask real patterns
in the data (� g. 1; see also Martin et al., 1995). First, consider a relationship between survival and a life
history trait (e.g., body size, age, reproductive effort) which is described by a regression with slope = 0.4
and intercept of 0.3. If the recapture probability (p) = 1.0 then the return probability can be used to describe
this relationship (open circles in � g. 1). If the recapture probability is < 1.0 then the slope of the regression
is smaller. The relationship becomes undetectable when it is weak or recapture probabilities are low (� g. 1).
If the recapture probability is not independent of the life-history character, the relationship between return
probabilities and the life-history character can be opposite in sign from that of survival and the life-history
character. For example, if younger animals have higher recapture probabilities, return probabilities may decline
with age even though survival probability increases with age. Similar effects of the confounding of recapture
and survival probabilities in return probabilities can occur for comparisons among years, sexes, habitats, or
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Figure 1. Relationship between a life-history trait and return probabilities for a range of recapture probabilities
(p). Lower recapture probabilities lower the slope of the relationship reducing statistical power. Heterogeneous
recapture probabilities can lead to slopes of the wrong sign.

any other biologically relevant comparison. Separate estimates of recapture and survival probabilities for each
group overcome this confounding and allow hypothesis testing for differences among groups.

Kuhn (1994a) reported that two of his three populations were declining during the course of the study. We
have shown that recapture probabilities were signi� cantly lower in later years of the study. This results in
fewer and fewer toads being seen and, as a consequence, an apparent decline in population size. Notably,
population C, which was not thought to be declining, is the population with the highest recapture probabilities.
The decline may not be real but an effect of recapture probabilities that are lower in later years of the study.
Again, the interpretation of the pattern observed depends on the causation of the low recapture probabilities.
If every toad arriving at the fence was captured the decline in recapture probabilities might re� ect reduced
frequency of breeding later in the study. This is a possibility that could only be detected by separating the
survival probabilities from the recapture probabilities using CMR statistics.

Kuhn (1994a) suggested that a proportion of toads in the populations he studied did not reproduce every
year but at intervals of 2 or 3 years. There are many examples of amphibians skipping opportunities for
reproduction (Bull and Shine, 1979) including common toads (see Kuhn, 1994a). However, it must be tested
whether the data really exhibit the hypothesized pattern (Gill, 1985). A capture history of the type captured-not
captured-captured (101) must occur more often than expected by chance. There is no evidence in the capture
histories that female toads were less likely to breed the year following a year when they did breed (table 5).
It may be that the toads did not reproduce every year. If all or most (say > 95%) toads arriving at the drift
fence were captured then the low recapture probabilities support the view that a large fraction of the population
did not breed every year. Although the toads may not breed every year, the capture histories suggest that the
probability of breeding is independent of whether they bred in the previous year.

Conclusion

Statistical models are a description of reality. One data set can be described by more than one statistical model.
Some models, though, are better than others and we can and should search for the better ones (as outlined by
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McCullagh and Nelder, 1983; Lebreton et al., 1992; Hilborn and Mangel, 1997). A general lack of statistical
analysis can yield misleading results and consequently misleading conclusions. The methodology and software
to analyse capture-mark-recapture data is available and well developed (e.g., Lebreton et al., 1992). A powerful
analysis will not only help to avoid erroneous conclusions, it may also uncover patterns in the data that could
not be seen by simple inspection. Declining recapture probabilities and cohort-dependent survival probabilities
were uncovered by rigorous analysis of a remarkable data set. These results pose interesting questions. For
example, the lower recapture probabilities later in the study suggest a reduced frequency of breeding. Why
the toads might be breeding less frequently is an unanswered question with potentially profound conservation
implications.

Acknowledgements. We thank J. Kuhn, G. Gollmann, U. Sinsch, and anonymous referees for discussion and
comments on the manuscript, and E. Cooch for comments on the analysis. An overview of software that can be
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Heusser, H. (1969): Die Lebensweise der Erdkröte, Bufo bufo (L.); Das Orientierungsproblem. Rev. Suisse

Zool. 76: 443-518.
Hilborn, R., Mangel, M. (1997): The Ecological Detective: Confronting Models with Data. Princeton, Princeton

University Press.
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