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Abstract The heterogeneity of catchability (HC) among

the individuals encountered during a capture–recapture

study has long been regarded as a liability. However, het-

erogeneous capture probabilities may reflect interesting but

hidden features of the population, such as social status. The

difficulty is to distinguish between this intrinsic heteroge-

neity and the extrinsic heterogeneity induced by the study

itself. So far, population ecologists have not been able to

distinguish between these two sources of variation in

capture heterogeneity because, in the presence of hetero-

geneity of capture in the data, they have frequently used a

too simple approach. This traditional approach, which

consists of incorporating two common sources of lack of fit

(transience and trap-dependence), does not directly model

the HC and thus cannot investigate its biological meaning.

In this context, we propose, for open populations, to

directly model the HC by employing multievent models.

Multievent models make it possible to break HC into two

classes of catchability viewed as uncertain states. With the

introduction of a coefficient of heterogeneity to model

proportional probabilities of capture over time in the two

classes, our approach allows the investigation of HC in a

parsimonious way. In this paper, we apply both this new

approach and the traditional approach to a long-term data

set of male deer mice Peromyscus maniculatus. We then

compare 13 candidate models separately for each approach.

Our results indicate that the new approach is superior to the

traditional approach.

Keywords Multievent models � Peromyscus �
Small mammals � Survival � Transience � Trap-dependence

Introduction

Variability among individuals, inherently present in any

animal population, is often detected in capture–recapture

studies as heterogeneity in survival, recruitment or some

other demographic parameters (Lebreton et al. 1992; Pré-

vôt-Julliard et al. 1999; Cam et al. 2002), but this

variability may also appear as heterogeneity in catchability.

Heterogeneity of catchability (HC) can result from intrinsic

differences among the individuals related to observable

characteristics, such as age, cohort or gender (Pradel et al.

1997a; Yoccoz et al. 1998; Tavecchia et al. 2001; Crespin

et al. 2002), but it may also be linked to a less obvious
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feature such as social status (Summerlin and Wolfe 1973).

Intrinsic HC conveys biological information of crucial

interest and should be distinguished from the extrinsic HC

that results directly and solely from the study design.

Extrinsic HC is widespread in all capture–recapture sur-

veys typified by having fixed sampling designs. For

instance, in long-term seabird monitoring surveys, breeding

individuals are typically resighted at the breeding colony

from fixed observation towers (e.g., see Frederiksen and

Bregnballe 2000; Tavecchia et al. 2001); the individuals

that consistently nest on the side of the colony close to the

observation tower are thus at a higher risk of capture (see

also Prévôt-Julliard et al. 1998). Another example of a

sampling design with extrinsic HC is one where some

regions (or habitats) are more extensively sampled than

others and data are pooled at a regional (or habitat) level

(Mizroch et al. 2004). Finally, a common example of

extrinsic HC is the edge effect found in most small mam-

mal studies (Jensen 1975; White et al. 1982: p. 120). Here,

traps are typically established with permanent sampling

designs, most often grids; as a consequence, the individuals

whose home ranges are entirely on the grid are at a higher

risk of capture than those whose home ranges straddle the

grid. The edge effect depends on the size of the sampling

design relative to the home range of the species under

consideration and increases when this size decreases

(Bondrup-Nielsen 1983).

Although it is desirable to disentangle intrinsic from

extrinsic HC, in the presence of HC the majority of authors

have used a unique simple approach (hereafter called the

traditional approach). While this approach improves the

statistical fit of the model, it does not allow the direct

modeling of HC and does not distinguish intrinsic from

extrinsic HC. This traditional modeling, which now has a

long history in capture–recapture modeling, consists of

incorporating a transience effect (Pradel et al. 1997b, c)

plus a trap-dependence effect in the model (e.g., Harris

et al. 1997; Julliard et al. 1999; Frederiksen and Bregnballe

2000; Grosbois and Thompson 2005; Vautier et al. 2005;

Crespin et al. 2006). This state-of-the-art approach to

modeling HC must be used with caution because the

models of trap-dependence incorporated in the traditional

approach have widespread identifiability problems in their

fully time-dependent version. Even the additive models

with a logit link function, which had been suggested as a

possible remedy (Pradel 1993), do not really solve the

problem of identifiability (Gimenez et al. 2003).

Pledger et al. (2003) have developed mixture models in

which a finite number of hidden classes of individuals with

different parameters of catchability are present in the

population. More recently, Pradel (2005) has developed a

new family of capture–recapture models, called multievent

models, which deal specifically with uncertain states.

Because catchability classes may be seen as uncertain

states, multievent models provide the basis for modeling

HC directly in open populations. Within this context, we

introduce a parsimonious approach to HC, based on the

notion of a coefficient of heterogeneity a, by considering

two classes of individuals with different but proportional

probabilities of encounter over time. The probability of

encounter remains proportional over time between the

individuals which are highly catchable (p1) and those

which are weakly catchable (p2): p2t = ap1t. The intro-

duction of the coefficient of heterogeneity is at the same

time biologically meaningful, because it provides a simple

measure of HC, and statistically sound because it may

greatly reduce the number of catchability parameters. In

implementing this approach, we employ a recently devel-

oped program that implements the multievent models

(Choquet et al. 2008). In this paper, we compare our new

approach to the traditional approach using a long-term data

set of male deer mice (Peromyscus maniculatus Wagner).

Our results show that the approach we advocate performs

much better than the widely used traditional approach in

the case of heterogeneity of catchability.

Materials and methods

Presentation of the modeling approach

The notation

The main notations for the parameters estimated and

modeled are:

• u survival probability;

• p capture probability;

• s proportion of transients, i.e., the proportion of those

individuals whose probability of recapture is nil. Note

that the proportion of transients estimated is that among

the newly captured individuals as in Pradel et al.

(1997b);

• a and b, respectively coefficients of heterogeneity for

HC models and of trap-dependence for traditional

models (see below);

• p probability of membership in class 1, the class of high

catchability, for HC models.

The models

We cast both types of models we developed as multievent

models (see Pradel 2005 for details). We present them here

in the vocabulary proper to the multievent formalization:

states which are unobserved, and events which are

observed. The HC approach assumes that there are two
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possible ‘states’ for a live individual corresponding to the

two classes of catchability (state 1: individual highly

catchable; state 2: individual with low catchability). A third

state corresponds to dead individuals; those which cannot

be encountered. At each trapping occasion, two exclusive

events may happen to an individual: either it is trapped or

not. The model links the event, i.e., the observation, to the

underlying state by means of probabilities of events. These

probabilities are state-dependent (Pradel 2005).

To facilitate the comparison between the traditional and

the HC modelling, we introduce a coefficient of trap-

dependence b, equivalent to the coefficient of heteroge-

neity. Traditional models with trap-dependence have two

kinds of capture probabilities: the capture probabilities of

the trap-happy (pth) animals, i.e., those that were captured

at the previous occasion, and a lower capture probability

for the ones not captured at the previous occasion (pnth).

We impose the relationship pnth = bpth between these two

probabilities where b is maintained between 0 and 1. Thus,

b measures the intensity of trap-dependence; high b-values

correspond to low trap-dependence. As alluded to earlier,

this parameterization has advantages over the additive

model in recapture (Pradel 1993): (1) the difference

between the two classes of catchability is expressed on the

natural scale and thus easier to interpret than differences in

catchability on the logit scale, and (2) all parameters,

except those used at the last time interval, are identifiable

as this is equivalent to a trap-dependent model with the log

link (see Gimenez et al. 2003). Given the data at hand,

relatively small (see below), all models presented here

assume that an individual cannot change from class 1 to

class 2 and vice versa, or from class 3 to either class 1 or

class 2. Finally, in all models considered, survival was

common to all animals but could vary over time. To

illustrate this, we present the probabilities associated to two

different capture histories under four different models

(Table 1).

All parameters are constrained in the range [0;1] by

means of logistic transformations. The currently available

general programs (MARK: White and Burnham 1999; M-

SURGE: Choquet et al. 2004) do not handle this parame-

terization, neither for the traditional models (at least not in

a simple way), nor for the HC models. However, E-

SURGE (Choquet et al. 2008), a new program designed for

multievent models, can handle both. Because this program

is new and multievent models are still largely unused, we

present in Electronic supplementary material (S1) the code

used to run with E-SURGE most of the models presented in

this paper.

Outline of the analysis

Goodness of fit (GOF) tests

Detecting HC is possible by means of non-parametric

goodness of fit tests. First, there is TEST 3.SR, also known

as the Brownie–Robson test, that contrasts the proportions

seen again between the newly and the previously encoun-

tered individuals by sample (Brownie and Robson 1983).

Second, there is TEST 2.CT (Pradel 1993) that contrasts

the proportions immediately re-encountered among the live

individuals encountered versus those not encountered at a

given occasion (more details about the meaning of these

tests can be found in Pradel et al. 2005). HC will affect

both tests in a predictable direction because individuals

which are highly catchable tend to be more frequent among

the individuals ever re-encountered (TEST 3.SR) or indi-

viduals immediately re-encountered (TEST 2.CT). On the

contrary, if the difference in catchability is directly linked

to the encounter event i.e., trap-happiness under the mild

assumption that the behavioral shift lasts essentially for one

time interval (ITEC see Pradel 1993), TEST 3.SR should

be immune because all animals considered in this test are

captured simultaneously. However, TEST 2.CT remains

affected. We thus ran the GOF tests of the time-dependent

Cormack–Jolly–Seber model (time-dependent capture and

survival probabilities: Cormack 1964; Jolly 1965; Seber

1965) using program U-CARE (Choquet et al. 2005) to

Table 1 Probabilities associated to two capture histories under four different models (with capture heterogeneity or trap-dependence and with or

without transients) with constant parameters

Models\capture history 101 100

HC PHCð101Þ ¼ pu 1� p1ð Þup1

þ 1� pð Þu 1� ap1ð Þuap1

PHCð100Þ ¼ p 1� uþ u 1� p1ð Þ 1� up1ð Þ½ �
þ 1� pð Þ 1� uþ u 1� ap1ð Þ 1� uap1ð Þ½ �

TD PTDð101Þ ¼ u 1� pthð Þubpth PTDð100Þ ¼ 1� uþ u 1� pthð Þ 1� ubpthð Þ
HC with transients PHC with transients(101) = (1 - s)PHC(101) PHC with transients(100) = s + (1 - s) PHC(100)

TD with transients PTD with transients(101) = (1 - s) PTD(101) PTD with transients(100) = s + (1 - s) PTD(100)

Notation is s for the probability to be a transient, u the probability of survival, p the probability of recapture (pth for models with trap-

dependence and p1 for models with capture heterogeneity), a the coefficient of heterogeneity in models with capture heterogeneity, b the

coefficient of trap-dependence in trap-dependence models. For models with capture heterogeneity, p is the probability of being in the class 1 with

a recapture probability p1. TD and HC refer respectively to trap-dependence and heterogeneity of capture models. The generalization to time-

dependent parameters is straightforward
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detect heterogeneity of capture (significance of test 3.SR

and 2.CT). Alternatively, the comparison of the two

hypotheses can be carried out by model comparison. This is

achieved by starting from an even more general model

presented in the Electronic supplementary material S2 that

generalizes both HC or trap-happiness. Comparison then

uses the AICc paradigm (Burnham and Anderson 1998).

Model selection

Model selection was carried out independently within HC

and traditional approaches and went through the same steps

as follows: (1) we reduced the time dependence (94 levels

at the onset) to additive seasonal and between-years vari-

ations to achieve more parsimony and interpretability, and

(2) we ran models with only seasonal, between-year vari-

ation or no variation at all.

Proportion of transients

We established three different constraints for the propor-

tion of transients based on different hypotheses. Food

resource availability has been shown to impact directly the

catchability of individuals in small mammals (Crowcroft

and Jeffers 1961; Adler and Lambert 1997). Thus, during

food scarcity, animals may have moved from areas outside

the grid to our baited traps due to attraction by food. As a

result, we expected the proportion of transients to display

yearly or seasonal variations as dictated by food avail-

ability. On the other hand, the proportion of transients may

simply mirror the size of the sampling grid: the larger the

grid, the lower the proportion of transients; under such a

hypothesis, because the size of the grid did not change over

the study period, we expected the proportion of transients

to remain constant over time.

Coefficient of heterogeneity and coefficient

of trap-dependence

Two hypotheses were compared: (1) the coefficient of

heterogeneity was held constant meaning that the ratio of

capture probabilities between the two classes remained

constant over the entire survey period, or (2) the coefficient

of heterogeneity was time-dependent, i.e., that the differ-

ence in relative catchability between the two classes varied

over time. The same equivalent hypotheses were compared

in the coefficient of trap-dependence.

Study site and trapping design

Twelve species of small mammals were live-trapped on a

1-ha grid at Powdermill Biological Station of the Carnegie

Museum of Natural History located in the Appalachian

mountains of southwestern Pennsylvania, USA (40�100N,

79�160W; elevation: 450 m). The data set is featured as a

long-term mammal data set from the Powdermill Biologi-

cal Station at the Virginia Coast Reserve Long-Term

Ecological Research Web site (no. VCR99062;

http://www.vclrter.virginia.edu\data.html). Data collection

began in September 1979 and continued until 2003. In this

paper, we used the first 19 years of data (until September

1998). Because we were mainly interested in investigating

seasonal and yearly variations, we selected trapping peri-

ods to estimate survival of small mammals for each season

by year. For the sake of simplicity, each season spanned

3 months (autumn: September–November, and so on).

Because the trapping schedule began in autumn 1979, the

year was defined from September to September for all

analyses. During this period, the mean interval between

two consecutive trapping periods was 3.6 weeks with some

large differences (range: 1–12.6 weeks). Given the unequal

interval of time between two consecutive trapping periods,

survival estimates were standardized to a 7–day period.

Each individual small mammal was marked by ear-

tagging, and species, gender, mass and reproductive status

were also recorded (further details in Merritt et al. 2001).

As an example to illustrate the method, we analyzed cap-

ture–recapture data for the larger data set collected on the

grid, i.e., male P. maniculatus. Numbers of captures were

sometimes low on the grid, partly because the grid was

relatively small (1 ha) and, in some years, abundance of

mice was low. Thus, for the sake of statistics, we pooled all

age classes.

Results

Basics

Our data set included 772 male P. maniculatus representing

an effective sample size equalling 1,110. Even when

pooling all age classes, the average number of individuals

captured per trapping period was relatively low equalling

5.18 (range 0–19). The proportion of animals captured only

once, across all trapping periods, was high, 75%. Although

the length of the study spanned 19 years, the amount of

data was relatively small at each trapping session.

GOF results

The data set showed significant trap-happiness (test 2.CT:

z = -3.62, P = 0.00029) and transience (test 3.SR:

z = 3.83, P = 0.00012). The other components (3.SM and

2.CL) were not significant. These results are typical of

heterogeneity of capture. Thus, in the traditional approach,

our initial model for the model selection had full trap-
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dependence, and time variation included in the recapture

probabilities and, to accommodate transience, full-time

variation in survival and proportion of transient. For

comparison, we started with the equivalent model in HC

approach, i.e., with full-time variation in survival, recap-

ture, coefficient of heterogeneity and proportion of

transients (see Table 2 models T1 and HC1).

Model selection: heterogeneity of catchability versus

traditional approach

The model selection in HC and that in the traditional

approach were remarkably similar and led to best models

with resembling structure (see Table 2). However, the

transience effect was not required in the HC approach

(removing the transience effect decreased the AICc by 2.2;

see Table 2 models HC4 vs. HC5) whereas it was crucial in

the traditional approach (see above ‘‘GOF results’’). In

general, each HC model reached a far lower AICc than its

traditional counterpart. For instance, with the same number

of parameters, the best model for HC was more than 20

units of AICc lower than that the best model of traditional

approach (see Table 2 models HC5 vs T6). The data clearly

supported the HC alternative.

Given that the traditional approach is frequently used in

the literature, it is worth comparing the estimates of both

the HC approach and the traditional approach. First,

assuming that HC was indeed the phenomenon generating

the data at hand, there was a tendency in the best model of

the traditional approach to overestimate survival when it is

high and to underestimate survival when it is low. Even if

the bias was probably partially dealt with, through the

Table 2 Model selection in heterogeneity of capture (HC) and in the traditional approach (T) for male Peromyscus maniculatus

Models Survival Recapture Transient Ratio DEV np AICc

Heterogeneity of capture

HC5 Additive Additive No Cst 1,611.57 46 1,707.64

HC11 Year Additive No Cst 1,619.93 43 1,709.48

HC4 Additive Additive Cst Cst 1,611.57 47 1,709.82

HC7 Additive Additive Season Cst 1,611.34 50 1,716.16

HC13 Cst Additive No Cst 1,667.13 25 1,718.33

HC12 Season Additive No Cst 1,660.92 28 1,718.42

HC8 Additive Year No Cst 1,631.99 43 1,721.54

HC9 Additive Season No Cst 1,668.61 28 1,726.11

HC3 Additive Additive Additive Cst 1,582.09 68 1,727.10

HC6 Additive Additive Year Cst 1,591.28 65 1,729.50

HC10 Additive Cst No Cst 1,681.91 25 1,733.11

HC2 Full Full Full Cst 1,456.96 284 2,221.18

HC1 Full Full Full Full 1,335.84 377 2,479.20

Traditional approach (trap-dependence + transience effect)

T6 Additive Additive Cst Cst 1,633.01 46 1,729.08

T10 Year Additive Cst Cst 1,642.05 43 1,731.60

T13 Year Additive Season Cst 1,636.96 46 1,733.03

T5 Additive Additive Season Cst 1,632.57 49 1,735.19

T11 Season Additive Cst Cst 1,679.33 28 1,736.83

T12 Cst Additive Cst Cst 1,685.75 25 1,736.95

T9 Additive Year Cst Cst 1,647.99 43 1,737.54

T7 Additive season Cst Cst 1,682.17 28 1,739.67

T3 Additive Additive Additive Cst 1,600.17 67 1,742.91

T4 Additive Additive Year Cst 1,607.41 64 1,743.37

T8 Additive Cst Cst Cst 1,693.27 25 1,744.47

T2 Full Full Full Cst 1,379.30 283 2,139.91

T1 Full Full Full Full 1,327.97 376 2,466.74

All models were ranked by AICc and the best model, at the top of the table, was highlighted in bold. No the parameter proportion of transients

was not included in this model, cst constant, year annual variation only, season seasonal variation only, additive additive seasonal and annual

variation, full full time-dependent variation, Ratio ratio of capture probabilities, DEV deviance of the model, np number of identifiable

parameters in the model, AICc Akaike’s information criterion corrected for small sample sizes
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introduction of transients in the model (i.e., individuals for

which the recapture probability was nil by definition; see

Pradel et al. 1997b), differences in estimates were some-

times large between probabilities of survival from the best

models in the HC approach and in the traditional approach

(see Fig. 1). Second, the estimates of recapture probabili-

ties derived from the two approaches cannot be compared.

Indeed, using the traditional approach means that proba-

bilities of capture depend on the capture history of each

individual (caught vs not caught at the previous trapping

session), i.e., a given individual can move between the high

catchability and the low catchability classes and back again

through time. By contrast, in the HC approach, a given

individual is attributed to a single class of catchability that

will never change over its whole capture history. Given

these intrinsic differences in the modeling, it is thus not

instructive to compare the estimates of recapture proba-

bilities derived from the two approaches.

Recapture probabilities and coefficient of heterogeneity

of capture

For both HC and traditional approaches, recapture proba-

bilities changed over years, seasons and with the class of

individuals in the best models. In the best model for the

traditional approach, the mean recapture probability for

individuals caught at the previous period, i.e., those ‘‘trap-

happy,’’ equaled 0.61 (95% CI: 0.55–0.67) and for those

not caught at the previous period 0.37 (0.33–0.40). Coef-

ficient of heterogeneity was 0.60 (0.38–0.79). In the best

model for HC, the mean recapture probability of class 1

equaled 0.73 (0.66–0.79) and for class 2 0.09 (0.08–0.10).

Coefficient of heterogeneity was 0.13 (0.07–0.23). For the

best model of HC, there was a large variation in recapture

probabilities between years as well as between seasons.

Despite such variation, winter seemed to be a season of

especially low catchability and autumn a season of high

catchability (see Fig. 2b).

Proportion of transients and probability of membership

in class 1

No seasonal or annual variations in the proportion of

transients were supported by the data in the traditional

approach. For instance, adding seasonal variation in the

proportion of transients from the best model increased the

AICc of ca. 6 units, in spite of adding only three extra

parameters (Table 2 models T5 vs T6). The estimated

proportion from the best model was 0.31 (0.21–0.44). By

contrast, because it deals with heterogeneity of capture

directly, the best model of HC did not require a transient

Fig. 1 Comparison of survival estimates from the best models in

heterogeneity of catchability (HC) and traditional modeling

approaches. All estimates of survival were standardized to 7 days

for the sake of comparison

(a)

(b)

Fig. 2 Average estimates of survival (a) and recapture (b) param-

eters by season and their associated 95% confidence intervals from

the best model with heterogeneity of catchability (HC). Each bar
represents a season and above each bar is given the mean of the

parameter averaged over all years. All estimates of survival were

standardized to 7 days for the sake of comparison. As the best model

was additive in recapture probabilities and the ratio of the two

recapture probabilities was hold constant, recaptures of low catch-

ability class display exactly the same pattern as the recapture of high

catchability class but lower. Thus, for the sake of clarity, only the

recaptures of the high catchability class and for autumn the estimate

of the low catchability class are drawn in the figure

252 Popul Ecol (2008) 50:247–256
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effect (Table 2: models HC4 vs HC5, the inclusion of a

transience effect increased the AICc by more than 2 units).

The proportion of individuals in class 1 (high catchability

class) was estimated as 0.50 (0.40–0.61).

Survival probabilities

In both the HC and traditional approaches, survival varied

additively across seasons through years in the best model.

The mean of 7-day survival estimates was for the best

models for the traditional approach and for HC approach,

respectively 0.936 (0.927; 0.944) and 0.932 (0.924; 0.940).

Further, as suggested by the comparison of means, esti-

mates of the traditional approach were generally higher (56

times out of 74 combinations of year and season present in

the data) and less precisely estimated (68 times out of 74)

than those of HC. Regarding the best model for HC, sea-

sonal variations appeared as strong as between-year

variations. Seasonal variations displayed a lower survival

in spring and summer and a higher survival during winter

and autumn, with winter being the season of highest sur-

vival (see Fig. 2a).

Discussion

Our results show that the new approach we have suggested

performs much better than the widely used traditional

approach. In the Peromyscus example, 7-day survival

estimates provided by the traditional approach are indeed

biased by comparison with the HC approach, as expected.

The difference in 7-day survival can further be either

positive or negative. Given that we consider only male P.

maniculatus (i.e., a seemingly homogeneous group of

individuals), one may question the origin of the strong

heterogeneity of capture revealed by the HC approach.

Several explanations not mutually exclusive are possible

for Peromyscus, particularly because we did not attempt to

distinguish between intrinsic or extrinsic sources of varia-

tion in HC given the sparseness of data (all age classes

pooled) and the lack of biological information (e.g., social

status). First, some HC could be intrinsic. Because our data

are a mixture of adult and subadult individuals, HC may

stem from the fact that adult and subadult individuals have

different probabilities of capture. Some studies with

rodents support this view (Crespin et al. 2002; Sluydts et al.

2007); however, many studies have failed to demonstrate a

significant difference in capture probability between adult

and subadult individuals (Nichols and Pollock 1990; Par-

adis et al. 1993; Paradis and Crozet 1995; Yoccoz et al.

1998; Julliard et al. 1999; Telfer et al. 2002). Alternatively,

differences in catchability may be related to social domi-

nance, e.g., subdominant individuals may avoid traps due

to odors of dominant individuals (Summerlin and Wolfe

1973). There is some evidence that odors influence catch-

ability in Peromyscus (Mazder et al. 1976; Daly et al. 1978;

Drickhamer 1984; but see van Horn and Douglass 2000).

Finally, some HC may be extrinsic. Because P. manicul-

atus is a territorial species during the breeding season

(Wolff et al. 1983), one may think that some individuals

will have their entire home range or territory within the

grid and thus will encounter many traps (thus the proba-

bility of capture of these individuals should be high). Other

individuals will have most of their home range or territory

outside the trapping grid and thus probability of capture

will be lower (edge effect). As indicated by Batzli (1977), a

grid of 1 ha is relatively small for Peromyscus in that the

minimal values of home range of the species may reach

600 m2 and the maximal values reach up to 3,000 m2 (see

Wolff 1985). However, it is not certain whether this terri-

toriality or home range area is strong enough among males

to generate the strong HC demonstrated in our analysis, as

males are generally thought to be less territorial than

females (Metzgar 1971, 1980; Wolff 1985). New infor-

mation on territories and social status of individuals will

help in making the difference between intrinsic and

extrinsic HC in Peromyscus.

Whatever the sources of variation generating the HC

present in our data, the estimates of survival we report

match well those reported using similar capture–recapture

methodology for other populations of Peromyscus. Tall-

mon et al. (2003) reported 20-day survival estimates for

P. maniculatus ranging from 0.61 ± 0.06 to 0.87 ± 0.02

depending on the habitat of mice. For a closely related

species, P. leucopus, Kendall et al. (1997) reported esti-

mates of monthly survival of 0.81 ± 0.045 and

0.85 ± 0.036 on two trapping grids. In general, although

there is considerable seasonal and between-year variation

in the survival probabilities, our estimates are reasonably

close to those of Tallmon et al. (2003) and Kendall et al.

(1997) as well as to those reported for other species of

rodents (Nichols and Pollock 1990; Yoccoz and Mesnager

1998; Crespin and Lima 2006). In our study, survival was

higher in winter than other seasons. This result confirms

that, at northern latitudes, winter is favorable for

enhancing survival of small mammals (Ostfeld and Can-

ham 1995; Crespin et al. 2002) because snow depth

provides small mammals with increased insulation against

fluctuating ambient temperatures (Merritt 1984; Marchand

1996) as well as precluding foraging of predators (Lind-

ström and Hörnfeldt 1994). The estimates of capture

probabilities provided by the traditional approach were

markedly different from those provided by the HC

approach. It is more difficult to compare our estimates to

others as, typically, recapture probabilities have been

considered as ‘nuisance parameters’ (Lebreton et al.
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1992) and thus their full variation has rarely been

reported. Also, because our approach allows us to esti-

mate two probabilities of recapture (low and high

catchability class) when only one has been previously

calculated, the comparison is not straightforward. This

may explain why the estimates of recapture probabilities

reported by Tallmon et al. (2003) for P. maniculatus in

different habitats and comparable trapping grids are

higher than ours (ranging from 0.89 ± 0.003 to 1).

However, we note that the low catchability of Peromyscus

in winter that we found had already been reported by

Merritt and Merritt (1980) for the same species in the

Rocky mountains and more recently by Kendall et al.

(1997) for a close species, P. leucopus. Finally, our

results confirm the importance of both seasonal and yearly

variations in the demography of small mammals already

noted by several authors (Yoccoz et al. 1998; Julliard

et al. 1999; Crespin et al. 2002).

Heterogeneity of capture occurs frequently in capture–

recapture studies and has been known for a long time

among ecologists (e.g., in small mammals: Young et al.

1952; in birds: Carothers 1979). Many factors have been

forwarded to explain HC, e.g., sex (Tavecchia et al.

2001), and age (Lebreton et al. 1992; Davis et al. 2003;

Crespin et al. 2006). Also, more recent works have shown

that, beyond these relatively conspicuous biological dif-

ferences among individuals, there are other factors more

challenging to examine, e.g., breeding status of colonial

seabirds (Cam et al. 2002; Grosbois and Thompson 2005)

or ‘‘social status’’ of mammals (Summerlin and Wolfe

1973; Drickhamer et al. 1999; Ogutu et al. 2004) which

create HC as well. What makes these factors difficult to

study is the fact that the differences among individuals

are often cryptic, i.e., not linked to a criterion obvious to

the human observer in the field but rather to subtle,

behavioral clues. However, even for those species for

which it is not possible or extremely demanding for

logistic reasons to collect data on such subtle criteria in

the field (the Peromyscus data set was a good example of

this), our approach, because it need not explicitly attribute

each individual to a given class of catchability, allows

one to deal properly with HC. Further, because it also

makes it possible to model HC directly, our approach

offers a great opportunity to shed light on the factors

contributing to HC in natural populations. In particular for

those species for which data about such subtle criteria

have been collected, our approach will allow to disen-

tangle the intrinsic HC, biologically relevant, from the

extrinsic HC, biologically uninformative.

Returning to the Peromyscus example, the best model

of HC actually describes a population with two classes of

individuals, the class with the lowest capture probability

being about ten times less catchable than the other one.

Because our modeling approach makes the two proba-

bilities of recapture proportional, this result is much more

natural and simpler than the traditional use of additive

models on the logit scale, which allows the two proba-

bilities of recapture to vary in a parallel way but on the

logit scale. This is somewhat awkward and particularly so

when one tries to link the variation of recapture proba-

bilities to some environmental covariates (perhaps

themselves measured on yet another scale than the logit

scale, e.g., Grosbois and Thompson 2005). These two

classes correspond to permanent features of the individ-

uals in our models. It is likely that, instead of only two

classes of values, there is a continuum of values of

recapture probabilities within a population of individuals.

Nevertheless, the approach we have developed here,

although a simplification is definitely more efficient than

adopting the traditional approach indiscriminately. It thus

constitutes a first step toward more realism in dealing

with heterogeneity of capture in capture–recapture data.

As a matter of fact, in a slightly different context, the

estimation of population size with closed capture–recap-

ture models using mixtures, Pledger (2000, 2005) has

suggested that using two groups will be sufficient for

many data sets on the basis of both simulations and

analyses of real data sets [see also Dorazio and Royle

(2003) and their reply to Pledger (2005) for more details].

The next step is to work out a proper procedure of

goodness of fit tests for the HC models, but the

improvement over the traditional approach is already

impressive in the case we have examined.

The HC approach we present provides an obvious

alternative for the data sets that present a strong rejection

of the homogeneity assumption (significant tests 2.CT and

3.SR) and for which the traditional approach has been

generally employed. For example, recent studies where

individuals are resighted and not physically recaptured

(typically the case in seabird species) would have likely

benefited from our approach instead of using the traditional

approach with trap-dependence and transience (e.g.,

Grosbois and Thompson 2005; Vautier et al. 2005; Crespin

et al. 2006). Further, when the population under concern is

made of several cryptic fractions with different capture

probabilities (e.g., age or habitats; see Julliard et al. 1999),

it is likely that our modeling approach may be superior

(i.e., unbiased) over the traditional approach. In addition,

because our approach allows the direct modeling of HC, it

may help in elucidating the biological factors responsible

for HC and thus in disentangling intrinsic from extrinsic

HC. We hope that our study will encourage other

researchers to investigate heterogeneity of capture by

modeling it directly with the approach we have presented,

as a valid alternative over the approach traditionally

employed.
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