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Abstract—Entomologists traditionally use the Jolly-Seber analytical method
(JSAM) to estimate demographic parameters from capture—mark—recapture data, al-
though more powerful approaches like the constrained linear models (CLM) have
been developed and are commonly and successfully applied to vertebrates. Demo-
graphic parameters (i.e., survival, capture, and recruitment rates, population size,
and sex ratio) of a patchy population of the Bog Fritillary butterfly, Proclossiana
eunomia (Esp.) (Lepidoptera: Nymphalidae), were estimated using CLM on the ba-
sis of daily captures of imagoes during 11 yearly generations (1992-2002). Com-
paring these results with JSAM results obtained on the same data lead us to stress
that CLM are far more powerful tools which allow for optimal exploitation of
capture—mark-recapture data. This method allows the identification of the variation
patterns of demographic parameters and to link them to life-history traits; further-
more it gives more precise estimates of these crucial input parameters for the mod-
elling of population trends and population viability analysis.

Schtickzelle N, Baguette M, Le Boulengé E. 2003. Modélisation de la démographie chez les
insectes a partir de données de capture—recapture : comparaison entre les modeles linéai-
res sous contraintes et la méthode analytique de Jolly—Seber. The Canadian Entomolo-
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Résumé—Les entomologistes utilisent traditionnellement la méthode analytique de
Jolly—Seber (JSAM) pour estimer les parametres démographiques a partir de don-
nées de capture—marquage-recapture alors que des approches plus puissantes
comme les modeles linéaires sous contraintes (CLM) ont été développées et sont
couramment appliquées avec succes aux vertébrés. Les parametres démographiques
(survie, piégeabilité, recrutement, taille de population et sex ratio) d’une population
subdivisée du nacré de la bistorte, Proclossiana eunomia (Esp.) (Lepidoptera :
Nymphalidae), ont été estimés par CLM sur base de captures journalieres des ima-
gos durant 11 générations annuelles (1992-2002). La comparaison de ces résultats
avec ceux obtenus sur les méme données par JSSAM souligne que CLM représente
un outil nettement plus puissant permettant une exploitation optimale des données
de capture—marquage-recapture. En effet, cette méthode permet d’identifier les pa-
trons de variation des parametres démographiques et de les relier a des traits
d’histoire de vie; de plus, elle donne des estimations plus précises de ces parametres
cruciaux pour la modélisation des trajectoires de population et I’analyse de viabilité
de population.

Introduction

The capture—mark—recapture (also known as mark-release-recapture) method is
frequently used for estimating population demography (death and birth rates, population

1 Corresponding author (e-mail: schtickzelle@ecol.ucl.ac.be).
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size, and sex ratio) in natural environments (Schwarz and Seber 1999 and references
therein); for insects and notably butterflies, it is often the only way of collecting such
information because they cannot be followed individually as can birds or mammals.
This information on demographic parameters, especially the precision with which they
are estimated, is of prime importance for modelling population trends in the context of
population viability analysis (Beissinger and McCullough 2002).

Entomologists, specially those working on butterflies, traditionally use the Jolly—
Seber analytical method (hereinafter JSAM) (Jolly 1965; Seber 1965) to analyse capture—
mark-recapture data. This method has indeed been widely disseminated in general
methodological textbooks in the past and present (e.g., Southwood 1978; it is referred to
as “the method of choice for open populations” in Greenwood 1996: 32; Krebs 2000).
Although more powerful approaches like the constrained linear models (hereinafter
CLM?) have been developed and are commonly and successfully applied notably to
birds (e.g., Hestbeck et al. 1991; Spendelow et al. 1995) and mammals (e.g., Nichols et
al. 1994; Coffman et al. 2001), entomologists continue to use JSAM (e.g., Gutierrez et
al. 1999; Bergman 2001; Leisnham and Jamieson 2002) probably because it is easy to
use (but see Begon 1983) and CLM are not yet well known by insect biologists.

Schtickzelle et al. (2002) used the CLM methodology to estimate adult demo-
graphic parameters of the Bog Fritillary butterfly, Proclossiana eunomia (Esp.)
(Lepidoptera: Nymphalidae). This butterfly is an endangered species in Western Europe
because its habitat is strongly fragmented at the landscape scale. In the framework of a
population viability analysis, we analysed capture—mark-recapture data to infer reliable
demographic parameter estimates.

Using this case study, we aim at convincing field biologists analysing capture—
recapture data to rely on model selection procedures (CLM) to explore demographic pa-
rameters and their sources of variations instead of applying methods such as the JSAM.
For that purpose, we give a short overview of CLM methodology and of its main differ-
ences with JSAM, and using our data on the Bog Fritillary butterfly, illustrate the differ-
ences between the two methods. Our aim is not to provide a complete picture of
capture—mark-recapture data analysis using CLM, but rather to make the reader aware
of the existence of the CLM methodology and of its possibilities.

Materials and methods

The species

The Bog Fritillary is a glacial relict species inhabiting unfertilized wet hay mead-
ows and peat bogs in which grows the Bistort, Polygonum bistorta L. (Polygonaceae),
which is the sole food plant of both larvae and adults. In Belgium, this seminatural hab-
itat is restricted to the banks of some rivers and to peat bogs in the Ardenne region
(Neve et al. 1996), where it becomes more and more fragmented as meadows are
drained, pastured, and (or) planted with Norway spruce, Picea abies (L.) Karst
(Pinaceae), thus increasing the threat on P. eunomia. For this reason, the Bog Fritillary
is a vulnerable species in Western Europe and is protected in Belgium (Goffart er al.
1992). Therefore, suitable conservation measures should be defined, which implies the
building of a population viability analysis model for which precise estimates of key de-
mographic parameters are needed.

2 There is no generic acronym for the constrained linear models. The choice and name of the specific model is typically
based on the type of capture—recapture data available.

https://doi.org/10.4039/n02-045 Published online by Cambridge University Press


https://doi.org/10.4039/n02-045

Volume 135 THE CANADIAN ENTOMOLOGIST 315

Capture-mark-recapture data collection

The study area (named the Prés de la Lienne; southern Belgium, about 50°18’N,
5°49’E; altitude: approximately 350 m) consists of a network of suitable habitat patches
spread along the Lienne River (9 patches totalling 2.3 ha in 2002). It supports a single
patchy population, which forms the core area of a metapopulation system (Baguette and
Neve 1994; Neve et al. 1996; Petit et al. 2001). The Prés de la Lienne population of
P. eunomia imagoes was monitored by capture—mark-recapture from 1992 to 2002.
During the entire flight period (end of May to end of June), all the patches were visited
daily (weather permitting) and every encountered imago was individually marked with a
thin-point permanent pen and immediately released. For each (re)capture, the following
data were recorded: tag number, sex, age (estimated by the wear of the wing), date and
hour, patch, and behaviour.

Proclossiana eunomia is a univoltine species without generation overlap (no indi-
vidual survives from one year to the next), thus datasets collected in different years (i.e.,
different generations) may be considered repetitions through time of the same pro-
cesses. Consequently, these 11 datasets were analysed separately with the same strategy.

JSAM

JSAM is the outcome of statistical developments by Cormack (Cormack 1964),
Jolly (Jolly 1965), and Seber (Seber 1965). It allows the estimation of survival, capture,
and recruitment rates and population size from capture—-mark-recapture data. JSAM es-
timates a separate parameter value (for survival, capture, and recruitment rates) for each
time step (i.e., a time effect), but it does not allow the direct estimation of a group ef-
fect; if some groups of individuals differ in terms of demographic parameters, it is nec-
essary to apply JSAM separately on each group. Variants of this method have been
developed (reviewed in Pollock et al. 1990) to constrain for instance the survival rate to
1 (no mortality, i.e., birth-only model) or to be a constant value through time (Jolly—
Dickson models; see for example Arnason ef al. 1998); these variants are not the sub-
ject of the present comparison, as they are not widely used and are in fact ad hoc modi-
fications of JSAM, which can be viewed in some way as precursors of model selection
procedures only fully developed in CLM. JSAM is said to have analytical solutions be-
cause algebraic formulas are available to obtain estimates of these parameters, which
was of great interest prior to the widespread availability of personal computers and nu-
merical optimization algorithms; this is probably a major reason for its large success in
the past 30 years.

In the present analysis, we used the full (birth and death) JSAM with bias correc-
tion for small sample sizes as implemented in the POPAN-5 software (Arnason et al.
1998). The estimate of the total population size (number of different individuals present
at some time during the flight period), not directly available with JSAM, was computed
according to a modified version of JSAM (Schwarz et al. 1993).

CLM

Since 1985 (Clobert and Lebreton 1985), a new approach to obtain demographic
estimates from capture—mark-recapture data has been developed; CLM represent the
application of linear models to the specific case of capture—mark-recapture data
(Burnham et al. 1987; Pollock et al. 1990; Lebreton et al. 1992; Schwarz and Arnason
1996; Schwarz and Seber 1999; Pollock 2000; Schwarz 2001; Cooch and White 2002).
This was made easier with advances in computer technology and the associated possi-
bility of using methods with nonanalytical solutions through numerical optimization.
Since the beginning, capture—mark—recapture methods have been largely enhanced and
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extended to cover a wide variety of capture—-mark-recapture data types, including dead
recoveries, telemetry data, etc. (Cooch and White 2002 and references therein). For
live-recapture data, CLM fit into two categories according to the way first captures of
individuals are treated: (1) Cormack—Jolly—Seber models treat first captures as uninfor-
mative constants, and therefore depend on (and allow the estimate of) survival and cap-
ture rates, whereas (2) Jolly—Seber models treat first captures as random variables that
provide information on population size; they also include (and allow the estimate of) re-
cruitment rate, which is used to estimate population size. The general methodology con-
sists of, exactly as in standard linear regression, the creation of a set of candidate
regression models for predicting the demographic parameters (response variables) as a
function of factors that the user believes influence them and for which data are avail-
able. Among these candidate models, the analysis will select the one that is best sup-
ported by the data. This regression method is more flexible and more powerful than
previous analysis methods; through model selection, it is possible to (i) test hypotheses
concerning factors influencing demography and (if) gain precision in estimates via
model simplification by removing factors not supported by the data. “The goal in model
selection is to identify a biologically meaningful model that explains the significant
variability in the data but excludes unnecessary parameters (Occam’s razor) (...)”
(Lebreton er al. 1992: 80); this is the principle of parsimony, which recognizes the im-
portance of a trade-off between the bias resulting from the use of an overly simple
model versus the lack of precision resulting from the use of an overly general model.
Consequently, the test of factors having a significant effect on demographic parameters
is directly associated with parameter estimation; the best model gives the significant
factors and the parameter estimates.

The best model is selected from a set of candidates by way of Akaike’s informa-
tion criterion corrected for small sample sizes (AIC,): the lower the AIC, value the
better the model is supported by the data. Models differing in AIC, value from the best
model by less than two units are substantially supported by the data. For a general re-
view of model selection, in a broader context than CLM, see Burnham and Anderson
(1998) and references therein. Details on the application of the CLM methodology to
the present data on the Bog Fritillary, including the candidate models tested and all se-
lection results, can be found in Schtickzelle er al. (2002).

Results and discussion

Eleven years of capture—mark—recapture data total 6666 captures (2178 females,
4488 males) of 3050 imagoes (1275 females, 1775 males). Yearly numbers of marked
imagoes range from 42 to 343 females and from 36 to 295 males, during 6-25 sample
times. To our knowledge, this constitutes one of the largest and most long-term
capture—mark-recapture datasets ever collected on butterflies.

Male P. eunomia have a lower survival rate but are easier to catch than females,
owing to behavioural differences (Baguette ef al. 1998; Schtickzelle et al. 2002); thus,
estimates with JSAM were obtained for each sex, and several models with sex and time
effects were tested with CLM.

Comparison of results between CLM and JSAM is about (i) intra-annual dynam-
ics, which is the daily estimates of individual (survival and catchability) and population
(recruitment rate and population size) parameters, and (ii) inter-annual dynamics, which
is the global estimates of population size and sex ratio over the whole flight period. For
intra-annual dynamics (daily estimates), we have chosen to present only results for two
generations (1994 and 1996), but the same conclusions can be drawn from the other
years. These two generations have been chosen because they have the highest (1994)
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and smallest (1996) number of sample times, respectively, which can influence the sim-
plifications achieved in the best CLM.

Intra-annual dynamics (daily estimates)

JSAM imposes a rigid and usually overparameterised model whereby the time
variation of the three demographic components (survival, capture, and recruitment
rates), associated with separate group analysis, corresponds to a time X group interaction
model. In contrast, the CLM methodology allows (i) for the identification of patterns of
demographic parameter variations and to link them to life-history traits and (ii) for a
simplification of the model that leads to more precise estimates.

For illustration of the first difference between methods (identification of patterns),
we summarize the conclusions of model selection with CLM (details can be found in
Schtickzelle et al. 2002). For almost all generations, CLM show that (i) survival is
lower for males and decreases linearly during the flight period; (ii) catchability is lower
in females and changes from day to day; (iii) recruitment rate follows a parabola for
each sex. These effects are consistent with the following life-history traits of P. eunomia
(Baguette et al. 1998; Schtickzelle et al. 2002; Schtickzelle 2003): (i) lower survival
and higher catchability for males are consequences of differences in mate-locating be-
haviour (i.e., males are constantly patrolling in search of females, whereas females
spend most of their life in the vegetation in search of oviposition sites); (i) the linear
decrease of survival during the flight season is probably related to the senescence or
vanishing food supply; (iii) weather conditions and changes in catch effort are responsi-
ble for daily variations in catchability; and (iv) parabolic recruitment is expected in spe-
cies with discrete generations, whereas protandry (e.g., Wiklund and Fagerstrom 1977)
explains why males and females present shifted recruitment curves. Apart from the dif-
ference between sexes, which was tested prior to applying JSAM (tests 2 and 3;
Burnham er al. 1987), none of these effects could have been detected with JSAM, as
this method does not provide tests of factors. Consequently, a lot of valuable informa-
tion contained in the data would not have been exploited, despite important investments
usually put in capture—mark-recapture field data collection.

The second difference between these methods lies in the precision of the esti-
mates. Due to its large number of parameters, JSAM in general gives highly variable
daily estimates with large confidence intervals, several presenting a confidence interval
covering all the range of possible values (0—1). This illustrates the way both methods
handle the trade-off between bias and precision underlying the principle of parsimony:
whereas JSAM automatically sacrifices precision for a low bias, CLM allow one to
find, through model selection based on statistical theory, which simplifications can be
made in the model to increase the precision of the estimated parameters without signifi-
cantly increasing the bias. We illustrate this gain in the precision of estimates on two
datasets: the 1994 generation (Fig. 1a) and the 1996 generation (Fig. 1b). Because of
the inverse proportional relationship between the number of parameters and their preci-
sion, a general comparison of the numbers of parameters estimated with each method
(Table 1) is another obvious way to appreciate the gain in precision.

FiGURE 1. Comparison between daily estimates (with 95% confidence intervals when available) of
demographic parameters obtained with the constrained linear models (solid symbols) and the Jolly-
Seber analytical method (open symbols) for the 1994 (a) and 1996 (b) generations of Proclossiana
eunomia. The smaller confidence intervals of the constrained linear models indicate a gain in
precision. Recruitment and population size are given in numbers of individuals.
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TABLE 1. Comparison of number of parameters to be estimated for each
generation with the Jolly—Seber analytical method (JSAM) and the most
parsimonious constrained linear models (CLM).

No. of parameters

Generation No. of sample times JSAM CLM
1992 15 67 25
1993 20 81 44
1994 25 119 35
1995 17 71 25
1996 11 49 12
1997 16 76 27
1998 6 17 17
1999 17 81 24
2000 14 67 24
2001 15 73 9
2002 11 49 20
71 o ——CLM Females —0— CLM Males —O— CLM Total
1250 - B JSAM Females O JSAM Males o JSAM Total
1000 A
o 4
N |
[7)] .
g 4
= 750 A
E ]
> ]
o
o 4
o 4
_.g 500 A
= _
250 +
0 T T T T T T T T T T T

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

Year
FiGURE 2. Total population size of Proclossiana eunomia (with 95% confidence intervals when
available) calculated over the entire flight period (in number of individuals).
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FIGURE 3. Sex ratio of Proclossiana eunomia (total female population size divided by total male
population size). “Balanced” indicates an equal number of males and females.

Inter-annual dynamics (estimates over all the flight periods)

As in many insect populations, the total population size varies greatly between
years for both sexes (Fig. 2), owing to weather conditions and density dependence asso-
ciated with parasitoids (Schtickzelle et al. 2002). Two conclusions are reached from the
comparison of estimation methods. (1) JSAM does not provide a direct estimate, only a
modified JSAM does, such as the one we used here (Schwarz et al. 1993). (2) JSAM
tends to give a higher estimate of the total population size than CLM, except for
datasets with few (re)captures (1998 and 2001) where it seems to be the reverse but for
which results should be interpreted with much caution. Overestimating the population
size is a particularly dangerous error in a conservation context. But, even if this second
conclusion seems to be confirmed by analyses on capture—mark-recapture datasets of
the Cranberry Fritillary [Boloria aquilonaris Stichel (Lepidoptera: Nymphalidae)] (N
Schtickzelle, unpublished data), the generality of this statement is unknown because it
has not yet been reported in the literature.

Because of protandry, the operational sex ratio changes during the flight season,
from 100% male at the beginning to 100% female at the end. Nevertheless, the global
sex ratio (defined here as the ratio between female and male total population sizes)
computed from CLM estimates reveals that the population globally contains fewer fe-
males than males (Fig. 3). The sex ratio calculated on the basis of JSAM total popula-
tion size estimates is much more variable between years and the deviation from the
balanced sex ratio observed with CLM does not appear. When the marking effort is
high (which is the case in the present study), the sex ratio on marking should reflect the
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real sex ratio despite differences in catchability between the sexes. The CLM sex-ratio
estimates are always closer to this sex ratio on marking than are the JSAM estimates.

Conclusion

Obtaining high-quality estimates of demographic parameters is often vital for
modelling population trends, notably in the framework of population viability analysis.
JSAM has been a major innovation in estimating demographic parameters from
capture—mark-recapture data and has consequently been used extensively with good
reason by entomologists. Nevertheless, new methods like CLM have been developed
more recently, which allows a far more in-depth analysis. The comparison of results
between CLM and JSAM clearly shows that CLM represent far more powerful tools,
giving more reliable and more precise estimates of demographic parameters, and allow-
ing the linking of patterns in their variations to life-history traits. We therefore advocate
that it is time for entomologists to follow ornithologists, mammalogists, and ichthyolo-
gists in using the power of CLM in analysing their capture—mark-recapture datasets.
The already old statement by Pollock et al. (1990: 8) is still relevant: “Studying natural
populations and conducting manipulative field experiments often are extremely expen-
sive of time and effort. We believe that the data analysis associated with such field ef-
forts deserves far greater attention than it often receives.”
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