MAXIMUM LIKELIHOOD ESTIMATES OF TAG LOSS IN
LEATHERBACK SEA TURTLES

PHILIPPE RIVALAN, Laboratoire d’Ecologie, Systématique et Evolution. Université Paris Sud, ENGREF et CNRS, UMR 8079,
Béatiment 362, 91405 Orsay Cedex, France

MATTHEW H. GODFREY, Laboratoire d’Ecologie, Systématique et Evolution. Université Paris Sud, ENGREF et CNRS, UMR
8079, Batiment 362, 91405 Orsay Cedex, France

ANNE-CAROLINE PREVOT-JULLIARD, Laboratoire d’Ecologie, Systématique et Evolution. Université Paris Sud, INRA,
ENGREF et CNRS, UMR 8079, Batiment 362, 91405 Orsay Cedex, France

MARC GIRONDOT 2 Laboratoire d’Ecologie, Systématique et Evolution. Université Paris Sud, ENGREF et CNRS, UMR 8079,
Béatiment 362, 91405 Orsay Cedex, France

Abstract: Leatherback sea turtles (Dermochelys coriacea) nesting in French Guiana have been the focus of a long-term
monitoring and metal flipper-tagging program and were subjected to a double-tagging experiment starting in
1994. We developed a new method to estimate the rate of tag loss based on the number of days at liberty after tag-
ging, using maximum likelihood function fitting. Metal tag loss in leatherback sea turtles is characterized by a high
rate of loss just after tagging (>30% of turtles lose at least 1 tag within a year) and is followed by higher retention
over a longer time period. Using additional data from permanent internal tags that were subsequently applied to
turtles in French Guiana, we have shown that the rate of loss of the second metal tag was higher than that of the
first metal tag. More accurate estimates of tag loss rates are essential for correctly generating demographic para-
meters from Capture-Mark—-Recapture (CMR) analyses. We have developed a software package to facilitate the use
of these models by others researchers in estimating tag loss.
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In wildlife studies, individual identification by
way of external markers or tags is commonly used
to provide information about demography, life
history parameters, and behavior. The ability to
recognize individuals is essential in CMR experi-
ments that consist of releasing 1 or several groups
of marked individuals and following them over
time. The assessment of demographic parame-
ters, such as survival rate or population size, is
then based on the number of animals recovered
with markers (see Pollock et al. 1990 for models
review). In CMR models, individuals that have
lost their tags are no longer recognizable and are
indistinguishable from dead individuals. There-
fore, tag loss can lead to biased estimates under
CMR models (Arnason and Mills 1981, Seber
1982, Nichols and Hines 1993).

Tag loss has been quantified using double-tag-
ging experiments that consist of releasing and
subsequently monitoring 1 or several groups of
double-tagged animals (Nichols et al. 1992). In
the case of double-tagging with 2 temporary tags,
1 of the earliest models evaluated the tag reten-
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tion rate (K)) for time interval ¢ from the propor-
tion of animals that were recovered with 1 (7))
and 2 (r;) tags (Seber 1982):

2 % Ty

K = 1
Lor,+2xry, )

When several double-tagged groups were con-
sidered together, this formula provided a time-
dependent tag loss rate, whereas it was expected
to depend on the age of the tag. Moreover, this
formula assumed that the rate of loss was inde-
pendent for both tags (i.e., that losing 1 tag did
not affect the probability of losing the second
tag). This assumption was found to be incorrect
by Siniff and Ralls (1991) for sea otters, Diefen-
bach and Alt (1998) for black bears, and Brad-
shaw et al. (2000) for pinnipeds. Double-tagging
experiments can be conducted for shorter peri-
ods relative to CMR studies. In this case, the rate
of tag loss estimated by equation 1 only provided
discrete rates of tag loss that cannot be easily
extrapolated to the end of the CMR study.
Recently, new methods have addressed some of
these limitations. Diefenbach and Alt (1998) pro-
posed a method that tested the independence of
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tag loss probabilities of the 2 tags. The cumula-
tive probability that a tag was lost after a time ¢in
individuals with 1 or 2 tags were modeled as logis-
tic functions of time. Data were grouped by annu-
al recaptures of animals with zero, 1, or 2 tags.
When tag loss occurred between 2 capture
events, the tag loss was arbitrarily dated to the
time of the last capture with the corresponding
tag (Diefenbach and Alt 1998). This overestimat-
ed the tag loss probability because it assumed the
maximum possible time the tag was lost, when in
fact the tag could have been lost at any time
between the last time the individual was observed
with the tag and the first time it was observed
without it. In addition, the time spent between
capture events (i.e., time at liberty) was pooled,
requiring an assumption of a constant mortality
rate that likely introduced some bias in the esti-
mates (Xiao 1996).

Pistorius et al. (2000) proposed a continuous
model for the probability of tag loss with an esti-
mate of the instantaneous rate of loss of a single
tag. This model resolved some problems encoun-
tered with the model of Dienfenbach and Alt
(1998), but it was limited because it considered
only functions with analytical integrals such as
linear functions. Data from different tagging
studies suggested nonlinear rates of change in
tag loss. For instance, Chevalier and Girondot
(1999) observed after tagging leatherback sea
turtles initial high rates of tag loss that then sta-
bilized after a certain period. To circumvent this
limitation, Pistorius et al. (2000) divided the
recapture data into 2 categories: type A described
the tag loss during the time from initial capture
to the first resighting of the individual, and type
B described the tag loss at all times after the first
recapture event. Different functions were fitted
for type A and B categories of tag loss. A limita-
tion of this classification is that the time during
which a tag was classified as type A varied with
individuals, and thus, it was dependent on the
recapture probability but not on the tag itself.
Additionally, the linear function used in the Pis-
torius et al. (2000) study is inappropriate in cases
when extrapolation is required because it does
not ensure that the probability always remained
between zero and 1. Finally, both methods lack
available software to facilitate use of these models
by othes researchers.

We propose an integrative model of tag loss
that reveals temporal patterns of tag loss from a
double-tagging experiment data. This method
provides an estimate of quasi-continuous tag loss
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probability and tests for several tag shedding
modalities (e.g., constancy over time, time-linear
loss) using a newly developed function to
describe tag loss. Moreover, our study population
of leatherback turtles included some double-
tagged individuals that also had an internal per-
manent marker (Passive Integrated Transpon-
ders [PIT] tags), independent of the external
metal tags. Therefore, we were able to estimate 2
different rates of tag loss (from 2 tags to 1 tag and
from1 tag to zero tags) and, consequently, to test
for tag loss dependency. We based this individual-
focused approach on the number of days that
each animal kept its tags. Subsequently, we
assessed the tag loss probability that provided the
most likely description of the data (i.e., possible
days of loss) by the maximum likelihood method.
We applied this method to leatherback sea turtles
nesting in French Guiana. The model presented
required double-tagged individuals, some of
which also had a permanent tag. We then applied
the derived function of tag loss to other cohorts
only identified with nonpermanent tags.

METHODS

Tagging and Recapture of Leatherback
Sea Turtles

French Guiana is one of the principal nesting
grounds for leatherback sea turtles worldwide
(Girondot and Fretey 1996). Leatherbacks nest
all along the French Guiana coast, with the high-
est density found within the Amana Natural
Reserve at Awa:la-Ya:lima:po beach.

In 1994 on Awa:la-Ya:lima:po beach, conserva-
tion workers placed 2 self-piercing, numbered
Monel tags, style 41005 size 49 (National Band
and Tag, Newport, Kentucky, USA) on the rear
flippers of 2,053 leatherbacks. From 1995 to 2000,
conservation workers have also permanently
marked leatherbacks with an ID-100 PIT tag
(Trovan Euroid, Courbevoie, France). This small
(14 x 2 mm diameter), glass-encased microchip
was injected into the turtle’s right shoulder mus-
cle and read with a portable, battery-powered
scanner (Dutton and Mac Donald 1994). Among
the females that were double-tagged in 1994, 41
were also PIT-tagged during the following years.

From 1994 to 2000, conservation workers on
Awa:la-Yalima:po beach surveyed for turtles near-
ly every night during the main nesting season
(mid-Apr to mid-Aug). They recorded tag infor-
mation and the number of tags remaining on
leatherback’s flippers for each observation and
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Table 1. Tag loss histories of leatherbacks sea turtles tagged in
1994 within the Amana Natural Reserve at Awa:la-Ya:lima:po
beach, French Guiana.

Tagged Tag histories (see Fig.1)
females A B C D E
2053 760 925 327 41

identified PIT tags using scanners (see summary
in Table 1). Among the 2,053 double-tagged tur-
tles in 1994 (Table 1), 760 turtles (37%) were
never observed after the initial tagging. However,
55 % £ 4.8% (SE) of PIT (permanent) tagged
females marked yearly from 1995 to 2001 were
also seen only once (on the day of application),
despite a retention rate assumed to be close to
100% (McDonald and Dutton 1996). As there is
likely to be no difference in the effect of PIT or
Monel tags on turtle survival, we conclude that
the 37% of individuals not seen after the Monel
double-tagging was not a result of rapid tag loss.
Consequently, excluding these individuals from
our calculation should not have affected our esti-
mates of tag loss.

Describing the Daily Tag Loss Rate Function

We considered a function describing the time-
dependent daily probability of tag loss, p(?),
based on a logistic equation but with a parameter
called min, that allowed the daily tag loss to con-
verge to an asymptotic daily tag loss value # zero:

a .
p() =1 o< @-n *mn )

where a; and ¢ are fitted model parameters.

However, the rate of tag loss can increase over
the long term, a phenomenon called tag senes-
cence (Chevalier and Girondot 1999). To allow
min, to change over time, we defined it as another
logistic function to ensure that the resulting p(t)
value remained between 0-1:

1 - min,

A3)

M=y x (4 - )

where a, and a; are fitted model parameters.

We defined the daily probability of loss of the
second tag given that the first tag was already lost,
£7(#), identically except with corresponding para-
meters a, to a. The rate of daily tag loss esti-
mated in this way encompassed a wide variety of
forms from a constant rate of tag loss to a 2-step
function (Fig.1).
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Assessing the Likelihood of Tag Loss Histories

We assumed that an individual was tagged with
2 identical temporary tags and a permanent tag
(tattoo or PIT tag) on day zero. Five histories
were possible for this individual (Fig. 2): (1) We
never subsequently observed the individual after
initial capture and hence we could not include it
in the estimates of tag loss; (2) We subsequently
observed the individual with its 2 tags always
intact and hence we calculated the minimum
number of days that the individual kept the 2 tags
(Ny,); (3) We subsequently observed the turtle
once with 2 tags and later with only 1 tag, hence
we calculated sz, the length of the interval dur-
ing which I tag was lost (N,;), and the minimum
number of days that the second tag remained
(N1); (4) We subsequently observed the individ-
ual with 2 tags, then with only 1 tag, and at the
end of the study without any tags, hence we cal-
culated N,,, N,;, Nj;, and the length of the inter-
val during which the last tag was lost (N); (5)
We subsequently observed the turtle with 2 tags
and then with no tags (but was still identifiable
with its permanent PIT tag), hence we calculated
N,, and the number of days between the last
observation with 2 tags and the first observation
without any external tags (Ny).

Based on the probability, p({), of losing the first
tag at day £ and the probability, p*(¢), of losing
the second tag at day ¢ (Appendix A), we calcu-
lated the individual likelihood for each tag loss
history. We correctly estimated the probability of
losing the first tag, p(f), during the entire experi-
ment. On the other hand, we were able to identi-
fy the transition from 1 to zero tags, p"(f), only
after the application of the permanent tag (i.e.,
1,414 days after the beginning of the double-tag-
ging experiment). We maximized the sum of the
individual log-likelihoods over the model para-
meter values a; and a* (i from zero to 4) by using
the downhill simplex method (Nelder and Mead
1965) as implemented in Numerical Recipies
(Press et al. 1992) followed by a steepest descent
gradient search (Greenstadt 1967). We estimated
the standard error for the parameters using the
delta method, a standard procedure to estimate
the variance of a function about a point (Rice
1995). When we applied this procedure to the
error in the location of a point, it was directly
related to the uncertainty in the model regarding
the position of the peak (mathematically repre-
sented by the standard error in the estimation of
the point where the first derivative was zero). The
error was inversely related to the value of the sec-
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Fig. 1. Examples of tag loss patterns for several model parameterizations: (A) constant tag loss rate, (B) quasi-linear tag loss
rate over time — possibly due to tag loss heterogeneity, (C) 1-step function, null asymptote — rapid initial tag loss rate and remain-
ing tags not lost, (D) 1-step function, non null asymptote — rapid initial tag loss rate followed by a constant tag loss rate on a long
time scale, (E) 2-step decreasing function — rapid initial tag loss rate followed by a decreasing long-term tag loss rate possibly
due to heterogeneity, and (F) 2-step function up and down — rapid initial tag loss rate and long-term tag loss increasing possibly

due to tag senescence.

ond derivative about the minimum, and we
approximated the value using a second order poly-
nomial around the fitted value for each parame-
ter. For the maximum likelihood model, we calcu-
lated the confidence intervals of p(f) and p*(t) by
examining all possible combinations of the para-
meters varied by £2 standard errors and searching
for minimum and maximum p(#) and p*(¢) values.

We reduced the most general model (10 para-
meters) by assuming tag loss independence (p[{] =
p[1]) or by setting some parameters to constant
values (Fig. 1). We tested all pertinent combina-
tions of parameters involved in the modeling of
p(t) (i.e., 6 models; Fig.1). Because of a lack of data
prior to permanent PIT tag application (i.e., 1,414
days after the first day of double-tagging experi-

ment), we fit models in 2 stages. First, we used the
most complex model (5 parameters; Fig. 1 E , F) for
the p*(#) parameters together with all alternative
models for p(). We then constructed a second set
of models in which the parameters included in the
best model for p(¢) from the first stage of model
selection were assumed to be the same (but with
possibly different values) for modeling p*(¢), but
we nevertheless considered again all alternatives
for modeling p(t). We fitted the parameter values
of p(?) and p*(t) simultaneously, and model selec-
tion was repeated on this set of models.

We adopted the model selection strategy rec-
ommended by Burnham and Anderson (1998)
for selecting the best approximating model from
a set of candidate models based on the minimum
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Type of
History Number of tags retained and interval definitions
A 2 Never seen again
B 2 2 Never seen again
< Ny >
C 2 2 2 1 1 1 Never seen again
+—— Ny —»— N, —»p¢— N|| —>
D 2 2 0
— N —>— N, —>+— N, —>+—)) >
E 2 2 0 0
Capture and ) N i Nao -
resighting * /\ /\ /\ /\ /\ >
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Time after double tagging (days)

Fig. 2. Hypothetical tag loss histories during capture-mark—recapture experiment and associated time-intervals. Values indicate
the number of intact tags at each observation. Double-tagging occurred at t = 0 (solid triangle). Grey triangles on the time scale
correspond to capture and resighting occasions. Note that N,,, can only be calculated for history E.

Akaike’s Information Criteria (AIC; Akaike 1974).
If L was the maximum likelihood for a specific
model using n independently estimated model
parameters, then AIC = -2 In L+ 2n. We also com-
puted relative (normalized to sum to 1.0) Akaike
weights, w;, that measured the evidence support-
ing each model (Burnham and Anderson 1998).
We programmed the models in Realbasic 5.2.
TAG_LOSS, a computer software application, is
available for MacOS classic, MacOS X, as well as
for Windows (9x, Me and XP) at the URL:
http://www.ese.u-psud.fr/epc/conservation/
Tag_Loss/Tag_Loss.html.

Testing for the Quality of Fit by Computer
Simulations

We used the observed deviance for the selected
model based on AIC as a measure of the quality
of fit (Burnham and Anderson 1998). We com-
pared the observed deviance to computer simu-
lation generated deviances using conditions sim-
ilar to those observed in tagged leatherbacks in
French Guiana. In our simulation, we discarded
from analyses the 760 individuals seen only once
with 2 tags on the day of tagging (Fig. 2A)
because they provided no information about tag
loss. Consequently, we considered that a total of
1,293 individuals were double tagged and fol-
lowed for 2,569 days. Within this period, females
were resighted a mean of 1.3 times. Therefore,
we set the daily probability of being observed to

0.0005 (1.3/2,569). After the first recapture, we
raised this probability to 0.02 for the next 100
days to mimic the observation that females nest
several times during the nesting season. We then
lowered to zero the daily probability of being ob-
served for the next 600 days to mimic the obser-
vation that females nest, on average, every 2 years.
On day 1,400 of the simulation, we assumed that
40 permanent tags were applied. We first gener-
ated 10 replicate simulations using the software
TAG_LOSS, and we performed a model selection
based on AIC. In all 10 cases, the selected model
was the same one we used to generate data. We
then generated 89 replicate simulations using the
same procedure, and then parameters were fitted
using the model selected on the first 10 datasets.
We did not perform the complete model selec-
tion for these 89 replicates due to the high com-
puting time; instead we searched only for the
maximum likelihood of the parameters values.

RESULTS

Based on AIC, the model for p(¢) with only 3
parameters (8 total parameters, including the 5 for
£714) was the most strongly supported (w; = 58%,
Table 2). Under this model, the long-term daily tag
loss rate was constant. The 2 models with 5 para-
meters for p(?) received virtually all of the remain-
ing support. However, the global shape of p(¢) for
these 2 models was similar because in both cases @,
= 0. The 3 remaining models received essentially
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Table 2. Results of model fitting for model of first tag loss, p(f), in leatherback sea turtles in French Guiana (1994-2000). Sec-
ond tag loss, p'(f), was modeled with 5 parameters in every case (not shown).

Akaike

Model type Deviance df AIC AAIC  weights, w;

Model parameter estimates’

a, ay a, a, a,

One-step
function, non-
null asymptote
(Fig. 1D)

Two-step
decreasing
function
(Fig. 1E)

Two-step
function up
and down
(Fig. 1F)

One-step
function, null
asymptote
(Fig. 1C)

Quasi-linear tag
loss rate
(Fig. 1B)

Constant tag loss
rate (Fig. 1A)

6452.84 8 6468.84 0 0.68

6451.20 6471.20 236 0.21

6452.66 6472.66 3.81 0.10

6576.32 7 6590.32 121.74

6622.93 7 6636.93 168.09

6667.28 6 6679.28 210.43

2.88x10727

2.17x107%7

1.38x 10746

—5.43x102 -103.52 —a 5.62x1074

-6.80x102  -81.15 —2.20x10™% -6348.01 1.65x1073

-6.93x1072  -78.92 8.45x10™4 -16272.76 2.87x107*

-1.68x 1073 —4141.68

—3.77x 1074 5.00x1078

8.34x 1074

@ Fixed parameters are represented by dash (see Fig. 1 for details).

no support (Table 2); therefore, the data were
inconsistent with a constant tag loss rate (model A)
or a continuous decline in tag loss rate to 0.0 (mod-
els B, C). Only models with an initial decline in loss
rate and a long-term rate >0 were supported.
The most strongly supported model indicated
that the change in average daily rate of tag loss was
very rapid immediately after tag application; it
declined from 3.7 x 1073
+59x107* (SE) tags/day
028 x10#+1.9x 107
(SE) tags/day after 180
days, where it remained
stable thereafter. The fit-
ted model for p*(t)
showed a constant daily
tag loss rate after PIT tag
application (i.e., 1,414
days after the beginning

1E-02 4

1E-03 4}

tag loss for each tag on double-tagged animals were
not independent. An adequate model fit could not
be rejected when we compared the observed
deviance to the 99 simulated deviances (P=0.57).
Assuming that the shapes of p(#) and p(#) were
similar and therefore the shift between p(¢) and
p*(t) was constant over time (p*[t] = ple] +3.2x
107, we calculated the cumulative probabilities

of double-tagging experi-
ment). For this period,
we estimated p*(t) =6.0 x

1E-04

Tag loss rate (tags/day ; log10 scale)

104 £ 14 x 10* (SE)
tags/day. It was signifi-
cantly higher than p(/)

500

1000 1500 2000 2500

Time after double tagging (days)

(the confidence intervals
of +2 SE for p[#] and p'T1]
do not overlap; Fig. 3).
Therefore, the rates of

Fig. 3. Maximum likelihood model for first tag loss rate function, p(?) (thin line) and second
tag loss rate function, p'(f) (bold line) with their respective confidence intervals (+2 SE) in
dashed lines for the model most strongly supported by AIC for explaining the daily tag loss
rate in leatherback sea turtles in French Guiana (1994-2000). The model of p'(f) for t < 1414
could not be estimated.
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0.75 | Individuals retaining 0 tags

0.50 | Individuals
retaining
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Cumulative probability

Individuals retaining 2 tags

can be interpreted as an
indication of hetero-
geneity in the loss rate:
the tags that were more
subject to shedding were
initially lost, and the
remaining tags
probably well applied,
and hence their loss was
lower over time. The
long-term tag loss proba-
bility was constant but

were

T T T T T T T T T

1 2 3 4 5 6 7 8 9

Time since release with 2 tags (yrs)

Fig. 4. Estimated cumulative probabilities of individuals retaining 2, 1, or zero tags using the
best AIC model selected for data on leatherback sea turtles in French Guiana (1994-2000).

of the different kinds of individuals in the popu-
lation. Projections indicated that1 year after dou-
ble tagging only 70% of double-tagged individu-
als still had both tags and that 50% of
double-tagged individuals had lost both tags after
8 years (Fig. 4). A similar conclusion was reached
if we constrained p(t) = p*(t) just after the tagging
process (aO*: a; and a = a;) where the differ-
ence between 2 functions was due to a change of
the asymptote value (a,” # a,).

DISCUSSION

Tag loss for this species was dependent on the
age of the tag and on tag number (i.e., the prob-
ability of losing the second tag was different if the
individual had already lost 1 tag). The selected
model provided 2 tag loss probabilities: (1) prob-
ability, p(¢), of losing the first tag, and (2) proba-
bility, p*(#), of losing the second tag, given the
loss of the first. For p(?), 2 temporal components
were highlighted by the model: (1) a short term
tag loss, that occurred within 180 days after tag
application (called type A), and (2) a long-term
tag loss, that occurred from 180 days after tag
application (called type B, after Wetherall 1982).

For leatherback sea turtles in French Guiana,
the initial tag loss rate was very high, and the
probabilities of loss decreased rapidly immediate-
ly after application. Tag loss within such a short
time scale could have been due to tagging failure,
either caused by human error (i.e., improper
application) or mechanical error (i.e., failure of
the tag’s locking mechanism). The lower rate of

significantly different for
p() and p (1) (Fig. 2);
the rate of second-tag
loss was significantly
higher than for first-tag
loss. We lack informa-
tion on the first part of
$"(1) because permanent
PIT tags were applied only 1,414 days after the
beginning of double-tagging experiment.

For elephant seals Mirounga leonina, Pistorious
et al. (2000) observed an increase in tag loss over
a long period that could be due to the rapid
growth of the animal. For leatherback sea turtles,
our model did not highlight such an increase in
long-term tag loss, consistent with the slow
growth rate after sexual maturity in Chelonians
(Zug and Parham 1996). However, the lack of an
age effect could be due to the relatively small
sampling time compared to the potential longevi-
ty of leatherback sea turtles. Eckert and Eckert
(1989) suggested that the primary reason for flip-
per tag loss in leatherbacks in the U.S. Virgin
Islands was tissue necrosis. This hypothesis seems
to be consistent with the results provided by our
model; if tissue necrosis is a characteristic that is
differentially expressed by individuals in the pop-
ulation, it could explain the tag loss dependency
(illustrated by the dissimilarity in long-term pat-
terns of p[t] and p*[t] values). When an individ-
ual loses the first tag, the probability of loss of the
second tag is higher because tissue necrosis is a
characteristic of the individual marked with both
tags. Tag loss dependency, revealed here in
female leatherbacks tagged in French Guiana
and also shown previously for black bears (Ursus
americanus, Diefenbach and Alt 1998), sea otters
(Enhydra lutris; Siniff and Ralls 1991), and fur
seals (Arctocephalus forsteri; Bradshaw et al. 2000),
also could be caused by others factors, such as the
variable experience of field workers.

10 11 12 13 14 15
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MANAGEMENT IMPLICATIONS

Testing for tag loss and its modalities (time-
dependency and tag-dependency) should be the
first step in analyzing capture-recapture models.
If survival rate is under-estimated by misspecifica-
tion of tag-loss rate, population viability analysis
models (Caswell 2001 ) used to evaluate the status
of the population will bias management conclu-
sions because of the associated artificially inflated
extinction probability.

Tag loss should be estimated with methods
based on the exact time at liberty rather than
those based on pooled times at liberty. In marine
turtle studies, the use of estimates based on the
exact time at liberty is particularly important
because the temporal scales of demographic
parameters are large. Thus, an estimation of the
number of nests laid in 1 season (clutch frequen-
cy) requires the observation of an animal during
1 reproductive season, whereas the estimation of
inter-nesting interval requires the ability to
observe animals for several years. The flexibility
of our tag loss model design, expressed as a daily
probability of loss, increases the sensitivity to
short time scale tag loss phenomena but also pro-
vides long time scale extrapolation.
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APPENDIX A: TAG HISTORY PROBABILITIES

If the probabilities of tag loss on day ¢is p(#) and
£"(#) for first and second tags, respectively, then
the probability (Q,,) that an individual retained
both tags for at least N,, days is expressed as:

Ny

Q= [1(1- P x p" 0 =2p0x (1= p" (1)) (4)

(=1

During the interval N,;, the first tag was lost. Nev-
ertheless, the exact day of loss was not known and
can be any time from the first day of the N, inter-
val (N,, +1) to the last day (N,, + N,;). Let us
suppose that the first tag was lost at day d. The
probability that both tags are retained from day
(Ny, +1) until (d-1) was:

d-1

[T (1-pG)xp"()=2pG)x A= p" () (5)

JENp+l

The probability that only 1 tag was lost on a par-
ticular day d in this interval is 2 x p(d) x (I —
p*(d)). The probability of the remaining tag
being retained from the day (d +1) until (N,, +
N,;) was:
Ny +Ny .
IT (1-°G)) ©)

j=d+1

Therefore, the probability O, that only1 tag was
lost during the N,; interval while the second was
kept until the end of N, was the sum of these
probabilities during N, days:

Nap+Nay d-1 . .
I1 [1-:0-20,(1-1})]
d=Nsy+1 | j=Np+1

o NotNy R
<2p(1-py)x T1 (l—p‘;)} /’\’21

j=d+1
(1)

Q=

We know that the remaining tag was not lost in
the N}, interval, i.e. from the day (N,, + N,; +1)
to (N;, + Ny, + N};). This probability Q;; was:

Nyy+N, +Ny

a:= 1

J=Nyp+Ny +1

(1-#°G)) ®)

Note the special cases when d is the first or the
last day of interval N,;. In these respective cases,
the first product (equation 5) or the last (equa-
tion 6) must not be used.

And finally, the remaining tag has been lost dur-
ing the interval N, and the corresponding prob-
ability Q, was:

Nop+Np +Ny +Nyg d-1 . .
I1 (1 - I’j) X pu
j=Naypp+Ny +Nyp+l
i\lrlo

d=N7»y +Np + N +1

Qo=
)

The individual likelihood function, L; for indi-
vidual, 4, for tag loss history was therefore:
Li= Q% Qo x Qg x Qg (10)
If an interval was not known for an individual, the
corresponding Q value was not used for the esti-
mation of L; Note the particular case where an
individual was seen with 2 tags and then again
with zero tags but was still identifiable with its
permanent marker. The resulting equation was
simply a combination of the equations 7 and 9.



Note two typographical errors in the original text:

Equation 2
1 - min
p(t) = ‘— + min
14 @@= ‘
Equation 3
a
min, = ‘

(a,(ay -t))

l+e



