Chapter

Joint live encounter & dead recovery data

The first chapters in this book focussed on “typical” open population mark-recapture models, where
the probability of an individual being seen was defined by 2 parameters: the probability the animal
survived and the probability that an animal alive in state r at time i is alive and in state s at time
i + 1. In Chapter 8, we considered the situation where individuals are ‘found dead’ (or, recovered),
as opposed to encountered alive. In all cases, we model the probability of being encountered (either
alive or dead) as a function of underlying parameters. However, up until now, we’ve only considered
what we might call “either or” models - the marked individuals is either resighted alive, or it isn't.
The marked individual is found dead and reported, or it is not. And so forth.

However, clearly there can arise situations where one sort of encounter precludes (or determines or
otherwise affects) the probability of an encounter of another kind. The simplest example of this (and
the one we will focus on to begin this chapter) is the situation where an individual is found dead.
Clearly, if the individual is dead, then it cannot be subsequently resighted as a living individual - the
fact that it is dead precludes any other encounter process.

The technical issue (and the major theme of this chapter) is - “how do we use this extra information
in our analysis?” In fact, this “theme” of “using extra information” is currently an area of very active
research. As we will see, there are many situations in which data of various types (e.g., recoveries,
recaptures, telemetry) can be used simultaneously, to provide estimates of parameters that are not
estimable using only one source of data, to improve precision of parameter estimates beyond what
can be achieved using data from one source only, and to provide some “flexibility” in accommodating
encounter data which might have been collected “opportunistically” throughout the year. As we will
see, the basic ideas for using data from various sources are merely extensions to what we’ve already
discussed. Of course, the “fun” is in the details.

9.1. Combining live encounters and dead recoveries - first
steps. ..

In 1993, Ken Burnham of Colorado State University published a seminal paper outlining an approach
for combining dead recovery and live encounter data into a single analysis - we encourage you to read
the original text (K.P. Burnham - A theory for combined analysis of ring recovery and recapture data.
In ‘Marked Individuals in the Study of Bird Population” (J-D. Lebreton & P.M North Eds) - Birkhduser-
Verlag, Basel). Here, we summarize some of the basic results presented in Burnham (1993), and discuss
how the approach is implemented in program MARK.
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First, we need to identify the basic elements of where the two types of data differ, and where they
are the same. For both dead recoveries, and live encounters, there is some underlying probability that
the marked individual will survive over a specified time interval, and that there is some probability
that the marked individual will be encountered, either conditional on being alive and in the sample
at the end of the interval (in the case of a typical recapture analysis), or dead, recovered and reported
during the interval (in the case of a typical dead recovery analysis). Clearly, an individual cannot be
recaptured (or otherwise encountered) alive subsequent to being found and reported dead.

However, it is important to remember that the probability of recapture is conditional on (i) being
alive, and (ii) remaining in the sampling region (or, as you'll recall from earlier chapters - permanent
emigration and mortality are inexorably confounded in a standard recapture study). But what about
recoveries? Clearly, it might be reasonable to assume that an individual is equally like to be recovered
dead and reported regardless of whether it is in the sample or not. Of course, it is possible under
some circumstances that the probability of mortality (recovery) and being reported is dependent on
whether or not the marked individual is in or out of the sample area, but for now, we’ll assume that
the probability of recovery and reporting is independent of sampling location. In other words, we
assume that dead recoveries can occur - and be reported - from ‘anywhere’.

Given this assumption, then you might have already noted that the addition of recovery data to
our analysis gives us something we didn’t have before - the ability to separate ‘true” mortality from
‘apparent’ mortality. In simplest terms, in a ‘live-encounter” recapture study, the estimate of ¢ is an
estimate of a product of two different events: survival, and fidelity. More formally, we can write

¢i = SiF;

where S; is the probability of survival from (i) to (i+1), and F; is the probability of remaining in the
sample area (F for “fidelity”) between (i) and (i+1).

However, as we discussed in Chapter 8, S; can be estimated directly using analysis of data from
dead recoveries. As such, we could, in theory (and, as it turns out, in practice) derive an estimate
for F; given estimates for S; and ¢; (i.e. E = ¢i/S;). Of course, an ad hoc way to accomplish this
would be to run separate recovery and recapture analyses, and take the estimates from each and “do
some algebra”. However, such an ad hoc approach provides no means for estimating the precision
of the estimated fidelity parameter, nor the covariance of F; with the other parameters. Further, the
assumption of permanent emigration is not a prerequisite. The “location” of a live individual during
a capture occasion could be random with respect to whether or not it is in the sampling region
(and thus at risk of being captured). In this case, the parameter F; is the probability at time (i) that
the individual is at risk of capture given that it is alive, p; is the probability of capture given that
the individual is alive and in the sample (i.e., at risk of capture. What does this mean? Basically, it
means that under a ‘random’ emigration model, ¢; is the true survival probability (S;), and p; is the
product of F; and the traditional conditional capture probability. Questions concerning permanent
versus temporary emigration, availability for encounter, and so on, are treated more fully in Chapter
15 (which addresses the ‘robust design’). Here, we consider one particular approach to separately
estimating survival and fidelity.

9.1.1. Estimating fidelity rate, F;: some key assumptions. ..

The combined ‘live encounter-dead recovery’ approach originated with considerations of sampling
from harvested species. In such cases, the dead recoveries are assumed to occur over a spatial scale
that is larger than the scale over which live encounters occur. This is shown in the following diagram.
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The dark, smaller area is the area where the marking-live encounters occur. Dead recoveries occur
anywhere outside the dark area, but within the area bounded by the dotted line. The key, though,
is that the original assumption was that all the dead recoveries occur outside the area where live
encounters occur (i.e., outside the dark area, but within the dotted line). If this assumption is met,
and if emigration from the sampling area is permanent, then you can partition ¢ as the product of
true survival and fidelity, since in this case, all of the recoveries occur outside of the live encounter
sampling area.

Clearly, this is not always going to be the case - especially for non-game species. In such cases,
interpretation of the various parameters is not so simple, at least in some cases. If all dead recoveries
and live encounters occur in the same sampling area, then clearly realized fidelity F for the marked
sample is 1 - so, you can use the same approach, except you fix F=1. But, in general, you need to think
hard about what the parameters mean, and how the sampling assumptions (and whether or not they
are met) influence the interpretation of the parameter estimates.

9.2. Survival, fidelity and encounter probability: probability
structure

For now, we’ll assume that if an individual emigrates from the sampling area, it is a ‘permanent’
emigration, such that if the analysis were based entirely on recapture data, an emigrated individual
would appear ‘dead’. (Note: the situation when emigration from the sampling is not permanent,
but instead is temporary, is considered in Chapter 15, where we develop the ‘robust design’). How
would such a model be parameterized? Using the ‘fate-diagram’ graphical approach we have used in
previous chapters, consider that fate of a newly marked individual released alive into the population
- shown schematically at the top of the next page.

The fate of this individual is governed by several probabilities: S (the probability of surviving
the interval),  (the probability of being found dead and reported - the recovery probability using
the Seber parametrization discussed in Chapter 8), F (the probability of fidelity to the sampling
region - i.e., remaining in the sample. 1 — F is the probability of permanently emigrating), and p
(the probability of recapture, conditional on being alive and in the sampling region). Here is the
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‘fate diagram’ for the ‘permanent emigration’ model. Note that the sequencing of survival before
emigration is arbitrary - we could just as easily (and equivalently) place the fidelity ‘decision” first.
However, the ordering does affect how the probability expressions corresponding to a given encounter
history are written.

It is important to keep time-scale in mind when considering this diagram. First, recaptures occur
at (i), (i+1)...(i + n), while recoveries occur between (i), (i + 1)...(i + n). Second, the number of estimated
recapture-based or recovery-based parameters depends on when you end your study. You might
recall from Chapter 2 (‘data formatting’) that joint live-dead analysis uses the ‘LD’ encounter history
format, where the L refers to ‘live’ and D to ‘dead” encounters, respectively. Thus, a history of ‘1011’
refers to an individual marked and released on the first occasion, that survives the interval between
occasion 1 and occasion 2 (since it was subsequently encountered) and then recaptured at occasion
2 and recovered dead during the interval following occasion 2. The ‘LD’ format assumes that each
recapture occasion is followed by a recovery interval. If your study terminates with the final recapture
occasion, and you do not collect recovery data during the following interval, you need to ‘code the
terminal recovery column (the terminal ‘D’ column) as zero, and fix the recovery probability for this
interval to 0.

There are several important points to make here. First, the assumption that the terminal live en-
counter (recapture) occasion is followed by a period (interval) when the individual may be recovered
(i.e., encountered dead) means that for standard LD analyses where all parameters are fully time-
dependent, the number of parameters for survival (S) and recovery (r) will be one greater than
the number of parameters for fidelity (F) and recapture (p). So, the PIMs for survival and recovery
parameters will have one more column than will the PIMs for fidelity and recapture. The second point
concerns the structural equivalence of the Seber ‘S and r’ parametrization and the CJS parametrization
for live encounter studies (see Chapter 8). As such, you'll need to remember that, as with a CJS
analysis of live encounter data, although there are more S parameters than F parameters, the last S
is not estimable in a fully time specific model. Its presence is an artifact of modeling recoveries as
(1 — S)r (using the Seber convention) instead of as f (using the Brownie convention).

Consideration of the probability statements corresponding to various encounter histories will give
you a better idea of what is going on. In the table at the top of the next page, we indicate the history
in both LD format (using L and D to indicate live encounter or dead recovery, respectively), and the
actual binary (0 or 1) coding used in the input file. The LD format is easier to interpret until you get
used to this data type. Make sure you understand how to go from one format to the other (i.e., that
you see the connection between LD and binary). Each probability statement refers to a different path
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by which the encounter history could be realized, and assumes that survival occurs before the fidelity
‘decision’ (as shown in the fate diagram on the preceding page). The total probability of the particular
encounter history is the sum of the individual probabilities.

LD history binary history probability
LDOO 1100 (1—S81)r
LOLO 1010 S1F1p2Sa + S1F1pa(1—S2)(1 —17)
LOOD 1001 S1Fi(1—p2)(1—S2)ra+S1(1 — F)(1—S2)ra
LOLD 1011 S1Fipa(1—So)r
L000 1000 (1-8)A—-r)+S1h(—p2)So+S1FH(1—pa)(1 = S)(1— 1)

Take a moment to make sure you see where the probability statement comes from - they're clearly
more involved than those for recapture or recovery analyses alone. For example, consider history
1001” (corresponding to ‘LO0OD’). There are two ways this history could be achieved: the individual
clearly survives the first interval (since it is recovered during the second interval, but it could either
(1) remain in the sample, and not be seen at occasion 2, and then die and be recovered, or (2) leave
the sample area (after which p = 0 - it cannot be recaptured if it is outside the sample area), and then
die and be recovered. The key to remember is that (in theory) a dead recovery can occur whether the
individual is in the sample area or not - the same cannot be said for live encounters, which require
the marked individual be in the sampling region.

9.3. Combined recapture/recovery analysis in MARK: marked
as adult & young

We now address the more practical issue of using program MARK to simultaneously analyze dead
recovery and live encounter data. To demonstrate the mechanics, we simulated a data set (LD1.INP)
with the following structure. We assumed 2 age-classes (young, and adult), with the young age class
spanning the first year of life. Within an age class, parameter values were held constant over time
- any variation in the parameter values was among age classes. We assume that individuals are
marked as both young and as adults at each occasions (recall from Chapter 8 that we suggested that
for recovery analyses, we must at least mark adults as well as young. But what about for combined
recovery-recapture analyses? More on that later.). The parameter values used in simulating the data
set were:

ageclass S p r F
young 04 05 06 0.6
adult 08 05 06 09

Thus, in the simulated data set, younger individuals had lower survival (S, < S;), and were less
likely to remain in the sampling region during the first year of life (conditional on remaining alive;
F, < F,). Recapture and recovery probabilities were equal for both age classes. There were 8 “occasions’
in the simulated data set (where each ‘occasion’ consists of the recapture event followed by the full
year after the recapture event during which recoveries might occur), and 1500 individuals newly
marked and released in each age class on each occasion. The simulated data were constructed using
the “decision structure’ depicted in the figure shown earlier.
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Start MARK, and select the data file LD1.INP. We noted already that there were 8 occasions in the
data set. However, to remind ourselves about the somewhat different structure of an ‘LD’ data set,
let’s have a look at the INP file (shown below).

J LD1.inp - Notepad M=%

File Edit Format View Help
[L100000000000000 566 171; H

10711000000000000 13 7l;
1010110000000000
10710101100000000
1010101010110000
10710101010101010
1010101010100000
1010101010000010
1010101010000000
1010101000101100
1010101000101010
1010101000100000
1010101000010000
1010101000001010
10710101000000010
1010101000000001

NOONOQOWOOOMNWL
[= N SN EWTR N FTRE, NI N FTRT. J ¥T)

Again, given the LD data format, for 8 capture occasions, we have 8 corresponding intervals over
which recoveries can occur - thus, 16 columns in total. Each consecutive pair of values denotes the
encounter history for a given year ("11” - seen and recovered in the same year, ‘10" - seen but not
recovered in a given year, and ‘01’ - not seen but recovered in a given year). Note also that we have
two ‘groups’ individuals marked as young (first frequency column), and marked as adults (second
frequency column), respectively. For example, 7 individuals marked as young and 19 individuals
marked as adult had encounter history ‘1010101000000000.

Next, we need to pick the ‘Data Type’. The third item on the list in the model specification window
is ‘Both (Burnham)’. This is the one we’re after - both recaptures and recoveries, using the approach
first described by Ken Burnham. Go ahead and select this data type.

However, before proceeding, one important note: Burnham originally used the ‘classic’ Brownie
parametrization for the ‘recovery’ side of things - specifically, he used the Brownie parametrization
of survival (S) and recovery probability (f). Recall from Chapter 8 that under this parametrization,
recovery probability is defined as the product of the kill probability (K), the retrieval probability (c),
and the reporting probability (A) - in other words, f is the probability that the marked individual will
be shot (killed), the mark retrieved and then reported. You may also recall from Chapter 8 that MARK
also allows you to specify a rather different parametrization (or definition) for recovery probability (r,
rather than f), wherein

fi=ri(1=5))

For the joint analysis of dead recovery and live encounter data, MARK uses the Seber (‘S and r’)
parametrization (and not the Brownie parametrization originally used by Burnham), primarily to take
advantage of increased modeling flexibility this parametrization provides. It is important to keep this
in mind.

Once you've confirmed that you've set up the specifications for 8 occasions, two attribute groups
(marked as adults and marked as young), and have correctly selected the joint data type (Burnham),
click the “OK” button to continue. As usual, you're presented with the open PIM for the survival
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parameter (survival is always the first parameter MARK considers). To see the other parameters,
open up the PIM chart (shown below).

Parameter Index Matrix Chart: Both Live and Dead Encounters -- Burnham

Initial Renumber Open Parameter Index Matrix  Help

Close 1 3 6 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 b7 59

Parameter Index

Again, note immediately that the model is specified by 4 parameters (8 ‘blue’ boxes in total - 4
for marked as young, 4 for marked as adult). MARK indexes them starting with survival (S), then
recapture probability (p), then recovery probability (), and finally the fidelity parameter (F). As your
reading of previous chapters has hopefully made clear, it is essential to know the sequence that
MARK uses in ‘treating’ (indexing) the parameters in the model. Also, confirm that the number of
columns in the PIMs for F and p is one less than the number of columns for S and r - make sure you
understand why!

Since our purpose here is not to conduct a ‘real analysis’ (since the data are, after all, com-
pletely artificial), we’ll only run the ‘true’ model (under which the data were simulated) - model
{Sg,gz /. PrFe o /. }. Recall that the quickest way to accomplish this is to modify the PIM chart
directly. This is especially true in this case since the ‘age structure” we want to impose on the survival,
recovery and fidelity parameters is ‘constant’ (i.e., no temporal variation within age class). This is
easily accomplished by right-clicking each of the blue-boxes in the PIM chart (note also that if there
had been temporal variation within age class, we’d have to resort to modifying the PIM for each
parameter independently, outside the PIM chart - the right-click menu accessible through the PIM
chart only allows you to specify a ‘constant” age model).

Right-click each of the parameters we want to add age-structure to (S, r and F respectively, for
individuals marked as young) , and select 2 as the maximum age (since there are only 2 age classes -
young, spanning one year, and adult, spanning the rest of the years in the study). For the parameters
corresponding to individuals marked as adults, and for recapture rate for both age classes, we want a
constant value - right-click the ‘blue-box’ for these parameters and select constant. Also, for recapture,
make the recapture probability the same for both age classes by "stacking’ the boxes over each other.
Finally, note that survival and fidelity probabilities for ‘adults’ is the same, regardless of whether the
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individual was marked as young or adult. Thus, the blue box for ‘adult’ survival and fidelity should
overlap the corresponding parameter in the blue box for individuals marked as you. Then, somewhere
in the PIM chart, but not over one of the blue-boxes, right-click and select ‘renumber” with overlap -
remember that this eliminates ‘gaps” in the parameter indexing, but allows for overlapping for some
parameters. Your PIM chart should look like the following - make sure you see the correspondence
between this PIM chart and the true model:

Parameter Index Matrix Chart: Both Live and Dead Encounters -- Burnham

Initial Renumber Open Parameter Index Matrix  Help

Close. 1 2 3 4 L1 ]
Parameter Index

Go ahead and run this model, and add the results to the browser. Here are the parameter estimates
for this model (we’ve added a couple of blank lines to more logically highlight the respective
parameters).

&) mrk1546z.tmp - Notepad E]@
File Edit Format View Help
LDl - marked young and adult
Real Function Parameters of {test}
95% Confidence Interval

Parameter Estimate Standard Error Lower Upper

1:5 0.3915571 0.0070583 0.3778133 0.4054751

2:5 0.79459068 0. 0040304 0.7868942 0.8026936

3:p 0.5137561 0.0048175 0.5043101 0.5231924

4:r 0.5977567 0. 0060602 0.5858234 0.6095753
|

5:F 0.5773111 0.0138018 0.5500538 0. 6041055

6:F 0. 8811858 0.0052713 0. 8704534 0.8911352
< ?

Parameter 1 is the juvenile survival probability (i.e., age 0 — 1 year), for individuals marked
as juveniles (obviously!). Parameter 2 is the survival probability for adults (including individuals
marked as young, and as adults). Both estimates are very close to the "true’ values of 0.4 and 0.8,
respectively. Parameters 3 and 4 are the common recapture and recovery probabilities, which are
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also very close to the ‘true’ values of 0.5 and 0.6, respectively. Finally, parameters 5-6 are the fidelity
probabilities for juveniles and adults, and again, both are close to the ‘true’ fidelity probabilities of
0.6 and 0.9.

Obviously, the estimates are pretty close to what we expected (not surprising given these are
simulated data). However, while this is not particularly noteworthy in its own right, for comparison,
lets re-run these same data through MARK, using ‘recoveries only” and ‘recaptures only’. We can do
this by editing the LD1.INP file accordingly. Can you think of how we would do this? If you can, then
you clearly understand the LD data format. For the live encounters only analysis, you could either
(i) eliminate all the D columns, yielding an 8 occasion INP file, or (ii) you could simply make all of
the D columns have a 0 value (i.e., discarding all of the dead recovery data), and use a ‘multi-state
approach’, setting the probability of encounter in the ‘dead state” to 0. For this latter approach, we
treat dead recoveries as an ‘unobservable state’ (we cover multi-state models in Chapter 10).

What about for the ‘dead recoveries only” analysis? You may recall from Chapter 2 and Chapter
8, there are, in fact, two ways to code recovery data. The ‘classic’ approach is to use a recovery
matrix. However, while traditional, the recovery matrix ‘lumps’ individuals, and inhibits the ability to
constrain estimates as functions of individual covariates (discussed in a later chapter). The encounter
history format for recoveries only is also an LD format - except that all L’s after the initial marking
event are coded as 0 (check Chapter 2 to make sure you understand this).

For the live encounters only analysis, we fit model {¢,_s,.p.}, and for the dead recoveries only
model we fit model {Sg—aZ 1.} - using the non-Brownie (Seber) parametrization. Start with the
recaptures only analysis. The results for model {¢g_42,.p.} are shown below:

4 mrk7570z.tmp - Notepad =Jo&d

File Edit Format View Help

LD - formatted for recap only

Real Function Parameters of {phi(az -0./.)p(.0}
95% Confidence Interwval

Parameter Estimate Standard Error Lower Upper
1:Phi 0.2238412 0.0051294 0.2139485 0.2340551
2:Phi 0.6984793 0.0037275 0.6911236 0.7057345
I
3ip 0.5146282 0. 0049486 0.5049247 0.5243206
(<] 1l | (&

Hmmm. . .are these estimates right? The estimate of ¢y = 0.2238 doesn’t seem particularly close to
the value of Sy = 0.4 used in the simulation - is there a problem? No! The key is remembering that,
under the assumption of permanent emigration, ¢; = S;F;. In the simulation, F, = 0.6, and thus the
expectation for ¢, = S,F, = (0.4)(0.6) = 0.24, which is quite close to the estimated value of 0.2238.
Similarly, the estimate of ¢, = 0.6985, which is close to the expectation of ¢, = (0.8)(0.9) = 0.72. The
estimate for recapture probability (0.51) is close to the true parameter value (0.50).

Thus, as expected, a recaptures-only analysis provides robust estimates for apparent (or local)
survival (¢), and recapture rate. However, since permanent emigration and mortality are confounded
in a recaptures-only analysis, the estimate of ¢ represents only a minimum estimate of true survival,
and will generally be lower than the true survival probability (by a factor corresponding to the fidelity
rate). What about the recoveries-only analysis? Clearly, estimates of survival from a recoveries only
analysis are more accurate estimates of ‘true’ survival, since they deal directly with dead individuals
(i.e., are not confounded by emigration). For this example, where we have marked individuals as both
young and adults, we get the following estimates - we see they are essentially identical to the "true’
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values for both survival and recovery probabilities.

o mrk9169z.tmp - Notepad g@

File Edit Format View Help
| LD - dead anly

Real Function Parameters of {5(a2)p(.)}
95% Confidence Interval

Parameter Esztimate Standard Error Laower Upper
1:5 0. 3946910 0. 0086142 0.3779388 0.4116944
2:5 0. 79963852 0. 0052303 0. 7892369 0. 3097404
EH 0. 6049505 0. 0077346 0.5895950 0. 6201018
| I | [2]

9.4. Marked as young only: combining live encounters &
dead recoveries

As we discussed at length in Chapter 9, there are significant difficulties in recovery analysis with data
from individuals marked as young only (this is probably a good point to go back and review). Does
the ‘extra information” from live encounters help us at all?

We can explore this by simply deleting the frequency column for adults from the LD1.INP file, and
running the analysis. For the recoveries only analysis, using just the data from individuals marked as
young, our estimates of survival and recovery probability are:

o) mrk9546z.tmp - Notepad g@

File Edit Format View Help

LD - dead only - woung only

Real Function Parameters of {5(a2)r(.)}
95% Confidence Interval

Parameter Estimate standard Error Lower Upper
1:5 0.3857520 0.0121204 0.3622844 0.4097629
2:5 0.7892052 0. 0140601 0. 7603300 0.8154459
|
3:ir 0.5947652 0.0112558 0.5725265 0.6166216
[(] I | [)]

Not bad, but do we see much improvement if you use the combined live encounter-dead recovery
models? The estimates from fitting the ‘true’ live encounter-dead recovery model to this ‘marked as
young only” input file are shown at the top of the next page. In this case, the estimates are ‘spot
on’. This suggests that by combining data from dead recoveries and live recaptures, everything is
estimable, with better precision (whereas with a recoveries only analysis from individuals marked as
young, everything is not estimable, or if it is, with poorer precision). As noted by Brownie, depending
on what assumptions are made concerning constancy of some parameters (as in our example), a few
of the parameters in an analysis of recoveries from individuals marked as young are estimable (for
example, if we assume constant adult recovery probabilities, adult survival probabilities are estimable,
but juvenile survival and both juvenile and adult recovery probabilities are confounded). So, think
carefully. But - as this simple example demonstrates, there is great utility in combining data from
different sources.
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& mrk7098z.tmp - Notepad g@
File Edit Format View Help
voung only - combined LD analysis - MARK book
Real Function Parameters of {5(az -0./.)pC.)r{.)F{(az -0./.0}
95% Confidence Interwval

Parameter Estimate Standard Error Lower Upper

1:5 0.3881820 0. 0081754 0.3722785 0.4043273

2:5 0.7867542 0. 0098861 0.7667368 0. 8054596

3:p 0.5113582 0.0108879 0.4300102 0.5326647

4:r 0.5945136 0. 0081000 0.5785439 0.6102858
|

5:F 0.5922938 0.0172073 0.5581833 0.6255375

6:F 0.8564359 0.0141679 0.8263745 0. 8820355
(<] m | (2]

9.5. Joint live-recapture/live resight/tag-recovery model (Barker’s
Model)

This model extends Burnham’s (1993) live/dead model (discussed earlier in this chapter) to the case
where live resightings are reported during the open period between live recapture occasions. The
population is not assumed to be closed while resightings are being obtained and recoveries of tags
from dead animals (dead resightings) may be reported. Because the resighting interval is open it is
possible for an animal to be resighted alive several times within an interval then be reported dead.
For these animals, only the last dead sighting is used in the model, the earlier live resightings in that
period are ignored. Therefore the status of an animal on resighting (live or dead) is determined on
the last occasion on which it was resighted in the open interval.

Although the model is complicated and involves 4 sets of nuisance parameters for the recapture
and resighting /recovery process, the additional data from resightings and tag recoveries can lead to
substantial gains in precision on survival probability estimates. Currently, the model does not allow
estimation of abundance or recruitment. For a detailed description of the model see Barker (1997,
1999). Parameters in the model are:

S; = the probability an animal alive at i is alive at i + 1

pi = the probability an animal at risk of capture at i is captured at i

r; = the probability an animal that dies in i, i 4+ 1 is found dead and the band reported

R; = the probability an animal that survives from i to i + 1 is resighted (alive) some time
between i and 7 + 1.

R! = the probability an animal that dies in i, i + 1 without being found dead is resighted
alive in i, i + 1 before it died.

F; = the probability an animal at risk of capture at 7 is at risk of capture at i + 1

F/ = the probability an animal not at risk of capture at i is at risk of capture at i+ 1 (NB -
this differs from the definition in Barker, 1997)

The resighting parametrization used in MARK differs from that described by Barker (1997). An
advantage of the parametrization used by MARK is that it enforces certain internal constraints
that arise because the joint probability Pr(A and B) should always be less than or equal to the
unconditional probabilities Pr(A) and Pr(B). For example, the MARK parametrization ensures that
the probability an animal is resighted alive in 7,7 4+ 1 and survives from i to i 41 is less than the
probability it is resighted alive in i,7 + 1. It also ensures that Pr(resighted alive and dies in 7,i 41
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without being reported) < Pr(dies in 7,7 + 1 without being reported). These internal constraints are
not enforced by the other parametrization.

9.6. Barker Model - Movement

Between trapping sessions, animals are permitted to leave the study area then return. If an animal is
in the study area then it is considered “at risk of capture”. If it leaves the study area it is considered
“not at risk of capture”. Animals that are at risk of capture at time i, leave the study area with
probability (1 — F;). Thus F; has the same interpretation as in Burnham’s (1993) live-dead model
as the fidelity to the study area. Animals not at risk of capture are permitted to return to the study
area with probability F/. In Barker (1997) F/ was the probability that an animal out of the study area
at i remained out of the study area at i + 1, but the definition has been changed in the interest of
having a parametrization in common with the robust design model.

Under this parametrization there are 3 types of emigration:

Random (F/ = F))
Permanent (F/ = 0)

Markov (no constraint.)

A complication is that in the random emigration model the parameters F; = F/ are confounded
with the capture probability p;,;. By making the constraint F; = F/ = 1 in MARK the random
emigration model is fitted, but now the interpretation of p; is the joint probability that an animal is
at risk of capture and is caught, F;_1p;.

Under Markov emigration there tends to be serious confounding of movement and capture prob-
abilities. In a model with time-dependent capture probabilities, it is usually necessary to constrain
F; = F and F/ = F’ for all i. Even then, the Markov emigration model may perform poorly. In practice
the parameters F and F’ are usually estimable only if the movement model is markedly different from
the random emigration model, that is, if there is a large difference between F; and Fi’ .

To illustrate the meaning of the emigration parameters, suppose the animal is captured during the
first trapping session, not captured during the second trapping session, and then captured during
the third trapping session. One of several encounter histories that would demonstrate this scenario
would be: 100010

The probability of observing this encounter history can be broken into 4 factors:

Py = Pr(animal survives from time 1 to time 3 | released at 1)
P, = Pr(animal is not resighted between 1 and 3 | released at 1 and survives to 3)

P; = Pr(animal is not captured at 2 but is captured at 3 | released at 1 and survives from
1 to 3 without being resighted)

P4 = Pr(encounter history after trapping period 3 | events up to trapping period 3)

For describing movement, the relevant factor is Ps. An animal captured at time 1 is known to be at
risk of capture at time 1. Because it was captured at time 3 we also know it was at risk of capture at
time 3.
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There are two possible histories that underlie this observed history:

1. The animal was at risk of capture at time 2 and was not captured, but was captured
at time 3

2. The animal left the study area between time 1 and 2 but then returned and was
captured.

Because we do not know which one actually occurred we instead find the probability that it was
either of the two, which is:

Py=(1-F)B+F(1—p)bps

The complicated term in the brackets represents the probability that the animal was not captured
during the second trapping session but is at risk of capture at time 3. The first product within the
brackets (1 — F;)Fj is the joint probability that the animal emigrated between the first 2 trapping
sessions (with probability 1 — F;) and then immigrated back onto the study area during the interval
between the second and third trapping sessions (with probability Fj). However, a second possibility
exists for why the animal was not captured - it could have remained on the study area and not been
captured. The term F; represents the probability that it remained on the study area between time
1 and 2 and the term (1 — py) is the probability that it was not captured at time 2. The final term
F, represents the probability that the animal remained on the study area so that it was available for
capture during the third trapping session.

Encounter histories for this model are coded as LDLDLD. Because animals can be encountered in
this model as either alive or dead during the interval between capture occasions, 2 different codes
are required in the encounter histories to provide information. A ‘1’ in the D portion of an encounter
history means that the animal was reported dead during the interval. A 2" in the D portion of an
encounter history means that the animal was reported alive during the interval. A “1” in the L portion
of an encounter history means that the animal was alive on the study area during a capture occasion.

The following are valid encounter histories for a 5-occasion example: 1010101002. The animal was
captured on the first occasion, and recaptured again on the 2nd, 3rd, and 4th occasions. It was not
captured on the 5th occasion, but was seen alive during the last interval.

Consider 0000120100. In this case, the individual was captured on the 3rd occasion, and seen alive
during the 3rd interval. It was reported dead during the 4th interval. Note that there can be multiple
occasions with a “1” in the L columns, and multiple occasions with a 2" in the D columns, but only
one D column can have a “1’.

9.7. Live encounters, dead recoveries & multistrata models

The multi-strata model with live and dead encounters is a generalization of the multi-strata model
that allows inclusion of recoveries of marks from dead animals.

9.7.1. Barker model: assumptions

In addition to the usual assumptions of the multi-state model, this model assumes that apart from
group and time effects, the reporting rate of marks from dead animals depends only on the stratum
that the animal was in at the immediately preceding live-capture occasion. In some applications, it
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may be reasonable to also assume that the state of the animal at the time of the dead recovery can be
used to determine the state of the animal at the previous live-recapture occasion. This assumption is
not included in the model so any such information is ignored.

Model Structure and Likelihood

If there are S strata, define the following:

¢y is an S x S matrix with s,t'th element = Pr(animal alive at time & in stratum s is alive
at time /1 4+ 1 in stratum ¢)

Yy, is an S x S matrix of transition probabilities with
s,t'th element = Pr(animal moves from s to ¢ | alive at h and k + 1),

P, is an (S x 1) matrix with s’th element = Pr(animal alive at time / in stratum s is
captured),

S;j is an (S x 1) vector with s’th element = Pr(animal alive at time j in stratum s is alive at
time j +1),

rj is an (S x 1) vector with s’th element = Pr(animal in stratum s that dies between j and
j + 1 is found and reported),

D(x) = a diagonal matrix with vector x along the diagonal, 1 = a (s x 1) vector of ones,

Y}, is an indicator variable that = 1 if the animal was caught at time /, and 0 otherwise.

Note that ¢, = D(Sh)yy,.

The animals in the study can be categorized according to whether their last encounter was as a live
recapture or as a dead recovery

Animals last encountered by dead recovery

For an animal first released in stratum s at time 7, that was found dead between samples j and j 41,
and was last captured alive at in stratum t at time k the likelihood, conditional on the first release, is
factored into two parts:

1. Pr(encounter history between i and (including) k | first released at time 7 in stratum s) is
the s,t’th element of the matrix formed by taking the product fromh =itoh =k —1:

[ T¥n@uD(Pyiq) + (1= Y3) D (1 — Pyyq)

We take the s,t'th element because we know that the animal was in stratum s at time i
and in stratum f at time k.

2. Pr(not caught between k and (including)j and found dead between j and j+ 1 | released
at time k in stratum f) is the sum across the t'th row of the matrix formed by taking the
product fromh =ktoh =j—1:

[1#:D(1 - Pyy)D(1 - S;)D(r))

Although we know that the animal was in stratum f at time k, we do not know which
stratum the animal was in at time j. However it must have been in one of the strata and
therefore we can find the probability we require by taking the sum across the t'th row of
this matrix.

Chapter 9. Joint live encounter & dead recovery data



9.8. Summary 9-15

Animals last encountered by live recapture

For an animal first released in stratum s and sample i and last encountered by live-recapture in
stratum t and sample j, the likelihood, conditional on the first release, is factored into the two parts:

1. Pr(encounter history between i and (including) j | first released at time i in stratum s) is
the s,t’'th element of the matrix

¢j-1D(P) [ [YapnD (Pys1) + (1= Y3 )¢ D(1 — Pyi1)
where the product is taken from h =itoh =j— 2.

2. Pr(Not encountered again | released alive at j in stratum f). This is found by finding
the probability that the animal i encountered at least once after sample j using the above
expressions, and then subtracting this probability from 1.

Parameter Identifiability

If the capture occasions are indexed up to sample ¢ and the dead recovery occasions up to sample
1, then in addition to the parameters that can be estimated using the multi-strata model, we can
also estimate ;_1, P, Sy—1 and r; (j=1,..t). If I > t then (complicated) confounded products of
stratum-specific survival and reporting probabilities can also be estimated.

9.8. Summary

One of the recent trends in analysis of data from marked individuals is the increasing focus on
using data from a variety of sources. In this chapter, we’ve looked at simultaneously using data from
live encounters and dead recoveries. However, the principles are general - we could also use live
encounters combined with known-fate telemetry data, and so on. These developing approaches will
increasingly allow us to address several interesting questions which previously were not possible
when data from only a single source was used. Next, multi-state models. . .
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