fishR Vignette - Open Mark-Recapture Abundance Estimates
Dr. Derek Ogle, Northland College June 21, 2013

The methods for estimating abundance described in other vignettes can be used only for populations that
can be considered to be closed. However, most realistic situations over reasonably long periods of time
have individuals that leave the population through death and emigration and enter the population through
birth, recruitment, or immigration. The method described in Jolly (1965), modified in Seber (1965), and
collectively referred to as the Jolly-Seber method provides a technique for estimating abundance in an open
population where three or more samples of marked fish have been collected. In addition, the method can be
used to estimate the survival rate and additions to the population due to birth, recruitment, or immigration
between sampling periods.

This vignette requires functions from the FSA package maintained by the author. This package is loaded into
R with

> library(FSA)

1 Sampling Scheme

Before examining the specific methodology of the Jolly-Seber technique let’s examine the scheme by which
the population of fish changes from sample period to sample period and how the specific data is collepresents
the population of fish and the samples of fish for four sample periods (i = 1,2, 3,4). At each sample period,
the population is represented by two large squares with many dots (i.e., the individuals). The left and right
large squares at each sample period represent the population immediately before and immediately after,
respectively, a sample of fish is taken. The sample of fish is represented by the smaller grey square with dots
at each sampling period. The sampling periods begin in the upper-left corner and continue sequentially in
a clockwise direction.

The population consists of unmarked animals prior to the first sample. All fish removed in the first sample
are marked and returned to the population such that the population now consists of both marked (colored
dots) and unmarked (black dots) fish. Between the first and second time periods, fish are removed from
the population through emigration and death (represented by the yellow box) and fish are added to the
population through birth, recruitment, and immigration (represented by the cyan box). Thus, immediately
before the second sample there may be more or less fish in the population then at the first sample and there
may be more or less marked fish than what were released after the first sample. Of critical importance is
realizing that we do not know either of these values — the population size or the number marked — because
the population is open.

Fish captured in the second sample are recorded as marked or unmarked and the marked fish are recorded
as to when they were last “seen.” Because this is only the second sample it is known that all marked fish
were last seen in the first sample. All fish in this second sample are marked and returned to the population.
Typically fish will be marked with unique identifying tags but, at least, they must be marked such that the
time that they were last “seen” can be determined. Thus, in Figure 1 fish last seen in the first sample are
still marked “red” and fish last seen in the second sample are marked “blue.” As before, some fish are lost
and some fish are gained from the second to the third sample.

Fish captured in the third sample are, again, recorded as marked or unmarked and the marked fish are
recorded as to when they were last “seen.” In this third sample, the marked fish may have last been seen
in the first sample (i.e., “red” marks, of which there was one) or the second sample (i.e., “blue” marks, of
which there was none). These fish are marked with a tag that identifies that they were last seen in the third
sample (i.e., a “green” mark) and returned to the population.

Fish captured in the fourth sample are recorded similarly (i.e., two fish in the sample were last seen in the
third sample (“green” marks) and two fish were last seen in the second sample (“blue” marks)).
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The observations discussed here — number of fish in each sample, number marked, number marked according
to when they were last “seen” — form the data required by the Jolly-Seber method to estimate the number
of marked fish and population size for all but the first and last sample periods, the survival rate from sample
period to sample period for all but the last two sample periods, and the number of individuals added to
the population from sample period to sample period for all but the first and last two sample periods. The
methodology discussed in the next sections will show how these estimates are made with these data.

2 Jolly-Seber Estimate of Abundance

All parameter estimates in the Jolly-Seber method are based on knowledge of the last time an individual
was observed in a sample. Thus, fish may be individually marked for other purposes, but all that is required
for the Jolly-Seber method is that the last time a marked fish was observed must be identifiable from a
marked fish’s mark. In other words, at the very least, marks must be specific to each sampling period and
all previous marks are ultimately ignored.

The central calculation in the Jolly-Seber method is the estimation of the number of marks extant in the
population at the beginning of any sampling interval. At first glance, this may appear to be a simple question
as this was also of critical importance in the Petersen, Schnabel, and Schumacher-Eschmeyer methods.
However, as shown above, because we are now considering an open-population where marked fish may be
leaving the population through emigration and death, the number of marked fish extant in the population
is an unknown quantity that must be estimated.

Before considering how to estimate the number of extant marks in the population at any time let’s consider
a concise method for recording the information in a Jolly-Seber experiment and definitions for statistics that
will be recorded or computed. All notation and definitions of this method are summarized in Table 1.

The n; fish caught in the ith sample period can be separated into m; marked and u; unmarked fish. The
marked fish can also be recorded as to when they were last captured. Thus, m; ; is used to record the
number of fish captured in the ith sample that were last observed in the jth sample. Immediately after
the ¢th sample has been observed a total of R; marked fish are returned to the population. The number of
marked fish returned to the population is equal to the number of previously marked fish plus the number of
newly marked fish minus the number of accidental deaths.

The information just described is recorded by direct observation of the individuals in a sample. This infor-
mation is generally recorded in what is called a “Method B table” (Leslie and Chitty 1951). A Method B
table records the cross-tabulation of the frequency of individuals by each “time of capture” and “time of last
capture” (i.e., the m;; values) with four summary rows appended to the bottom of the table (Table 2).

Estimation of the number of extant marks in the population just prior to the ith sample requires the
calculation of two quantities from the data stored in the Method B table. First, r; is the number of the R;
marked individuals released at time 7 that are caught at some later time. This value is computed as the sum
of the ith row of the Method B table. Second, z; is the number of individuals marked before time 4, not
caught at time ¢, but caught at some time later than time i. In other words, z; is the number of marked
animals not “seen” at time i that are “seen” after time i. Geometrically, z; is computed as the sum of all
individuals in the cells denoted by all rows before the ith row and all columns after the ith column. The
calculation of r4 (dark grey cells) and z4 (light grey cells) is illustrated in Table 3.

The number of extant marks in the population just prior to the ith sample, M;, can be estimated from the
quantities observed or calculated from the samples. The derivation of this estimate begins with the simple
equality,

M; =m; + (M; —m;)

which states, simply, that the number of marks just prior to time 7 is equal to the number of marks seen at
time 4 (i.e., m;) and the number of marks not seen at time i (i.e., (M; —m;)). Most importantly, because
m; is known, M, can be estimated if (M; — m;) can be estimated.



Table 1. Summary of notation used in the Jolly-Seber method.

Symbol Meaning

PARAMETERS

N; Unknown size of the population just prior to the ith sample.

i Unknown rate of survival from the ith to the (i + 1)th sample.

B, Unknown number of fish added to the population between the ith to the

! (i 4+ 1)th sample.

M; Unknown number of marked fish in the population just prior to the ith sample.
OBSERVABLES

k Number of samples in the entire study (ie., i =1...k).

n; Number of fish captured in the ith sample.

m; Number of marked fish in the ith sample. m{ = 0.

My Number of marked fish in the ith sample last caught in the jth sample.
Uu; Number of unmarked fish in the ith sample.

Number of marked fish returned to the population after the ith sample.
(i=1...(k—=1)).

Number of the R; fish released in the ith sample that are subsequently

i captured. (i=1...(k—1)).
. Number of fish captured before the ith sample, not captured in the ith

! sample, but captured subsequently. (i =2...(k —1)).

ESTIMATES

V2 Estimated number of marked fish in the population just prior to the ith sample.

! M;=0.(i=1...(k—1)).
N; Estimated population size just prior to the ith sample. (i =2...(k —1)).
b; Estimated rate of survival from the ith to the (i + 1)th sample. (i =1...(k —2)).
5 Estimated number of fish added to the population between the ith to

! the (i + 1)th sample. (i =2...(k —2)).

Table 2. Method B table for largemouth Bass captured in Par Pond.

Time Capture Time (Sampling Period)
Time Last | May 80 Aug’80 Nov’80 Feb’81 May '81 Aug ’81
Captured 1 2 3 4 5 6
1 3 4 3 13 5
2 2 4 4 7
3 7 23 7
4 37 11
5 32
6
m; 0 3 6 14 77 62
U, 1015 414 600 775 1829 1089
n; 1015 417 606 789 1906 1151
R; 1015 405 603 789 1880 0




Table 3. Method B table for largemouth Bass captured in Par Pond with the calculation of r4 (dark grey
cells) and z4 (light grey cells) illustrated.

Time Capture Time (Sampling Period)
Time Last | May 80 Aug ’80 Nov ’80 Feb’81 May 81 Aug ’81
Captured 1 2 3 4 5 6
1 3 4 3 13 5
2 2 4 4 7
3 7 23 7
4 37 11
5 32
6
m; 0 3 6 14 7 62
U; 1015 414 600 775 1829 1089
n; 1015 417 606 789 1906 1151
R; 1015 405 603 789 1880 0

Let’s consider two groups of fish in this setup — the (M; — m;) fish not seen at time ¢ and the R; fish seen
at time ¢ and released to the population with a mark. Of the (M; — m;) group, z; will be seen at some later
time. Of the R; group, r; will be seen at some later time. If we assume that the fates of these two groups
are similar after time ¢ (i.e., fish in both groups have the same probability of capture, mortality rate, etc.)
then the following relation should hold,

Zi Ti

(M; —m;) Ry

This relation can be immediately rearranged to deliver,

Mi:mi+zz i

%

or, in a slightly less biased manner (Seber 1982),

- Zi Ri+1

The population size at the beginning of each time period is then estimated by substituting the estimated
number of marked fish prior to the time period, the number of marked fish observed in the sample, and the
total number of fish observed in the sample into, essentially, the Chapman modified Petersen single-census
formula,

7, = Mlni 1) (2)
(m; +1)

For example, Hightower and Gilbert (1984) examined the utility of the Jolly-Seber method to estimate the

abundance, survival rate, and recruitment rate for largemouth bass in the man-made reservoir Par Pond,

South Carolina. Bass were collected via angling over a 2-d period during three months each of 1980 and

1982. All captured fish longer than 150-mm were double-tagged (floy tag and fin-clip). Fish surviving a

short period after capture were returned to the population. The Method B table for this study is shown in
Table 2.



Information computed from the Method B table was used to construct a summary table used to estimate
the number of extant marks and the population size prior to a sampling period (Table 4). The first three
columns of this summary table are copied exactly from the Method B table (Table 2) for convenience. The
r; and z; columns are computed directly from the Method B table and are illustrated below for the third
sample period,

e r3=7+234+7=237
© 23=3+134+5+4+4+7=236

The final two columns are estimated with equations (1) and (2), respectively, using values found in the first
five columns of the summary table. These calculations are illustrated below for the third sample period,

o My =mjg+ 2UBrD) — g4 36:604 _ 57g 9

_ Ms(ns+1) _ 578.2%607 _
3= (fngim = = = 50,139

=)

Table 4. Summary table for estimating the number of extant marked and the abundance of largemouth Bass
in Par Pond.

Capture
1 0 1015 1015 28 - - -
2 3 417 405 17 25  566.9 59239
3 6 606 603 37 36 578.2 50139
4 14 789 789 48 59  965.2 50835
5 77 1906 1880 32 30 1787.0 43690
6 62 1151 o - - - -

Jolly (1965) computed the large-sample standard error of Z/V\l with

- PN M,—m;+R; (1 1 11
SE(N;) = | N; (Ni - nz) lﬁ + ( — ) + — 4+ —
M; ri R m; o ny

The Jolly-Seber method for estimating abundance can be efficiently implemented in R with capHistSum()
and mrOpen(). The mrOpen() function requires the top of the Method B table (i.e., the contingency table
portion) as its first argument and the bottom of the Method B table (i.e., the sample summary portion) as
its second argument. The results of mrOpen() should be saved to an object. The “observables” (i.e., m, n, R,
r, and z) can be extracted from this object with summary() including the type="observables" argument.
The “estimates” (M,N,¢, and B with associated standard errors) can be extracted with summary () using the
type="estimates" argument. Both the “observables” and the “estimates” can be extracted by leaving the
type= argument at the default value. Confidence intervals for the “estimates” are obtained with confint ().

The Method B tables can be constructed in two ways. First, if the capture history of each animal in the
study is recorded in a data frame then this data frame can be submitted to capHistSum(). This function
requires a matrix or data frame that contains the raw capture history data. This matrix or data frame
must contain only the capture history data and no other data (e.g., a column with the fish identification
number must NOT be included). The cols= argument can be used to identify just the columns containing
the capture history information. For example, if the capture history information is contained in columns
two through seven then cols=2:7 should be used. Alternatively, if the capture history is contained in all
columns except for the first three then cols=-c(1:3) should be used. If the matrix or data frame contains
just the capture history information then the cols= argument can be ignored. The capHistSum() function
returns a list of four parts,



e caphist: A vector summarizing the frequency of fish with each unique capture history.

e sum: A data frame containing the number of fish captured in each sample (n), the number of previously
marked fish captured in each sample (m), the number of marked fish returned to the population
following the sample (R), and the number of marked fish in the population just prior to the sample

e methodB.top: A matrix containing a contingency table of capture sample (columns) and last seen
sample (rows). This summary is the top of the Method B table used in the Jolly-Seber method.

e methodB.bot: A data frame containing the number of marked fish in the sample (m), the number of
unmarked fish in the sample (u), the total number of fish in the sample (n), and the number of marked
fish returned to the population following the sample (R). This summary is the bottom of the Method
B table used in the Jolly-Seber method.

The items in the list returned from capHistSum() can be individually accessed by assigning the results of
the function to an object and then appending the name of the item in the list to that object separated by a
dollar sign. The last two items are the summaries of interest for the Jolly-Seber method.

Second, if the capture histories of each animal are not recorded but the information in the Method B table
is known then this information can be manually entered into two matrices. When doing this it is especially
important that NA values be entered on the diagonal and the lower triangle of the matrix in the top portion
of the Method B table. This method is illustrated in the following example.

For example, the top portion of the Method B table shown in Table 2 is entered into matrix form as follows

sl <- rep(NA,6)

s2 <- c(3,rep(NA,5))

83 <= c(4,2,rep(NA,4))

s4 <- c(3,4,7,rep(NA,3))

s5 <- c(13,4,23,37,NA,NA)

s6 <- c(5,7,7,11,32,NA)

mb.top <- cbind(sl,s2,s3,s4,s5,s6)

V V V V V V V

The bottom portion of the same Method B table is entered as

<- ¢(0,3,6,14,77,62)

<- ¢(1015,414,600,775,1829,1089)

c(1015,417,606,789,1906,1151)
<- ¢(1015,405,603,789,1880,0)

mb.bot <- rbind(m,u,n,R)

V V V V V
J B e B
N
|

These matrices can then be sent to mrOpen() to compute J\Z and ]/\7\z with confidence intervals. Note that
the default ci.type="Jolly" argument means that the confidence intervals are computed using normal
distribution theory with Jolly’s large-sample standard error.

> mrl <- mrOpen(mb.top,mb.bot)
> summary (mrl)

Observables

m n R r z
1 0 1015 1015 28 NA
2 3 417 405 17 25
3 6 606 603 37 36
4 14 789 789 48 59
5 77 1906 1880 32 30
6 62 1151 0 NA NA



Estimates
M M.se N N.se phi phi.se B B.se

1 NA NA NA NA 0.559 0.174 NA NA
2 b566.9 175.5 59240 38550 0.597 0.173 14793 29179
3 578.2 130.6 50139 23178 0.821 0.179 9657 21911
4 965.2 180.0 50835 16371 1.027 0.271 -8512 15287
5 1787.0 434.3 43690 11636 NA NA NA NA
6 NA NA NA NA NA NA NA NA

Standard error of phi includes sampling and individual variability.
> confint (mri)

The Jolly method was used to construct confidence intervals.

N.lci N.uci phi.lci phi.uci B.lci B.uci
1 NA NA 0.218 0.899 NA NA
2 -16316 134796  0.257  0.937 -42397 71983
3 4712 95567 0.471 1.171 -33287 52602
4 18748 82922  0.495 1.558 -38474 21451
5 20884 66496 NA NA NA NA
6 NA NA NA NA NA NA

Note the very large confidence interval widths for the second and third sample where the number of recaptured
marked fish was very low.

3 Jolly-Seber Estimate of Survival

The Jolly-Seber method can also be used to estimate the survival rate from one sampling period to the next.
Briefly, the survival rate can be thought of as the proportion of animals alive at time 4 that are alive at some
later time. In the context of mark-recapture sampling we want to estimate the survival rate defined as the
proportion of animals alive at sampling period ¢ that are still alive at sampling period i + 1.

The fundamental assumption in estimating the survival rate for a period is that marked and unmarked fish
experience the same survival rate for the period. Thus, the calculation of survival rate focuses on following
just the marked fish from immediately after sample i to immediately before sample i + 1. Immediately after
sample 4 there is M; marked fish from just prior to sample i plus R; — m; additional new marks corrected
for any accidental deaths. Thus, immediately after sample i there are M; + R; — m; marked fish in the
population. Just prior to time i + 1 there are M;; marked fish in the population. Thus, the proportion of
the J\//.TZ + R; — m; marked fish at time ¢ that survived to time 7 + 1 is,

-~ M1 (3)
M; + (R —my)

For example, the survival rates of the Par Pond largemouth bass can be computed directly from the previous
calculations shown in Table 4. The calculation of ¢; is illustrated below for the second and third sample
periods,

= M. — 578.2 B
® (o = A72+(ijm2) = 566.94 (d05=3) — 0-997
b3 = M. — 965.2 B
* b= 1\73+(R§7m3) = 57s2+(603=¢) — 0-821

The large sample standard error of (Ez was, again, given by Jolly (1965) as,



T Ri

gy P me) e ) 4 ) w11y

M2, it Rita M; —m; + R;

This standard error, and all other standard errors mentioned in this section, refer to variability associated
only with sampling. The estimation of the survival rate is often centered on estimating the underlying
survival probability (Pollock et al. 1990) for an individual. To relate this to a common statistical topic, the
standard error shown above is analogous to the standard error of fit from regression (i.e., estimating the
position of the line) whereas interest is most often in the value analogous to the standard error of prediction
from regression (i.e., estimating for an individual). Pollock et al. (1990) show that this standard error,
referred to as SD(ggi) to separate it from the SE((EZ) above, is the same as above with an additional term

from the binomial variance, is computed as SD(@-) = \/Var(ggi), where

Mig1 —m; Mip1 —m; R; M. ,
Va?“((@):(?ﬁf ( +1 m+1)</\+1 M1+ +1)< I )+AMz_mz (1_1>
M2, riv1  Riya M; —m; + Ry \1i R;
$i(1— ¢;)

+

(]\Z —my JFRi)

The estimated survival rates, associated standard errors, and the confidence intervals according to Jolly’s
large-sample method are computed using mrOpen() exactly as described previously. However, the type of
error to compute for Zsz can be set with the phi.type= argument. The standard error for the estimate (i.e.,
only sampling error) is computed by including phi.type="SE" whereas the standard error for an individual
(i.e., sampling and individual variability) is computed with phi.type="SD" (the default, following the advice
of (Pollock et al. 1990, p. 22)).

4 Jolly-Seber Estimate of Recruitment

The number of individuals “added” to the population between time i and i + 1 is simply estimated as the
difference in the estimated population at time ¢ + 1 (i.e., N;) and the number of individuals expected to
survive from ¢ to ¢ + 1. The expected number of survivors from ¢ to i + 1 is computed as the survival rate,
¢;, times the estimated number at time 4, N;, minus any accidental deaths, n; — R;. Thus, the estimated
number of individuals added to the population is calculated with

B; = Nip1— ¢; [1/\71' —(n; — Ri)} (4)

The “additional” fish added to the Par Pond largemouth bass population can be computed directly from the
previous calculations shown in Table 4 and the estimates of ¢;. These calculations are illustrated below for
the second and third sample periods,

o By= N3 — ¢y {ﬁz — (ng — Rg)] = 50139 — 0.597 [59239 — (417 — 405)] = 14793

o By=Ny— ¢35 {Ng — (ng — Rg)] = 50835 — 0.821 [50139 — (606 — 603)] = 9657

The large sample standard error of B; was, again, given by Jolly (1965) as SE(B;) = \/Var(B;) where,



~n  —~ —

~ B? M;y1 —my M; 1 —m; R; 1 1
Var(Bi) F(Mig1—m +1)£\2 +1 = Miv1 + Riy1) ( — )
MiJrl T2+1 1+1
n M; —m; (¢iRi(N; — ]\//-71))2 (1 _ 1)
M; —m; + R; M2 ri R

n (Ni = 1) (Ni1 — Bi)(N; — M;)(1 — ¢4)
Nig1t(Ni1 — i) (Nig1 — Mig1) . ¢2Ni(N; — n)(N; — M;)
+ +
Nipimita Nim;

The estimated number of “additional” fish, associated standard error, and the confidence intervals according
to Jolly’s large-sample method are computed with mrOpen() exactly as described previously.

5 Jolly-Seber Assumptions

The Jolly-Seber method has many of the same assumptions as the Petersen and Schnabel methods, except,
very importantly, the population does not have to be closed. Specifically the Jolly-Seber model makes the
following assumptions (Krebs 1999):

1. Every individual, marked or unmarked, has the same probability of being caught in the ith sample

2. Every marked individual has same probability of surviving from the ith to the (i+ 1)th sample. (Note:
if the survival rate estimates are to apply to all individuals of the population, not just the marked
individuals, then it must also be assumed that the probability of survival is the same for both marked
and unmarked fish).

3. Individuals do not lose their marks and marks are not overlooked at capture.

4. Sampling time is negligible in relation to intervals between samples.

The most critical of these assumptions is, as with the other methods, the assumption of equal catchability.

6 Additional Notes and Readings

We noted that constant catchability is a very important assumption of all models used to estimate population
abundance presented here. The problems of non-constant catchability are discussed in detail for the depletion
methods by Schnute (1983) and Otis et al. (1978). Schnute (1983) provides a methodology for testing for non-
constant catchability in depletion methods and, furthermore, provides a model where catchability is higher
in the first sample and then lower in all subsequent samples. As Pollock et al. (1990) note “the effects of
heterogeneity of capture probabilities on Jolly-Seber estimators have been well studied.” For futher reading
on this subject in terms of mark-recapture models, we refer the interested reader to Krebs (1999)[Section
2.4] who provides a variety of statistical tests for identifying non-constant catchability, Otis et al. (1978) who
discuss the concept in regard to closed-population models, Pollock et al. (1990) who discuss the concept in
general and provide alternative models for open-population models, and the large body of work performed
by Burnham, White, Anderson, and Pollock (also see below).

The large-sample standard errors provided by Jolly (1965) for the parameter estimates in the Jolly-Seber
mark-recapture method have been shown by Manly (1971) and Roft (1973) to produce confidence intervals
that are too narrow. Manly (1984) provided an alternative to these formulas but Pollock et al. (1990)
criticized those alternatives as being arbitrary. Krebs (1999), however, noted that Manly’s alternative
performed reasonably well and suggested it be used when constructing confidence intervals for IN; and ¢;

10



(Manly (1984) did not provide a method to be used when estimating B;). Manly’s methodology can be
implemented by including the ci.type="Manly" argument in the mrOpen() function.

Several computer programs have been created that efficiently estimate the values of the models and, more
importantly, models that are extensions of the models discussed in this chapter. Miranda and Bettoli (2008)
list several of these programs in their Table 6.3. In addition, the interested user should examine the Rcapture
package for R.
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