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Abstract

Estimating abundance of downstream migrants in anadromous salmonid populations typically relies on trapping a portion
of the population as it passes a fixed point on a stream and expanding this count using capture probabilities estimated with
mark-recapture techniques. Numerous factors cause the probability that an individual passing the trap will be captured to vary
over time, and such variation, if not accommodated in the analysis, can seriously bias the resulting estimate of abundance.
Likewise, substantial time intervals between the release of marked fish and their subsequent susceptibility to recapture can
bias abundance estimates if such intervals are not measurable and accounted for in the analysis. Stratified mark-recapture
experiments, in which marks applied to individuals are changed over time so that recaptured individuals can be assigned to
the period in which they were released and recaptured, allow the use of statistical estimators that explicity accommodate
variation in capture probability and the distribution of marked individuals among the sampling periods or strata. However,
issues related to small sample sizes can hinder the application of such estimators in small populations, particularly in cases
where time intervals between release and recapture can be substantial; such conditions are commonly observed in populations
of coho salmon @ncorhynchus kisutgrand steelheadd. mykis$ in small coastal streams. ARR 2.0 updates a software
application for estimating abundance from stratified mark-recapture data setR DO applies a series of algorithms to

a stratified mark-recapture data set to aggregate strata as necessary to yield an admissible estimate of abundance (using the
Darroch (1961) stratified-Petersen estimator) while preserving as much structure as possible in the data. This software is
provided to encourage and support the use of statistically rigorous abundance estimators in monitoring programs that focus on
estimating the abundance of downstream migrants in populations of anadromous salmonids, but may also be used to analyze
other temporally or spatially stratified mark-recapture data sets in which the number of tagging and recapture periods are
equal.
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Introduction made.

DARR (Darroch Analysis with Rank Reduction) 2.0 up- Violations of these assumptions are typically diffi-

date$ a software application for estimating abundanccéJlt or impossible to detect or correct after the fact,

from stratified mark-recapture data. The developme?ﬂd itis therefore imperative that the experimenter at-

of this software is motivated by the need for rigoroutg_mpt to minimize the degrge to which _the expenment
ils to meet these assumptions. In particular, field pro-

estimates of the production of smolts (or more correct@ desianed 1 fimat it abund i
“downstream migrants”) in populations of salmon ang ams designed to estimate sSmolt abundance must, in

: t cases, accommodate temporal variation in captur
steelhead, and the necessity to overcome common diffios es, a odate tempo onin capture

culties that limit the application of mark-recapture eé)_robability that can seriously bias simple abundance es-
'gnators (Seber, 1982; Arnason et al., 1996; Schwarz

timators in small watersheds. The software itself* 4 Tavior. 1998). C babili
more general, however, and can be used to estim%?e aylor, )- Capture probability can vary over

abundance whenever the stratified mark-recapture jiie as a consequence of variable flow conditions that

sign includes an equal number of tagging and recaptf'ilrrtgz‘c"Ct trap p_er_formance, changgs n the compo§|t|on
ar_characteristics of the population during the migra-

strata, and is thus amenable to analysis with the Darrotch | ch i individual behavi
(1961) estimato?. lon hseason,_ S(taasona c tgnge; |rr: indivi udaD ehavior,
Estimating abundance of downstream migrants tyﬁ[ changes in trap operation (Schwarz and Dempson,

cally involves trapping downstream migrants at a fixe10994; Polos, 1997; Plante etal., 1998).

location over time. Where a census is impossible or Stratified mark-recapture estimators provide a means
impractical, mark-recapture techniques are used to e8fidccommodating variability in capture probability ex-
mate the probability that an individual will be capture@licitly and thus reducing the consequences of variabil-
(i.e., “trap efficiency”), which in turn is used to expan@)ty for the accuracy of the abundance estimate. Strat-
counts of captured individuals to produce an estimateligd mark-recapture data consist of the numbers of
total abundance. marked individuals released during individual tagging
Mark-recapture estimators generally entail a numb@eriods and the numbers of marked and unmarked in-
of assumptions (Schwarz and Taylor, 1998), incmding@viduals captured during individual recovery periods.
(1) that the population is closed (i.e., that all marked idus, the sampling season is decomposed into a series
dividuals are susceptible to recapture during a recapt@fd€riods or strata. Itis critical that a series of “unique”
stratum), or that both marked and unmarked individuai§atum-specific marks be used over the course of the
die or emigrate at the same rates; (2) that marked arnpling season so that recaptured individuals can be
unmarked individuals are well-mixed in the populatioflifferentiated according to the tagging period in which
when the recovery sample is taken, or equivalently, tHRey were released. Otherwise, the accuracy of result-
all individuals susceptible to capture when a recoveljd abundance estimates can be seriously degraded by
sample is taken have equal probability of being CaHndetected variation among marked individuals with re-
tured; and (3) that marks are not lost, that is, marks sfgect to the interval between their release and subse-
retained for the duration of the experiment and mark&4€nt susceptibility to recapture (i.e., temporal migra-
individuals are unambiguously identified. The first a§lon). Stratified mark-recapture estimators explicitly ac-
sumption is violated if marked individuals suffer greaté&ount for the probability that individuals released dur-
mortality than unmarked individuals due to a taggin§9 @ tagging stratum will be susceptible to recapture
effect, but if this effect is estimated externally to thé & given recovery stratum in the course of estimat-

mark-recapture experiment, suitable corrections caniBg capture probabilities (e.g., Darroch, 1961; Schwarz
and Taylor, 1998, see Appendix A). Thus, such estima-

1The previous version of this software is described in Bjorks{-ors provide a means of Simultaneously accommodat-
edt, E. P. 2000. BRR (Darroch Analysis with Rank-Reduction): a,

method for analysis of stratified mark-recapture data from small pdﬁ'—g both (1) Variab”ity in capture probability and (2)
ulations, with application to estimating abundance of smolts from odfie distribution of marked individuals among recovery

migrant trap data. NMFS SWFSC Administrative Report SC-00-02strata in the course of estimating total abundance.
2Designs with unequal numbers of tagging and recapture strata . .
require analysis using numerical methods not implementedAiRFD In this report, | describe an update to software that

2.0 (e.g., SPAS at http://www.cs.umanitoba-gadpan/). applies Darroch’s (1961) stratified-Petersen abundance
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estimator to mark-recapture data collected from smé#dl the pooling algorithm used to aggregate data prior
populations in which marked individuals may be ate estimation (described below; and in more detail in
large for substantial intervals of time between releag@pendix B). Analysis of simulated data indicates that
and susceptibility to recapture. The software comprisée new algorithm improves the performance in the es-
a series of algorithms that aggregate the mark-recapttingator (i.e., reduces bias and decreases sensitivity of
data to the degree necessary for analysis, and thenegiimator behavior to details of the underlying mark-
plies the (Darroch, 1961) estimator. In some casescapture process; E. P. Bjorkstddtprep). For a
goodness-of-fit tests can be used to evaluate whethergigen data set, differences in the estimates of abun-
gregated data will continued to satisfy the assumptiodance provided by different versions oARR are ex-

of an estimator, and thus guide decisions regarding hpected to be small, and indeed, estimated abundance
to pool data to obtain a more parsimonious estimatwray not change. Regardless, it is recommended that
(Darroch, 1961; Schwarz and Taylor, 1998). Howevetata analyzed with previous versions ohRR be re-

in many cases application of such tests to data collectathlyzed with RR 2.0. Backward compatibility has
from a small population or tag-group will have unsatidsseen maintained, so that data sets analyzed with previ-
factory power or perhaps will be impossible to executais versions of BRR do not require reformatting for
due to small sample size (Schwarz and Taylor, 1998halysis with DARR 2.0.

In such cases, it may be necessary to aggregate the

data without the benefit of solid statistical guidance athanges to algorithm

whether and how to do so.ARR 2.0 accomplishes this

by sequentially applying a series of rules to pool coincT—he first change implemented iR 2.0 ensures that

dent tagging and recovery strata based on the structm% analysis is not artificially compromised by consis-

of the data, with the goal of achieving an admissible etg_ntly long intervals between marked individuals’ re-

timate that includes minimal bias while maintaining aIgase and susceptibility to recapture. If at-large intervals

much of the structure in the data as possible. are Ipng relative to the.strat|f|cat|on interval, few “im-
mediate” recaptures will be observed, and the aggre-

The main body of this report highlights changes in . , .
. i ation algorithms will tend to overaggregate the data.
the updated software and provides a users’ manual for

. . . . Therefore, in contrast to previous versionssAHR 2.0
DARR 2.0. Appendices to this report provide details _p - 3 .
. o . ensures thaR has a dominant main diagonal prior to
regarding (1) stratified mark-recapture data, estimatoys - .
- . . . etermining whether the data require further aggrega-
and conditions under which estimators fail or perforrtri1On for analvsis. To accomplish this. ABR 2.0 first
poorly, (2) the full sequence of updated rules for identi- Y P '

. . . etermines whetheR has a dominant main diagonal,
fying structures in the data that hinder or prevent anal- . . .
. . S and if not, shifts recaptures and unmarked captures “for-
ysis, and (3) the algorithm for eliminating such struc- " " . :
. ward” in time so that the resulting does have a domi-
tures by aggregating strata and the consequences of do- L . e .
. . nant main diagonal. This shift is corrected in presenta-
ing so for model structure and assumptions. Much 0 .
- . Ion of the final results. In most small-scale downstream
the material in Appendices A and C has been presented . o
. . . . . .migrant trapping programs, the bulk of marked individ-
previously in an Administrative Report associated with

. . . uals typically are susceptible to capture soon after re-

earlier versions of BRR, and is included here for the yp y . P P o .

, . lease, and the resulting recapture data exhibit a domi-
reader’s convenience.

nant main diagonal; therefore, this change is likely to

have no effect in most cases.
Changes implemented in D ARR 2.0 The second change implemented iAHR 2.0 is a

dynamic definition for the critical threshold for condi-
DARR 2.0 includes numerous updates from previoti®n number ofR used to determine whether aggrega-
versions of ARR. Some of the changes are cosmeti@on should occur. Step 3 of the pooling algorithm in
or simply extend the functionality of the software; thesBARR 2.0 (step 2 in previous versions) no longer in-
are noted below, and are treated in more detail in thiides a fixed critical value for the condition number
users’ manual that follows. More importantlyABR of R. Instead, the threshold is now set by the average
2.0 also includes three small, but significant, changesmber of (non-zero) “immediate” recaptures. In pre-
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vious versions of BRR, the fixed threshold tended tament, or saving the image in any of a suite of graphical
cause more aggregation of data that included many fermats.
captures and less aggregation of data with few recapNote that D\RR 2.0 no longer explicitly supports
tures. The new, dynamic threshold reduces the sensitiagta entry and management. It is still possible to edit
ity of estimator behavior to changes in total abundanagta in D:RR 2.0 if, say, a typographical error is no-
and thus reduces the potential for estimator-related bieeed during analysis, but it is strongly recommended
when evaluating trends in abundance (E. P. Bjorkstetttat all data preparation and initial stratification be con-
in prep.). ducted in a spreadsheet or database application.

The third change is in how strata are selected for
aggregation in Step 3 (Step 2 in previous versions gARR 2.0 Users’ Guide
DARR). In previous versions of BrRR, the pair of
strata that, when aggregated according to the poolibgrrR 2.0 implements the algorithms and estima-
algorithm, yielded the greatest reduction in the coter described in this report to analyze stratified
dition number ofR was selected for aggregation. Imark-recapture data sets. The software was de-
DARR 2.0, this criterion is modified so that the strateeloped in MATLAB 6.5 (The MathWorks, Inc.
that yields the greatest reduction in the condition nurhttp://www.mathworks.com) and compiled into a stan-
ber of R as a consequence of increasing the minimuadalone application for Windows PC (32-bit MS-DOS
singular value oR is selected (See Appendix B). Thisonsole application) using the MLAaB C/C++ Com-
criterion favors aggregation of strata with few recappiler Suite 3.0 and Microsoft Visual C++ 6.0.
tures over those with many.

Obtaining and installing D ARR

Changes in operation Software to install BRR 2.0 can be downloaded from

Users of previous versions of ARR will notice sub- the Santa Cruz Laboratory web pdgeThe software
stantial differences in the appearance of the Grapfincluding necessary support files) and an example data
cal User Interface (GUI), which has been redesignedset are included in the self-extracting WinZifile
take advantage of dialog utilities available imiM.AB  DARRVZ2 Distribution.exe. This file is approximately
(The MathWorks, Inc. http://www.mathworks.com)9 MB in size, and expands to a folder approximately 25
These differences are generally cosmetic, but also BB in size.
ford greater flexibility in implementing the underlying To install DARR 2.0, run the self-extracting file
analysis. (DARRV2 Distribution.exe), and follow the prompts to
Four changes have been made to extend the utilifyoose (or create) a directory (folder) wher@rR
of DARR 2.0 beyond that of previous versions. Firs.0 will reside. Running the self-extracting file cre-
DARR 2.0 accommodates data sets that include arbies afolder named ‘DARRV2’ in the selected directory.
trary numbers of strata. Very large data sets may ovéhis directory contains DARRv2.exe, DARRExample-
whelm the ability of DA\RR 2.0 to display data in tabularData.csv, a handful of other files, and two subdirecto-
form, but the analytical machinery is not compromisedes, “\bin’ and ‘\toolbox’, which contain the necessary
Second, RR 2.0 allows the analyst to select contigufiles to allow DARR 2.0 to run on a machine on which
ous series of strata to be pooled prior to application BfATLAB is not installed. It is recommended that
the automatic pooling algorithms. Third, file managd>ARRv2_Distribution.exe be run in the directory in
ment has been extended to allow the reading and writiwflich mark-recapture data are stored. For exam-
(saving) of data in space-delimited (.txt) and commale, if mark-recapture data is stored in {Smolt\-
delimited (.csv) formats. The latter format is recomMarkRecap’, running DARRv2-zip.exe in this direc-
mended as it can be read directly by spreadsheet apfiy will create ‘C\Smolt\MarkRecajDARRvZ2'. File
cations. Fourth, BRR 2.0 provides the analyst multi-management and directory navigation during the course

ple options for the printing or saving of graphlcal output 3http://santacruz.nmfs.noaa.gov/publications/software/439/

from analysis, including direct printing, saving the im- 4WinZip (http:/Awww.winzip.com/) software isot necessary to
age to the clipboard for subsequent pasting into a doegen this file
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of analysis will be more convenient if the executable fileelow the main diagonal of the recapture maRixvill
DARRv2.exe is moved (or copied) to the data foldebe zeros in data collected with a downstream migrant
but this is not necessary. To enable®R 2.0 to run trap or any other temporally stratified data set (a fish
successfully, it is necessary to append the subdirectoan not be recaptured before it was released).
‘<DARRV2 directory-\bin\win32’ to the system path Data so arranged should be saved as a comma-
variable (PATHY. No changes are made to the operatingelimited file (e.g., data.csv) or a tab- or space-
system'’s registry, and uninstallingABR 2.0 is as sim- delimited ASCII file (e.g. data.txt). Most, if not all,
ple as deleting the directory containing installed filespreadsheet applications allow data to be saved in either
(e.g., ‘CA\Smolt\MarkRecapDARRV2’) and removing format. The comma-delimited format is preferred as

the appended entry from the PATH. this format is readily viewed and edited in most spread-
sheets, and thus allows more seamless integration of
How to use D ARR 2.0 DARR 2.0 and spreadsheet applications.

An example file is included with the software (DAR-
RExampleData.csv). Note that only the uppermost ma-
Data should be stratified appropriately with respettix (i.e., the data arranged as in Eq (1)) is read into
to the marking scheme prior to analysis. For exa@ARR 2.0; the remainder of the file is an example of
ple, a mark-recapture experiment in which the masaved output (see below). New data files need include
is changed every 7 days will require stratification anly the uppermost matrix.

7 day intervals even though data are collected on a
daily schedule. Strgtifi.cation is most easily handled ﬁunning DARR
a spreadsheet application.

Data to be imported to BERR 2.0 should consist of aRunning RR 2.0 is as simple as clicking on the icon
row for each release stratum, each of which contaimgg, running the executable file from “Start-Run” on the
in order, an entry for the number of newly capture@indows Toolbar. This will invoke an MS-DOS con-
(unmarked) individualsyj, j = 1,2,...,t), an en- sole windoW and immediately display an information
try for the number of marked individuals released ( message. Clicking on “OK” closes the window and al-
i =1,2,...,9), and a series of entries for the numbdpws analysis to proceed.
of recaptures from that mark group for each sampling

period jj, including necessary zeros). The data shOL\l:q,]tering and managing data
be arranged as

Data preparation

DARR 2.0 will query the analyst for the data file to
up mp  ri1 r12 it be used, and supports navigation among directories.
uz mp (ran) ra2 rot DARR 2.0 no longer supports direct entry of data; if
: ’ (1) no data file is selected, a warning message appears, af-
ter which DARR 2.0 will exit. Once a file is selected,
DARR 2.0 reads the data and displays the data as a row
noting that the number of release and recapture str@gtor labelled “unmarked captures by stratum)’( a
must be equal, i.es = t, so that the recapture portioryow vector labelled “marks released by stratum)
of the data is a square matrix. The parenthetical entrigsd a matrix labelled “recaptures by stratug)’(
5Go to Control Panel-System—Advanced—Environment Variables. DARR 2.0 also calculates the total number of recap-

Select “Path” in the lower window and click on “editho not write ~ tures for each mark group (summed across row&pf (
over the existing PATH! Instead, append the full path of the required
directory to the end of the existing path. For example, ARR 2.0 6Any messages returned from the program (including errors) will
is installed in ‘C\Smolt\MarkRecagDARRV2’, append the path- be displayed in this window, but for the most part, this window may be
name “;C\Smolf\MarkRecaDARRV2\bin\win32" (without quo- ignored. Note that BRR 2.0 also can be run by typing “DARRv2”
tation marks) to PATH. Note that the initial semi-colon preceding tH&vithout quotation marks) at the command prompt in an MS-DOS
pathname is needed to separate the new entry from the previousveindow.

try in PATH. Please consult the manual for your computer’s operating Row vectors are used for display only. The data are retained in
system for more details. column vectors for analysis; see Appendix A.

Uu ms (s) -+ (st—1) TIst




DARR 2.0: stratified mark-recapture abundance estimator 5

but displayed as a row vector labelled “summed recdields give the final aggregated data set used to generate
tures by mark group”), and performs a preliminary athe abundance estimate.ARR 2.0 provides stratum-
sessment of the data by comparing the number of specific estimates of abundance for the aggregated data
captures to the number of marks released for each mael, the standard error for each stratum-specific estimate
group. If more marked individuals were captured thaopalculated as the square root of the variance estimated
were released, this suggests that the groups are not ftis-each stratum-specific estimate of abundance), as
crete and that the assumptions of the stratified mawkell as the estimate of overall abundance and the stan-
recapture model have been violated. |If this occumdard error associated with the estimate of total abun-
DARR 2.0 will issue a warning that identifies the afdance (calculated as the square root of the estimate of
fected mark groups. The analyst will need to correcariance for total abundance). The formula used to cal-
the original data before analysis can proceed. If thisdslate total abundance from the stratum-specific esti-
a real occurrence in the data, i.e., not just a typographates depends on whether one or two traps are used
ical error, it can have very important implications foto sample the population (Appendix A). Therefore, for
interpretation of the results, as the assumptions of ttlarity, the appropriate calculation is indicated in the
stratified design have been violated. heading of the field for the estimate of total abundance.

_ Note that the estimate of sampling variance of to-
Analysis tal abundance is the sum of elements of the es-

Once the data are checkeda®R 2.0 offers the ana- timated variance-covariance matrix for the stratum-

lyst the option of aggregating strata before applying tf@ecific abundance estimates (Appendix A). Negative

automatic pooling algorithms. In general, this is n&ovariance between abundance estimates for contigu-
recommended; however, if there is support for aggr@ys Stratum-specific abundance therefore reduces the
gating taggingand recapture groups, i.e., evidence tha@riance of the estimated total abundance. Therefore,
capture probabilities were constant across the entire i estimate of overall variance can be smaller than the
riod, such as a statistical test (see, e.g., Schwarz & of the stratum-specific variance estimates, and in

Taylor, 1998), then doing so can improve the perfof®Me cases can be smaller than the variance estimated
mance of the underlying statistical estimator. Strata @ @ single stratum.

be pooleda priori must be submitted in contiguous se- Regyits are also summarized graphically. The figure
ries, such as “2 3", *5,6,7", or "10-14", with each serie§ mmarizes the results of analysis as follows (Figure
on a separate line. 1). Green bars indicate the numberwfmarkedindi-
DARR 2.0 then queries the analyst regarding thgquals captured during each period. The solid line with
number of traps used in the experiment. If all cagpen circles indicates the estimates of the total number
tures and recaptures occur at the same trap, with markeehdividuals passing the recapture site during each pe-
fish being released upstream of the trap, the expgfhq. If the data have been collected under a “two-trap”
ment has a one-trap design. Conversely, if fish are c@pgtocol, these estimates include the known number of
tured, marked, and released at one site, but the samglgyed individuals released during each period. Esti-
of marked and unmarked fish used for the analysis;{f;ted capture probabilities are indicated by the black
collected at a second, downstream location, the exp&fitied line with “x’s. Periods aggregatedpriori by
ment has a two-trap design. The design of the exp&fiz analyst are highlighted magenta. Periods aggregated

ment determines how marked fish contribute to the fing} the algorithms implemented inARR 2.0 are high-
abundance estimate (see Appendix A). lighted yellow.

After reviewing the tabular results, the analyst should
click either button to close the tabular displayA®RRr
Results of analysis are presented in a window titléd0 will then query the analyst whether to print or to
“Summary of analysis”. Information on how the origsave the figure. The options are (1) to close the figure
inal data were aggregated under the heading “origiraaid proceed, (2) to send the figure directly to a printer,
strata in each pooled stratum” and the three subsequ@)tto save the figure to the “Clipboard”, whence it can

Results
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D e e o a06) the original data, the results displayed previously (in-
——1 cluding everything needed to reconstruct the plot) and
¥ estimates of (1) stratum-specific capture probabilities,
(2) for each mark group, the stratum-specific probabili-
ties that marked individuals will be susceptible to recap-
ture, and (3) the estimated variance-covariance matrix
for the stratum-specific abundance estimatesRi®2.0
can read in necessary data from a processed file for later
analysis: the software will read in only what it needs
automatically if such a file is selected at the start of the
session.
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Running another data set

. _ . _ After completing analysis on one data setAHR 2.0
Figure 1:Graphical display of results from analysis of dateviII offer the analyst the opportunity to analyze another
provided in DARRExampleData.csv, with strata 2 and 3 ag- If th y | ppl “Yes” @RyZ 0 will
gregateda priori for illustrative purposes. ata set. the ana yst.se ect.s es’A ) W_' ]
query the analyst for an input file, and the analysis will
proceed as described above. If no other data are to be
be pasted into a documén(4) to save the figure as amnalyzed, and the analyst selects“No’aR 2.0 will

Enhanced Metafile (.emf), (5) to save the figure as JPkGt and the MS-DOS window will close.
image (.jpg), or (6) to save the figure as an Encapsulated

PostScript file (.eps). If the figure is printed or saved,
the query options are again presented. To move on, fh@knOWIedgements

analyst must select "Close figure and proceed”, Michael Mohr, Glenn Szerlong, and David Hankin re-
Thg data needed t_o reproduce some or all of the fkﬁéwed previous drafts of this report, and Glenn Sz-
ure with other graphing software are output when tréq,long and Eric Logan tested the accompanying soft-
regults are saveq (see belovy). No.te, howevgr, that Wgre. All provided useful comments for improving the
est!mator used in BRR 2.0 is deglgned. to yield aNsoftware and presentation of the material in this report.
estimate of total abundance and its variance; stratugla-an Gallagher, Scott Harris, Chris Howard, Dana Mc-
specific results must be interpreted with caution due(tf%mne, and Seth Ricker provided useful discussion on

the greater variance associated with such estimates ﬁﬂedpractical use of downstream migrant traps. This is
the (typically) negative covariation between Comiguo"&%ntributi on 439 of the Santa Cruz Laboratory.
estimates. Results and figures generated in the course of

analysis are provided more to support diagnosis and the
use of stratified estimators than to encourage stratukeferences

specific inference. N .
P Arnason, A. N. (1973). The estimation of population

size, migration rates and survival in a stratified popu-

Saving the results lation. Researches on Population Ecology), 1-8.

DARR 2.0 allows the analyst to save the results IR A N. C.W. Kirbv. C. 3. Sch 4I.R
comma-delimited (e.g., data.csv) or tab- or space[na_son' - N B VU RINDY, o " chwarz, and J. R.
Irvine (1996). Computer analysis of data from strat-

delimited (e.g., data.txt) formats. @ The comma- ) o
- . . . ified mark-recovery experiments for estimation of
delimited format (.csv) is preferred as it can be read di- ,
salmon escapements and other populatioBsna-

rectly with typical spreadsheet applications without re-d, Technical R  of Fisheri d Aquatic Sci
quiring an import utility. The resulting data file includes 'an lechnical Report of Fisheries and Aquaic ci-
encegq2106).

8To paste the saved figure into a document, open or select docu-
ment, place the cursor at desired location and prast>-v. Bannehaka, S. G., R. D. Routledge, and C. J. Schwarz
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(1997). Stratified two-sample tag-recover census 8ppendix A: Darroch’s (1961) stratified
closed populationsBiometrics 531212-1224. Peterson estimator

Darroch, J. N. (1961). The two-sample capturerhis appendix describes stratified mark-recapture ex-
recap.ture census when tagging and sampling &iments, and summarizes Darroch’s (1961) analysis
stratified. Biometrika 48 241-260. for the simple case in which the recapture matrix is

Plante, N., L.-P. Rivest, and G. Tremblay (1998). Stratiyare, ”S'r_‘g the notation of (Seber, 1982)' S
ified capture-recapture estimation of the size of alna stratified mark-recapture experiment, individu-
closed populationBiometrics 5447-60 als bearing stratum-specific marks are released in each

of s tagging strata, and marked and unmarked individ-

Polos, J. C. (1997).Estimation of the number of ju-uals sampled from the population in each eécovery
venile chinook salmon (Oncorhynchus tshawytschstjata. Recaptured individuals, therefore, are identifi-
migrating downstream from Blue Creek, Californiaable (1) by the stratum in which they were marked and
M.S. thesis, Humboldt State University. released and (2) by the stratum in which they were re-

captured. Temporally stratified data may be arranged
Schwarz, C. J. and J. B. Dempson (1994). Marlé-S

recapture estimation of a salmon smolt population.

Biometrics 5098-108. m = [m m, mg ]’
Schwarz, C. J. and G. T. Taylor (1998). Use of u = [u u, - Uy ]/ (A1)

the stratified-peterson estimator in fisheries manage- r r r

ment: estimating the number of pink salmadn él r;z r;:

corhynchus gorbuschapawners in the fraser river. R =

Canadian Journal of Fisheries and Aquatic Sci- : : S

ences 55281-296. 0 -+ 0 rq

Seber, G. A. F. (1982)The Estimation of Animal Abun-wherem; is the number of individuals marked and re-
dance and Related Parametgiand ed.). London: leased in tagging stratum(herein referred to as “mark
Griffin. groupi”), u; is the number of unmarked individuals

captured in recovery stratumy andrij is the number

of individuals released in tagging stratunthat are re-
captured in recovery stratuin Note that an individual
may be recaptured only once. Zeros below the main
diagonal ofR occur because an individual can not be
recaptured prior to its release; spatially stratified recap-
ture data have no such constraint. Note that neither the
number of tagging and recovery strata nor the bound-
aries of tagging strata and recovery strata need be iden-
tical; however, for many outmigrant trapping programs,
tagging stratuni and recovery stratuinshare the same
start and end dates, which yields an equal number of
tagging and recovery strata (i.8.= t)°.

9Plante et al. (1998) and Bannehaka et al. (1997) further develop

the stratified Peterson estimator for the gensralt case to obtain
estimators for abundance in either tagging or recovery strata, depend-
ing on the parameterization and assumptions selected by the analyst.
These methods have been implemented elsewhere (Arnason et al.,
1996). DARR 2.0 focuses solely on the= t structure for simplicity

of analysis and the ease with which patterns in the analyzed data may
be interpreted.
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The probability that a marked individual released ilm smaller watersheds, often only one trap is deployed,
theitM stratum will be recaptured in thg" stratum is and marked fish are transported a short distance up-
the joint probability that an individual released in strestream before release. In these cases, marked fish have
tumi will be susceptible to capture in stratij9ij ,and already been counted and included in expansions during
the probability that an individual susceptible to captutieir initial capture as unmarked fish. Therefore,
in recovery stratum will be captured,pj. This “re-
capture probability” is defined ag; = 6; p;. Under N=>"Aj. (A.6)
the assumption that the group of marked and unmarkedrhe estimated variance for the estimate of total

fish migrating in each stratum comprise a closed POPYsundance is obtained by summing the elements of

Ie}tu;n ("e""Zi 0 = 1for e"’f‘C?‘ tag group), eSt'mat??he variance-covariance matrix for the stratum-specific
of the p; allow expansion of thei; into estimates of _, o " Lo

abundance of unmarked fish,, according ta; = p—j
, , , t
(Variables and parameters marked with d fndicate N > — (a
estimated values.) (N) = XI: Xj:COU” ().
Darroch (1961) provides a maximum likelihood esti- . _
mator for obtaining; from data for whicts = t under Note thatV (N) is valid for both one-trap and two-trap

the assumption that the rows B {ri}, are mutually €xperiments, since the number of marked fish is known
independent and that exactly. The variance-covariance matrix fioris ap-
proximated by

(A.7)

ri ~ multinomial(m;, {m;})

uj ~ binomial(nj, pj)

(A.2)
cov(f) ~ D@D, D;1(®)1Dp 4 Dn(Dp — 1)
. . . (A.8)
h =12,... dj=12,...,t - L : .
w.ere| & e, San . o 'S an appro where agairD indicate matrices with elements of the
priate model of the data in Equation (A.2). . .
indicated vector along the diagonal and zeros else-

The analysis proceeds as follows. Reciprocals 0 . . . .
e . where, and | is an identity matrix. Elements of the vec-
capture probabilities are estimated as

tor p are calculated ag; = >_; (éij/f)j> —-1. To
estimatecv(f), requisite estimates are substituted into
Eq (A.8), along with the matrix of estimated migration

and used to expand counts of unmarked fish to estima@éababilities ®, estimated as
of total abundance according to

b=R m (A.3)

© = D,'RD;. (A.9)

N = Dyb (A.4) Note thatN is approximately unbiased for large(Dar-
N < the esti g ber of ced indivi roch, 1961); ifN is biased,V (N) calculated with Eq
wheren; Is the estimated number of unmarked in IV'd(_A.B) actually estimates the mean squared erroNof

uals that migrated past the trap in tf#€ recovery stra- gocayse the estimates of abundance for pairs of con-
tum, R~ is the matrix inverse of the recapture matri)iiguous strata generally covary negativel§(N) may
and the notatioy indicates a diagonal matrix with el-pe g pstantially less than the variance estimated for any
ements of a vector (in this casg arranged along the,qividual stratum (diagonal elementsaiiv(f)).
diagonal and zeros elsewhere. In the preceding analysis, it is assumed that the pop-

If individuals are captured, marked and released ghtion is closed and all marked individuals are ulti-
one trap and recovered at a second (downstream) trﬁ\%@y susceptible to recapture (i.Ej 0 = 1 for
total abundance is estimated by summing the estimaigd) |t mortality rates are greater than zero, but con-
number of unmarked individuals susceptible to captuggynt across all strata, the abundance estimates are cor-
in each stratum and the number of individuals markedact only to within an unknown scaling factor based on

the probability of survival (Darroch, 1961). Account-
N = Z nj + Z m;. (A.5) ing for variable (relative) survival among strata requires
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analysis of data with unequal numbers of tagging adgppendix B: Rules for aggregating
recovery strata (Darroch, 1961; Plante et al., 1998). &tratified mark-recapture data for anal-
least three sampling times or locations are required);giS

estimate absolute survival rates (Arnason, 1973). Note

that this issue differs subtly from the issue of taggingirect application of the Darroch estimator to data ob-
mortality. For the latter case, estimates of mortality @4ined from small populations may be impossible or ill-
marked individuals obtained by holding marked indipdvised due to consequences of small sample sizes, par-
viduals for observation may be used to adjust the &xcularly for populations that exhibit substantial migra-
pected number of marked individuals in the populatigfbn among strata. In many cases, however, it is pos-

prior to analysis. sible to aggregate the data in such a way that the data
become amenable to analysis (Darroch, 1961; Schwarz
Conditions for failure of the Darroch estimator and Taylor, 1998). In this appendix, | outline tha®r

The Darroch estimator requires that at least sordd algorithm to identify structures in stratified data that

marked individuals are susceptible to recapture in tHi'der or prevent analysis and to eliminate these struc-
same stratum in which they were released (ise. 0 UreS by aggregation of strata. Aggregation consists of

for alli = j) (Darroch 1961). This is known to beConverting & x t (wheres = t = k) recovery matrixR

true if during the experiment, at least one “immediatd® @(S—1) x (t — 1) matrix by combining columns and

th ; th
recapture is observed for each mark group. If this {@Ws OfR that correspond to thié and(i + 1)™ tag-
not the caseR is singular, which precludes solvingg'ng and recovery strata and combining the correspond-

Eq (A.4). Even when immediate recaptures are o9 elements om andc to reduce these vectors frokn

served, low numbers of immediate recaptures can [8{K—1) elements (Appendix C). Doing so reduces the
duce the precision of estimates and yield estimates tR4fnPer of discrete strata in the mark-recapture data and
are highly sensitive to sampling error in the data (Dalr'-Sually (but not necessarily) reduces the rank pfhat

roch, 1961). is the number of linearly independent rowsRf The
Note also that the elements pfare not constrained algorithm is designed to retain as much of the informa-
to the interval [01] and therefore it is possible to oplion contained in the original data as possible. Strict

tain inadmissible estimates of capture probability (i.€dnerence to maintaining a square recapture matrix by
p, that are< 0 or > 1). Inadmissiblep; might arise aggregating coincident release and recovery strata has

as a consequence of violations of model assumptid?REN selected for simplicity of analysis and provides
(e.g., unequal mortality among mark-groups, or Var§._ome advar\tage in the ease with which patterns in the
ability in capture probability during a given stratunfin@l analysis may be interpreted.

among fish bearing different marks). Inadmissiple ~ Step 1 In this stepR is shifted, if necessary, to ob-
might also arise as a consequence of sampling eri®f anR with a dominant main diagonal. If the sum of
that causes substantial deviation in the data from dsimediate recaptures (i.e., values on the main diagonal
pectations for the distribution of recaptures. Recoveri@sR) is less than the sum of delayed recaptures (i.e.,
collected from small mark-groups are more likely to inalues above the main diagonal R, recovery strata
clude substantial sampling error, that, even when modé¢ shifted “forward” in time, with entries for the first

assumptions hold and analysis is technically possibigcovery stratum combined with the second in bth
may cause inadmissible estimates. andu. Zeros are appended ® andu after the final

recovery stratum as needed to maintia t.

Step 2 In this step, the data are aggregated to pro-
duce a non-singuldR. All strata that lack an immediate
recapture are pooled with neighboring strata so that no
zeros remain along the main diagonal of the aggregated
recapture matrix.

Step 3 In this step, the data are further aggregated
to eliminate strata with sufficiently few immediate re-
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captures to compromise the accuracy and precisiontioh number of a singular matrix is infinity.

the abundance estimate. The Darroch (1961) estimaStep 4 In this step, the data are further aggregated to
tor solves a system of linear equations described by #leninate any strata for which an inadmissible estimate
recapture matriR (e.g., Eq (A.2)). The condition num-of capture probability is obtained. If analysis yields any
ber of R provides a measure of how sensitive the solinadmissiblepij , the stratum for whicth falls furthest
tion of this system of linear equations is to sampling eputside the interval [01] is aggregated with a contigu-
ror in the matrix entries, and thus can be used to exaaus stratum, and the newly aggregated data reanalyzed
ine what entries iR are most likely to compromise theand examined for inadmissibh% . This step is iterated
accuracy of the stratum-specific abundance estimatastil all capture probabilities fall between zero and one,
A small condition value foR suggests that solutions tcand the resulting data set is retained for final analysis.
Eq (A.4) are robust. Aggregation is judged necessary

whenever the condition number Bfexceeds the mean

number of immediate recaptures. This flexible thresh-

old criterion reflects the dependence of the condition

number on the values R.

The condition number dR is the ratio of the largest
to the smallest singular value in the singular value de-
composition ofR. Increasing the smallest singular
value, i.e., the denominator, is only one of two ways
to reduce the condition number. The magnitude of sin-
gular values is related to the magnitude of entries along
the main diagonal, such that small singular values tend
to be associated with small matrix entries. Therefore,
to select a stratum for pooling, the condition number
and singular values are calculated for all possible ma-
trices resulting from pooling one stratum, and the case
that yields the greatest reduction in condition as a con-
sequence of increasing the minimum singular value is
retained. As a consequence, this criterion favors ag-
gregation of strata with few recaptures over those with
many. If multiple strata satisfy this criterion, the stra-
tum nearest the start or the end of the data is aggregated,
with preference for aggregating the earliest stratum in
the case of identical options at the start or end of the
data.

Step 3 is iterated until a condition threshold specific
to the data is no longer exceeded. Since the condition
number ofR is related to the range of entries R,
especially along the main diagonal, a fixed threshold
can overaggregate data that include on large numbers
of recaptures and underaggregate data that include few
recaptures. Simulations indicate that using the mean
value of (non-zero) entries along the main diagonal of
R as the condition threshold yields consistent behavior
of the estimator across a wide range of abundances and
capture probabilities (E. P. Bjorkstetit prep). Note
that Step 3 is a special case of Step 2, since the condi-
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Appendix C: Aggregation scheme and consequences for model structure

This appendix (1) illustrates the algorithm used to aggregate stratified mark-recapture data by combining a pair of
contiguous strata, and (2) briefly outlines the consequences of such aggregation for model structure and relevant
assumptions. Consider the mark-recapture data

u = [u Uy u U4]/

m=[m m m m, ]/ (C.1)

f11 T2 Tiz Tia
R — 0 Ty Tag T
0 0 rgg rgy
0 0 0 1

for which stratum 2 has been selected for aggregation according to one of the criteria described in the Appendix
B.Ifry <r,,wherer; = Zj rij. stratum 2 is combined with stratum 3, which yields

uto= [u (Uytuy ]

m* = [m (Mm+my) m, ]/ (C.2)
M1 (GPREET) 14

R* = 0 (rpp+Ty3+ray) (Tpg+Tr3)
0 0 M4

Conversely, ifr; > r, , stratum 2 is combined with stratum 1, which yields

U = [ (U +uy uy u, ]/
m* = [(m+my) my m, ]/ (C.3)
(Mg + T+ (Mg+Ta) (Tg+To0)
R* = 0 la3 !
0 0 Mg

Choosing to combine a selected stratum with the neighboring stratum that has fewer recaptures prevents run-away
aggregation of the data set by a single stratum with an increasingly large number of recoveries and thus favors
retaining as many distinct strata as possible.

To illustrate the consequences of aggregating data for model structure and potential bias in the course of esti-
mating abundance, | consider the simplest general case, consisting of four strata, of which the second and third
are to be pooled according to Equation (C.3). Quantities and parameters in the aggregated data are indicated by
“*» and their indices will reflect the structure of the aggregated data. After pooling, the number of marked fish
released in each stratum is

my
m*=| mg (C.4)
my

wheremij = mp , m3 = my + mg, andmj = my.
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ny ny
n"“=| ny |=| n2+nz (C.5)
n3 Na

is the analogous expression for the numbers of unmarked fish susceptible to capture during each stratum after
aggregation.
The expectation of the aggregated recapture matrig

my 7y My (71, + 7q3) My 714
E[r*] = 0 My (T + Tyg) + Mgy MymT,, + Martg, (C.6)
0 0 M40

and the expected catch of unmarked fish is

NPy
E[uU]=| n,p,+nzp; |. (C.7)
Ny Py
To write E[R*] and E[u*] in terms of aggregated parameters, it is useful to define the recapture proB&bility

for each aggregated stratum as a weighted average of the recapture probabilities for the corresponding original
strata. For example,

My (7pp + Tpg) + My7iag
m, + m,

*

oo =

(C.8)
which corresponds to

Likewise, the combined pool of unmarked fish experience a probability of capture during the aggregated period
that is a weighted average of capture probabilities during the original strata, e.g.,

« _ NPy +N3Ps

C.10
) Ny + N ( )
which corresponds to
E[u] = nyp, + ngps. (C.11)
With these and analogous definitions, Eqs (C.6) and (C.7) may be written as
miy MiTy, Mintgs
E[R*] = 0 mimy, My, |, (C.12)
0 0 M373,
and
Ny P
E[u]=| nip; |, (C.13)
N3 P3

10Recall that the probability that an individual marked in one stratum will be recaptured in that or a subsequent stratum is a joint probability
composed of the probability that the individual will be susceptible to capture in a given stratum and the probability that susceptible individuals
will be captured during that stratum.
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respectively. Note that, although tie'} are no longer necessarily distributed multinomially, nor are{tlTe}
necessarily distributed binomially, the model that will be assumed for the aggregated data is
r¥ ~ multinomial(m?, {z}})

c’Jf‘ ~ binomial(n}‘, p]*)

(C.14)

wherei =1,...,s% ] =1,...,t% ands* = t* = k* is the number of strata in the aggregated data, and mutual
independence of thig;"} is again assumed. As alluded to previously, estimating parameters for Eq (C.14) requires
a revised set of assumptions: capture probability must now be assumed to be constant throughout each combined
stratum, even though capture probability may have differed among the original strata. Each aggregation of strata
leads to a simpler model with increasingly restrictive assumptions.

The use of Eq () can yield bias in the resulting estimate of abundance, and the consequences of aggregation for
estimator bias are considered elsewhere in greater detail (Bannehaka et al., 1997; Schwarz and Taylor, 1998, A.
N. Arnason, C. W. Kirby, and C. J. Schwatmpublished msE. P. Bjorkstedin prep).



