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ABSTRACT

TAe Jolly estímation equations do not yield relfable

esËfmaÈes of the populatíon parameters when sampling intensity ís

low" Criteria to ald Ëhe experimenLer ín deterníning whether or

not his resulËs from the Jolly model are reliable, are devel-oped.

Usfng these crÍteriao Ëhe parameter sets of survival- raÈe and

capËure probabii-Íty, for r¿hích unreliable estimates result'-'are

deteruÍned"

Two methods of pooJ-ing are suggested which may allow the

experímenËer to sal-vage some informaËion from Ëhis .*p"tit.ttt ttt"o

Ëhe Jo11-y estímation equatíons produce unreliabl-e estimaËe-s-' _ _tþe

two pool-íng nethods are l;he methoil of pooled staËisËics and Ëhe

arethod of reducetl capture hisËories" Both poolíng methoãJ-are-

simulated using the parameter seËs whích resulËed in unrel-iable

estÍmates. The criteria developed previousl-y are again applied to

these resul-Ës Ëo deÊermine if there has been any improvemenË wiËh

either pooling meËhod. It is shown, thaË in certain cases, there

J-s a very greaË improvement in the esËimates from both poolíng

methods. Variance formulae for the pooled estimates are proposed

and shown Ëo gÍve reliable esËÍmaËes of the precision of qþe- pooled

esËimaËes



ACKNOI{LEDGEI'IENTS

I wish t,o express my slncerest appreciation and thanks to

Dr" A" Ne1l Arnasone my supervisor, for his advice and guldance in

researching and writing this thesis.

I also i+ould l1ke to thank Professor G. F. Atkinson for

his suggestÍons and comments"

I am grateful to Dr. G" If. Jolly for his ídeas which helped

nake this study possibJ-e"

I am aLso graÈeful to Dr. D. Platt for hís hospitality

and suggestions and comnents"

My most specÍal appreclation is for rny wÍfe, Faigie,

for her patience and understanding and her kind words of encouragement

when they were needed most"



TAtsLE OF CONTENTS

TITLE PAGE

I

3

4

9

L2

L2

15

16

23

23

25

31

35

39

39

40

45

CIIAPTER 1
.t

1.1

L"2

1.3

L"4

CHAPTER 2

2"L

2"2

2"3

2"4

CHAPTER 3

3"1

3"2

3"3

3.4

3.5

CHAPTER 4

General IntroducÈion

Notation

Purpose and Scope

Chapter OuÈlines

Introduction

The Jolly Estination Equations

The Unbiased Estimation Equations

The Simulation

Introduction

Results of a Single ExperirnenË

Multiple ReplÍcarions

Criterion for a "Good" Experiment

Si¡uulated Paramet,er SeEs

4"L Introduction

4.2 Pooling SampJ-ing Periods to Increase Precision

4"3 The Method of Pooled Statisrlcs

4.3.1 Variance Estímation Equations for the
' I'fethod of Pooled Statist,ics

4.4 Implementatfon of the Method of pooled

StaÈLstfcs: Single Replicarion

46



TITLE

4 "4 "L Averaglng t^lithln Grouping Intervals

4"4"2 }fultfple ReplLcations

4"5 The Method of Reduced Capture HLstories

4.6 Inplernentation of the l"fethod of Reduced

Capture HÍst,orfes: Single Replication

4"6.L Averagíng WithÍn Grouping IntervaLs

4 "6 "2 Mul-tiple Replications

4"7 Comparison of Both Pooling Methods for the

Gfven Parameter Set

CHAPTER 5

.5 "1 ."Iûtroductlou

5 "2 Results of rhe Pool-ed Sraristics Method

5.3 Results of the Reduced Capture History

Method

5"4 Effect of Changing Inrerval Length

5"5 Comparison of the Pooling Methods

5"6 Non Stable Pôpulations

CHAPTER 6

6"L Conclusfons

6.2 Further Hypotheses

APPENDIX A Tables and Graphs

APPENDIX B The Slmulation Program

tsIBLIOGRAPHY

PAGE

55

57

64

65

96

98

LO2

104

109

il.r

L73

200

69

70

73

76

76

89



ChapËer I

1.1 General Introduction

Over periods of tirne the size of an animal populatÍon

changes due to variatíon caused by bírths, deaths, irunigration and

emigraÈion. What are nainly of ínÈerest to the biologist are trends

fn the population such as: is the populatíon steadily increasing

over Èime, ís the population decreasing and heading for extinction

or are there significant fluctuations Ín the population throughout

the year? This type of study is called "moniEoring" a population.

The mark-Tecapture or nultiple-recapËure experíment is

one method of estimating Èhese trends. The mark-recapture experi-

ment is described as follows: The populatíon is sampled at a

number of discrete (but not necessarily equally spaced) sanpLing

times í = 1, 2, ..., L. Any unmarked animals in the sample are

given a unique ídentifying mark. The capËure of eaeh animal and

the sampl-ing period is recorded and it is reËurned to the popula-

tion. Some animals may not survive the capture and Ëhese animals

are called l-osses on capËure. Other animals may be detained and

ret.urned to the population at a later sampling occasion" Each of

the animals released from the sarnple has some probabil-ity of sur-

viving Èo the next sampling period. Thus, some anímals may die

between samplíng periods. Others may permanently leave the popu-

lation but are lncluded ín the deaths. However, the experimenter

l-s unaware of whfch animals die or when thev die or which animals

l-eave the population sfnce he may never see them agaln. Between

successlve samplf-ng periods there are ner¡t arrivals to the popula-
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tLon, r¿hich are termed births and r.¡hích increase the pool of un-

marked Índividuals. The term births is meanË in the general sense

Èo include any new entries to the populaÈion due either to blrth

or iurJ-gratíon.

The model used to esËimate popuLatlon parameters such

as population size, survíval rate or number of births was devel-oped

by Jo11-y (1965). To derive the estirnation equaËions he rnade Ëhe

follorvÍng assumptions :

(1) Sanopl-íng is random. Each anÍmal has the same

probabílity of capture at Éime Í, pÍ, although

p1 may vary over the different samplÍng tirnes.

In partícular, capture must not affect future

eatchabílity. Ouü of the s. released from

a sample of size ri, pj ís the same for the

sr and the N* - o* (the number noË captured
l- l- t_

fn the ith saraple) for all j > i.

(2) The probaÍlity Èhat an animal survives frora

time í Èo i * 1, 0r, is assumed to be Èhe same

regardless of age, síze, capture history, etc.

If the experimenter Èhinks that survlval or

capture rate differs among varÍous age or sJ.ze

groups, the Jolly analysis can be applied to

the stratlfied populaËion. This analysls can

be done, providing there fs no transfer of

lndivlduals among the strata fn the course of

the experlment. In this study I consider only
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Ëhe case of a slngl-e sËratum.

(3) Only permanent migration occurs. That Ís, an

animal thaÈ leaves Èhe population at any time

does not return to Èhe population" This does

not apply to animals detained upon capture

which rnay be returned to the population as parE

of a laËer "i.
(4) Aside from anímals detained upon captureo the

period of time requíred Lo mark and return a

sample is assumed to be smal-l- compared to the

ËÍme between samples.

L.2 NoÈation

The notation is taken from Jolly (f965) and ís consistenÈ

with the general notation proposed by Cormack (i968) and is as

follor,rs:

N. = the total population size at the time of Èhe iËh

sample "

n- = the number of individuals captured Ín the ith
l_

sarnple.

M_. = Èhe total number of marked animals in the popu-
1

lation at the time of the ith sample.

m. = the number of marked anímals in the l-Èh sample.
l_-

sr = Ehe number in the ith sample returned to the
l-

population after marking.

B, = the number of nev¡ arrivals to the populatlon
l_

betv,¡een the tth and i t lst samples.
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zf = the number in the population at tlme í that

hrere caught and marked before and after tíme

f , but \nrere not caught at time i.

r- = the number of animals eaught at time Í r+hÍch
l_

are seen again at some later sampling Ëime.

e- = M-. /N- = the proportion of marked animals in1_l-1

the population at tine i.

ö. = the probabiliËy that an animal alive at ËÍme't_

í survives to time i + 1.

P- = the probabil-ity that an anÍmal alive at time

I is caught in Ëhe ith sample.

n: = the probabílÍty than an animal caught in thel-'

ith saurple is released. i.e. Ëhat the animal

is not lost on capture.

L = the Èotal number of samples.

The n., ilío =í, ri and z. all represent random variables.

N. and M. are called conditional parameters by Jolly because they

are parameters of the model but Ëhey are also affected by random

variation Ín numbers survivíng prior to tíme Í. They are usually

called unobservable random variables. The parameÈers p., 0i,
n. and B. are consídered to be fixed but unknown quantities. para-l_ l-

meter estimaEes are denoted in Ehe usual way. For example, N- is

an .estÍmate of N.

1.3 Purpose and Scope

Thls thesis ls an analysis of the multÍp1e-recapture

experlment described 1n 1.1. The nodel is the one proposed by
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Jolly (1965) and Seber (f965). The notation ís the same as

Jolly's and in certain cases ís taken from Cormack (1968) to

sÈandardize notation. IE will be shorsn thaË, provided the assump:

tions hold, the Jolly model yíelds satÍsfactory results in mosË

cases. However, there are cases, such as when sampling intensiËy

is low or when the population ís snall, Ëhat result ín poor esti-

maËes of the population parameters. These cases v¡ill be deter-

mined and a method of pooling Èhe observations is suggesËed which

wíll produce reliable esËirnates" A reliable estímate is defíned

as one which is faÍrly precise and not badly bíased as defined by

the criËeria for reliability that are developed.

If estimaËes of the parameters at each samplíng tíme are

unreliable, it may be possible to assume ÈhaÈ the parameËers ehange

only slowly over time, so that the parameters over several adja-

cenË sampJ-ing periods are approximately the same. One may then

wish to combine or pool the information from several adjacent

sampling periods to produce more reliable estimaËes of the average

parameLer sizes within each pooled ínterval.

If unrel-iable estimaLes are produced from an experimente

it may be due to low sampling íntensity; that is, pÍ uay be low

resultÍng in small samples ar.d/or few recaptures. An experimenter

may wish to íncrease his number of trapping sÈatÍons but for vari-

ous reasons such as manpo\^rer shortage or lack of suitable Ërap

sites it may not be possible. In such cases he may consÍder pool-

l"ng as a method of increasing the acceptabilíty of hls estimates"

He may also consider extendlng lris sampllng chaln. However, 1f
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his sampling intensÍty is lor¿ or, 1f Èhe anfmals are subject. Ëo a

relatívely low survival rate the number of recapËures may still be

small. Again, pooling may allow the experimenËer to accept Ëhe

new estimates, whereas he may have rejected Ëhe unpooled estimates.

As a sËarting point, Èhe sinulatíons deal with a stable

population" In my simulatíons a stable population is produced by

keeping Èhe parameters p, ö and n constant over the sarnpling

chain. As vrell, the bÍrths are made to compensate for the total

expeeted losses" Thus, E(N.)=50 for all in where NO is the iní-

tial population size in Ëhe simulation. A more general defíniËíon

of stabílity, all-owing the parameters po ó and n to vary over the

sampling sequence, but compensaÈing for any losses by new ent,ries.

and still keeping the popul-afíon stable r^ras noË used"

SÈable populatioris are not unrealistic especially over

shorË periods of time. Also, if pooling methods do not vrork on

stable populations they are not likely to v¡ork on populations

changing gradually or erraÈically over time. In order to keep the

thesis to manageable proportí.ons Ëhe main part of the investíga-

tion involved stable populatíons. Unstable populations were al-so

looked at Ëo determine the effect of pooling on Èhe estímates.

More work musË be done in the area of unstable populatíons, and

the results given here are intended only as a basis for a more

comprehensfve study of the properties of the Jolly. esÈímates and

poolíng methods Ín an unstable population. In chapter 5 I outline

how such a study rnÍght be carríed out.

The Jolly estímates are calculated over the sLable
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population for a large number of parameter sets. From the results

of Ëhese símulaËions crlteria for determing reliabllity of estí-

mates are developed using bias, relative bias, coefficLent of

variatíon and comparison of the r. to the estímate for N.. Using

the criteria, those parameter sets from which unreliable estimates

result are determined.

The critería used in this simulaËion study can also be

used by the experimenter on his estimates. The experímenËer will

not be able Èo get a measure of the bias in his 
.estímates 

and the

coefficient of variaËion can not. always be reliably esÈimated frorn

the results of a single experimenË. However, the criËerion which

uses Ëhe average r. across i can be used. If the experimenterts

estímates of N- are fairly stable, he can compare Èhe r-. rs to ËheL"l_

estimaËe of N-. If the r- ts are fairly higho say greater than 5al-

percenË of the esËimate Ëhen, his resul-Ës are probably fairly

good.

Two of the methods of pooling described below are in-

vestÍgated using the parameter sets which yield unreliable estÍ-

mates. The problem is Ëo determine if the pooling meÈhods improve

Ëhe esËímates sufficiently Èo allorv Ëhe experimenter Ëo accept

them" If Èhe pooling methods yield good esÈimates is one method

better Ehan the other? Also, rlhat is the effect of increasing the

number of sample times pooled? I^lhat is the optimal poollng rule?

Since the varlance of the estimate gives an Índicatlon of the pre-

elslon of the estlmate, another purpose of Ehe simulatlons fs to

form varlance formulae for the pooled estlmaEes and determine the
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valldity of these variance formulae"

There are a number of possible methods of pooling that

can be used when the Jolly model yields unsatísfactory result,s.

Informatíon is pooled in groups of s sampl-e periods each. Instead

of geËting the Ni, öir B' etc. for i = I, 2, ."o¡ L Èhe experi-

P. P = L/S and themenËer gets NJ, ó¡, BJ etc. for J = Lo 2, coes

Jth period is called the Jth grouping interval. Thuso for exam-

ple, when J = 1, Ñ, i" an estimaÈe of the population síze over the

fírst s sampling perÍods.

The first method ínvolves pooling the statístícs rí, ri,

"i" ti and z. over the pooling inÈerval. From these pooled stat*

istics esËimates of the parameter values at the beginning of each

grouping interval can be formed. In partieular, Èhe estirnates are

formed for i = 1, s * 1, s * 2, etc. By shifËing the ÍnËerval- one

sample períod and pooling over the new ínterval, the experimenËer

can get estimates for i = 2, s * 2, 2s * 2, etc. By shifËing the

Ínterval s times the experimenËer can get estimates for all the

sample periods except the last s - 1. Tf he rvishes, the experi-

menter may then average the estimates withín grouped intervals to

derive the Nrr êËc. as described above. This process, then, in-
J

volves forming estimates from the pooled staÈistics and Ëhen taking

a moving average wíthín grouping intervals. Thís method wíll be

called the pooled statistics method" A more detained Justifica-

Èlon and explanaEion of this method ís given in chapEer 4.

The second pooling meÈhod may be called the method of

reduced capture hlstories" For each lndividual the capÈure
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hfstory daËa within a grouplng inÈerval are treated as if they

were collected aË a síngle point ín tlme; the mídpolnt of each

period. In this method recapËures within a grouping interval- are

fgnored. Each capture tristory is grouped and Èhe rir ri, sf, rf

and z. are col-lect.ed from l:he reduced caDÈure hísËories of each
l_-

fndivídual. The Jolly equations are then used Ëo form Ëhe estí-

maÈes. A movíng average is also used on the capËure historíes Èo

get a movJ.ng average of esEimaÈes. This meËhod of reduced capture

hístoríes is díseussed in detail in chapter 4"

A thírd method of pooling, called Èhe meËhod of pooled

estimatese T,ras suggested by Jo1ly (1969)" ThÍs meËhod involves

weighting the esËimates Ñr-, O, rrra n.. The estímates are cal-cu-

l-ated using Ëhe orÍginal JoJ-1y model and are then pooled within

periods by a weighted average of the esËimaËes" The weights are

taken in inverse proportion to the estimated variance. The

methods of pooled statistics and reduced capture histories r.rere

simulated and are dÍscussed further in chapters 4 and 5. How-

ever, due Èo the courplexíty of Ëhe method of pooled estimates it

rdas not- ínvestigated"

!_.4 Chapter Outlínes

In chapter 2 T discuss the Jol1y model giving the Jolly

estimation equatíons and the estimation equations corrected for

small sample bias as suggested by Seber (1965). In the second

part of the chapter I describe the simulation program r¡hich

generates the capture histories for the populationo calculates

the observed values nir *i, "i, r, and z. and calculates Èhe
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esËimares Ñr, ûr, âr, ôr, ir, ûtÑr>, ;qor), 'ûtirl, vcÑ.lur) ana

V(0,) - 0:(1 - ö*)/M_.,"" Also included is a discussion of pro-''l-' 'I. a' r+1

blems encountered duríng the símulaËion.

In chapter 3 I discuss the results of the simulation of

a slngle experiment as described in chapter 2" Following the

discussíon is the next sÈep of the simulation; running Èhe simu-

lation over multíple replicatíons of a single experimento The

reasons for multíple replications are given as well as what anal-

ysís can be done on the results ín terms of bias, relative bías

and coeffícient of varíatíon. From the resulÈs of the urultiple

replicaËions I derir¡e criteria for determining whether or not an

estímate is relíable" The last section of this chapter gÍves the

parameter sets over which Ëhe simulations Þrere run as well as the

parameËer sets which yiel-d rel-iable estimaËes according Ëo the

críteria developed in this chapter.

In chapËer 4 I describe the Ër¿o methods of pooling whích

were ínvestÍgatedS Ëhe rnethod of pooled staListÍcs and Ëhe method

of reduced capture histories. The estimatíon equatíons which re-

sult from both methods of pooling are given as r'rell as the methods

of irnplementing both pooling methods into the sirnulating program"

In chapter 5 I give Èhe results of both pooling methods

described in chapter 4" Included in Ëhis chapter is a discusslon

of.the variance formulae used in the pooling methods, a discus-

slon of Èhe effecÉ of changing the grouping interval length, a

comparl-son of Ehe two pooling methods and some resulÈs of sÍmu-

lations done on a nonstable population.
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ChapÈer 6 is the concluding chapter of the thesis. The

conclusions made throughout the thesis are summarízed ín this
chapter.
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Chaoter 2

2"L Introduction

The Jolly estimation equations are given ín thÍs chapËer

as çrel-l as Èhe estimation equaÈÍons corrected for snall sample bías

whích rqere used Ín the simul-ation. After thiso Ëhe simulatíon pro-

gram ís described, gívíng a discussíon of the methods used and a

descri.ptÍon of problems which arose durÍng the course of Ëhe

simuLation.

2_.â _ Thq.lolly Estímation Equations

(1) a. is the proportion of marked animals in the popu-

l-atÍon and is estimated. tv o. = m./n..
l-l-]-

(2) M. = (s.zrlrr) + rn,

The total- number of marked animals in the population is

made up of the m. daptured in Ëhe íth sample and the M.-m. not

capËured in the ith sanple. AË Ëhe ËÍrne of rel-ease of Ëhe ith

sampl-e there are thro groups of marked animals. These tr,ro groups are

Ëhe s- and the M=-trt, " The number caughË before, and afËer, but noË
l_ l_ l_

at Ël-me i ís 2.. The M.-il_. are the number caughË before the íthl-l_a

sample but not in Ëhe ith saurple. Therefore" z. of. the M.-m. are

eaught after the ith sample. The number caught at and after the íÈh

sample ís r.. Therefore, of Èhe s" released from the iËh sample, ri

are caught subsequently" Hence, because of assumptíons (1) and (2)

frorn i-"10 namely, that probability of recapture is.the same for Ëhe

M,-m= and the s-,1- r- r.

r.
= l"

;
t_

z.
l-

M.-m.l_ t_
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That ls, the proportí.on of the marked anÍrnal-s noË caught at time I
but caught after tíme í shoul-d be approxirnately the same as the pro-

port.fon of marked anÍmal-s released aË time i and subsequently re-

capËured" therefore, these proportions yield the estimate û, given

above.

(3) Since capture does not affect future catchabilitv the

proportion of marked anÍmals ín the sample, *i/rio should be the

sâme as the proportion of marked animals in the population, M./N."

Therefore, Ít follows from m./n" = M,/N,o thaË Ñ. = (r./n.)û."l- l_ l-' L' Í ' i"'-r'--i-
("4> 0i = Mi+t/(u.-n.+sr)

At the time of release of the ith sanpi-e the two groups of

marked anímal-s are the MÍ-*i and the s." The total number of

marked animal-s known Èo be alive aË Ëime í is M.-¡ni+si. 0f these,

Mí+l *r. al-ive at the time of Ëhe Í-|.lsË sample. Therefore, Èhe pro-

bability of survíval from the íth to Èhe Í*lsË sample Ís the pro-

portion of the number of anÍmals marked and alive at time i, sËill
alive at Èime í*1, whích is M.*r/(lt.-n.+s.)"

(5) Bí = Ni+t- ór(N.-ni+si)

At the time of release of the ith sample the toËal number

ln the popul-ation is N.-ni+si. of these, 0i(Nr-ni+"Í) will survive

to the i*lsË sampling period" AË ËÍme í*l there "r. Ni+l animals in
Ëhe populaËion, so the number of arríval-s between i and í*I is the

dif.f erenc. , Ni+I-Þ, (N. -n " +s . ¡ "

sampling periods,

all i. The range

both m, and n. arel_a

T^lhÍle the sampl-es are taken over the L

the esËÍrnaËes M, ¡ N, ¡ ó, and B. do not exist fora' r' '1 1

"f å* fs over the complete sampling chain, since
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defined for all 1. The range of ûi j-s resËrícted Ëo I to t-1, be-

eause at í=L neither rj. nor zj. are defined and therefore, û, t"
uudefined. The range of fri Ís al-so restrict,ed Ëo l ro L-1. This

A

fs because N1 ls a functíott of ûi, which as shou¡n does noË exísË for
A^

f=L" Therefore, Ni does not exíst at i=L. Ni also does not exist

for i=l since mi=O. Howevero fi, t" calculaÈed by averagíng the Nir

for i=2" 3, ...u L:1. This average value is then assigned ao Ñr"

The range of ôi is further restricted Ëo L to L-Z because
¡$^^

Oi Ín a functfon of Mia1. Thus, for í=L, 0j- does not, exísË beeause

there ís no ûr*, uoa for i=L:10 $i do.s nor exisÈ because û1 ao."

noË exist. SinilariS-y, âi **i"t" in ühe range I to L-2 because íË

is a function of ffi. Since nej-ther ôr ror ô1-1 exist neirher B, nor

Btr-1 exist"

Al-so of importance to the experimenter are the variances

^^^for Ni, $i and Bi. These aid hin in deËerminíng hor,r reliable hís

est,imates are. The varíance formulae given below are from Jolly

(l-965). These formulae are asympoÈotic formul-ae, valíd when Ëhe n1r

mi¡ sio ri and zi axe large.
^v(Ni)={Ni (Ni-ni) ( ( (Mi-ni+si) /Mi) G / rrL / si)+(l-cri) /mi) }

.l-1 n+{Ni-'t'(N:(j) /sr) }
^^j=OaJ

v tOil =01{ ( (Mi+1 -ni+1 ) (uiur-mi+t*si+t I / i"?*r ) ) ( 1 /ria1- 1 /si¡1)

+( (Mi-mi) / (Ma-mi+sr) ) (1/ri-1/si)+(1-0i) /Mi¡1]
 -'

v (si) = { nf (ni+ r -mi+r ) (}li¡1 -mia l+s i+ r ) t n!*) ( I / ri¡1 - I / s i.,-1 ) }

+(M1*ni) / (Mi-mi+si) ] {Qisi (l-oi) / oi}z( 1 /ri-1/si)
+(Nr-ni) (Ni+r-Bi) (1-oi) (1-0i) / (t'fi-mi+si)+Ni+1 (Nia1-ni¡1)

(i.-oiç1) /mi¡lr-Q?Ni (N; **i) (1-o1) /m1
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Sfnce the'parameter,Nl isaffected by survival and lmmigra-

tlon prior to time ío iË is not considered as a fÍxed parameter of

Èhe model. The number survíving Ëo time i has random variatÍon and

the total variaËion from sampling periods before i produces random

variatÍon in Ni. The esËímaËe of Ui, Ñi, has variance consisting of

errors in esLimation and the variabil-ity of N. " The tefin in the

first set of braces represenËs errors in estímation, while the Èerms

f-1
*t-rÌO(Nf(j)/Bj) represent Ëhe varíance of Ëhe conditional- esÈimaËeo

*tl*r. rhe Ni(j) used Ín Ëhe formula of v(Ñi) refers to Ëhe ex-

pected number in the populatÍon at Ëime i that fírst joíned the

popul-aËíon beËween tímes j and j+1" fhe Ni(j) are obtained from the

recursive formula, Ni¡1(j) = {(Ni+r-Bj)/Ni}Ní(j), for i > jo and

Ní+l(i) = Bí.

In Jo1-1-yrs formulae for Ëhe variances each symbol refers

to Ëhe expected value" However, since these are unobtainable each

symbol is replaced by íËs observed or estimaËed value. Only observed

or estimated values are used ín the varíance forrm:lae; therefore,

Ëhe results are on1-y estimated values of the asymptoËic varíances

and are denoted VCÑt>e eLc.

?.3 The Unbiased Estimation Equations

The estimates from the Jolly rnodel are subject Ëo bias

eíther from failure of one of the assumPtions of the model or, if

al-l assumptions are meË, from some inherent ploperty of the model,

r.rhich nay be termed as small sample bias. In order to reduce small

sample bias, the estimation equations used ín the símulatlon are those

given by Seber (1965) and discussed by Carothers (1973). They are
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as fol-lor,¡s:

a1 = (mi+l)/(ni+l)

ûo = (si+l) zil GyrI)

'Ihe formulae for Ñi, $i and Êi

and M¡. from above.

2"4 The Sirnulation

rmi

remain Ëhe same as in 2.2 and use

The simulatíon consísts of taking No indivíduals and gene-

ratíng capture hi-sËories over the L sampling periods for sets of the

parameters ô¡ p and ¡. The parameters No, 0o p¡ n and L are read

Ínto the program, wíth (r, p and rl constant for all Í, i=1, 2".."" L"

"fhe parameËers þ, p and n need not be constanË over i and in many

real--life sÍtuations they are not.. However, as a natËer of eon-

venÍence they were consËant over i. The sírnulation prograû can be

easily modified Ëo allow for varyÍ-ng these parameters.

Each of Ëhe No índivídual-s is eiËher caughË and re1_eased,

caught and lost, on capËure, or not caught at each of the L sample

períods. Also, any Índividual that is caught and rel-eased, or not

eaughË¡ may not survíve between Ërapping periods. As well as the No

índlviduals at Ëhe beginning of the simulaËion, Ëhere are ner¡/

arrivals to the populaËion between sample Ëimes ín the form of

births. This símul-ation deals with a stable population and henceo

the expected number of bírths was chosen so as to replace the ex-

pecËed number of deaths or l-osses.

The expected. number of losses betrveen any sample times i-

and i*l is N1p1(1-ni) + (Ni-ni+si) (l-Si). These losses represent

Ëhe nunber of anlmals caughL at time 1o N1p1, but l-ost on capture,

-t_
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pLus the number of animaLs caught and rel-eased at time 1, N1-ni*s1r

that did not survive to time í*1. Since for gíven Ni,

E(Ni-ni+si) = Ni-Nipi*Nipini, therefore,

E{Nipi(l-ni)+(Nr-nirsi) (1-0i) } = Nipi(l-ni)+(Ni-Nipi+Nipini)

(1-öi)

= NÍ{pi (l-ni)+(l-pi+pinÍ) (1-0i) }

= NÍ{1-0i(l-pi+pini) }

= NiPi'

Therefore, Nigi is the expected nr¡mber of losses beËween i and í*1,

and the number of births between i and í*Lo B1n is Nipi. Sínce Ni

is a random variable, and because the populaËion Ís stable over the

L sampling periods, I use Ni=No in caLcul-aËing the number of bírths"

The following is the mechanism by which the capture

history of each individual Ís produced for each sampl-e, i, and for

each paramet.er set of N6r pír ôi, and ¡i and L:

(1) A unifornly disËribuËed random number, U1, ís generated

between 0 and I for each sanple for which Ëhe indivídual is Ín the

population. It is capËured if U1 is less than Ëhe probabÍlity of

capturer p1.

(2) If iË is captured, a second uniforml-y distribuËed random number,

UZ" 1s generaËed between 0 and 1. Lf lJz ís less than ni, the pro-

bability of no loss on capture, then the índividual survives until

release

(3) If the indívÍdual is alive at the tirne of release of Ëhe lth

sample, Ëhen a third uniformly distributed random number, U3n ls

generated beÈween 0 and 1. If U3 is less than $1, the probabil-ity
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of sun¡ival- frorn i to i*L, then the individual sunrives untíl the

ÊÍme of the next sample"

A capture hÍstory is produced in Ëhis way for each of the No ín-

dl"vfduals, as well as for the Nopi new arrivals between tímes i and

í+1.

Thete Ís a second method by which the capture historíes

can be produced whích r¡ras noË used, but is more efficíent. llhen

sanpling begins, there are fíve nutually excl-usive and exhausLive

evenes" These events and Ëheir correspondÍng probabilíties are

LísËecl bel-or¿. An Índívidual coul-d be

(í) not captured aË i and does not survive to i*1, wiËh probab-

ility (l-pi) (1-ôi)

(íí) noÈ capËured at i and survives Ëo i*1, with probability

{ t_pi) 0i

(íif) captured at i and lost on capture with probability ni(l-ni)
(ív) captured at i, rel-eased and does noË survive to i*L, with

probabii_iry pini ( 1-Þi)

(v) captured aË Í, released and survives to i*1, wiËh probabil-

íty nrniôi.

The sum of the five probabilities is 1. The Ínterval between 0 and

!. Ís divided into 5 sub-intervals. Each sub-interval has a length

correspondíng to the value of one of the 5 probabilities. A uni-

formly distributed random number, U, is generated between 0 and 1"

U1 wflJ- fal_l into one of Ëhe sub-intervals and the corresponding

event Ls the one whlch occurs.

The capture hlstory of each of the No lndivldual-s, and
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each of the B, individuals, i=1, 2e..., L-1, is stored in a

vecËor, Xo of length L. The following noËation is used:

¡(, =0 implies the Índividual was not captured at
a

time i.

Xr=l ímp1-ies the individual was capËured aË time

f and rùas reLurned to the popul-ation at time i.

Xl=-l implies the índividual was captured at tíme

í but was lost on capture"

XÍ=2 Ímpl-íes the individual died before tÍne í"

Thus" as soon as ¿m índividual- has died, the renainder of the cap-

ture hÍstory Í.ox thaü Ínclívidual is seË xo 2.

I-n order to calculate the estínaËes from the Joi-1y model-

Ëhe simuLaËíon requíres the observations nio tn1, s1, ti and zi"

These are calcul-aËed from all the capËure histories ín the sub-

routíne STATS (see appendix B). Each Ëime an individualfs capture

hÍstory is completed, the STATS rouLine ís cal-led. For each índívi-

dualrs capture hístory, STATS forms a cumulatíve sum vector' C, of

1-ength L defined bY: 
.
l_

Cr = x- l"t I for al-l- x.1a xi+z. rf x3=2 then add. j=l'r' J- J

zeto to the sum.

The followíng algorithm uses the Xi and Ci to calculaLe the required

observations:

ff lxil=t then n1=n1f1, r'rhere ní'is the number

captured in the ith samPle.

lf lXf l=L and "f 
t L then m1=m1f1, where m1 ís Èhe

number of marked lndividuals 1n the ith
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sampJ-e"

then s1=s1fln where s1 is Ëhe number

rel-eased from the ith sample.

ancl 0 < Ci Ctr then zi=21*I, where zi

Ís the number marked before and after,

buË not at Lime i.

lf Xt=g

tf Xi=L and Ci < C¡ then ri=ri*L, where ri ís

the number marked at and afËer time i.

Lf. X142 then N.=Nifl, where N1 Ís Ëhe ËoÈal

nt¡mber ín the popul-atÍon at Ëíme i.

í.f. \-L42 and Ci-1 > 0 then Mi=Mí+l, where M:. íu

the total- number of marked individuals

in the population at Ëíme í.

Thís al-gorithm (suggested by A.D. CaroËhers in a private

conrmunicatíon) can also be used to form Ëhe n1r mir si, ti and zi

from actual data" A1l- that ís required is ËhaË the data be doded

as shown previousl-y. However, the experimenter will not be able

to calculate the Ni and Mi fronn acËua1 daËa, since he wontt khow

when an i.ndividuai- díes. Thus, with Ëhe exceptíon of those indi-

vidual-s 1osË on capture, none of the Xi for the population wil-l

have the value of 2" The a1-gorithm given above is suitable for

forming the staËístics from actual data, if the last two steps of

tire a1-gorithm are omitted.

trIhen the nfe mir sÍ, ri and z1 have been cal-culaËed from

a1l- the capture historfes, the subroutine ESTI'flt (See appendÍx B) 1s

ca1led to calculate Ëhe esÈlmates ôr-, Ñr., ûr, ôi "tta 
Ê1, as t¡ell as
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the estimates of the varÍance of rhe esrimates û(Ñi), ûCôi), û(åi),
a ^ÐV(Nlllli) and V(gi)-þf (t-ôi) lMi+f . These are the resulËs of a single

repl-lcation of Ëhe sirmrlation. The results of a sÍngle replicatÍon

correspond exacËly Ëo the resulLs that an experímenËer could derive

from an actual set of data.

In the course of the simulation a number of problems arose,

which eiÈher gave poor estimaËes, or produced probl-e¡ns in Ëhe simu-

latíon program. The problems and the solutions adopted were:

(1) In ealculating ôi, it is possible to get values rshich are less

than zero or greaËer than one" Not only are such estimates

ínadmíssabI-e, but they also lead to problems when usíng the var-

íance fornulae" For instance:

^^i-lv(NílNi) = v(Ñi) . Ñt -:!å(N?(j) lll" 83 is a runcËion or

S., and if 0, > 1.0, the values of B= may be negative. üfíËh.J 'J J

B* negative, Ëhe Ëern itlt*? h)/s,) ray be negaËive, r.rhich
J-

'"u." ûcÑil*il r utÑrll lnt"n 
"nol,r¿ 

noË be rhe case. rhere-

fore, any öi 5 0.0 rvere adjusËed to a smal1 positive number,

0.000001, æd anY 0.¡ > 1.0 were adjusted to 1.0.

(2) If any Bi vrere less Ëhan zeroe they produced unacceptable

values ror ûCei). Aceordingi-y, rny ûi < 0.0 were adjusËed Ëo

zexo .

i-l ,(3) In calculating .¿^(N:(j)/ni¡, if any B.=0.0, then the Ëerm
J-v J

' is undefined and Ëhe jth ror¡I in the triangular matrix for

Ni(j) (Ní(i) is the . expected nurnber in Ehe population at tfme

le thaÈ fírst joined the population betr^reen tfmes J and j+1;

L.e. which are members of B-¡) ls undeflned. SLnce B¡ has
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been set to zeroe. Wi(j) shoul-d also be zeto. Thereforeo

Ehe jth ror,r in the triangular maËríx for Ni(j) contributes

no fnformaÈion to the Ëerm and Ëhe row i-s left out"

In calculating the variance estimates, if any variable in

the denominator is zero then the varLance is seË to zero.
^^^^^^For exampl-e: V(Ni) = Ni(Ni-ni) {((Mi-mi+si) lMù (Llxi-1/si)

+(1-âi)/mi} + *r-l!lc*?(i)/Br). rr any or
J-wrJ

the ri, si or l,fi equlas zeroe *ren û(Ñi) is set to zeto"

ïn such cases Ëhe varianee should 1ogicaL1-y be ínfiníte"

However, in practice an experimenËer encountering such a

sítuation would not be able to form a variance esÈimate

(although using Seber?s formrrlae r¡iËh correctíon for small

sample bias he could form esËímates). SeËting Ëhe variance

est,imate to zero and redueÍng the number of replicaËions

by one, el-Íminates Ëhe offending daËa set when calculatÍng

the mean and varíance of the variance estimate over reol-i--

cations. Thus, such means and varíances for the variance

estimates are conditional- on Lhe mi, si and r, being greater

than zero.
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Chaoter 3

3. 1 Introductíon

In Chapter 3, I discuss the results of a síngle experi-

menË as well as Ëhe results from repetition of a single experiment

during a simulation. From these resul-ts I deríve a críterion for

a ttgoodtt experiment and determine the parameter sets of No, óÍo and

pi which produce acceptable results.

3.2 Results of a Singl-e Experinent

The símul-atj,on of a single experiment produces results

such as those in tables 3"2"I and 3.2.2, for the parameter set of
i

pí, öi, tir Ns and L equal I:o 0"50, 0.90, 1"00, 200 and 50, respec-

tÍvely" Table 3.2"L gíves the true values of the observaËions M1n

mi, N1 , nir B1 , siu Ti and zi from columns ttro to nine, respectivel-y"

and table 3"2.2 gíve the estimates âi, ûi, Ñi, ôi, Êi, û(Ñi),
^^^^û(Oi), l(ni), l(Ñiltqi), vCôil-ôf(r-ôr)/ûi+i and bias or ñi rrom

eolumns tr^ro Ëo twelve, respecËively.

The results from a síngl-e experiment are extremely varl-

able across í, as can be seen from Ëhe column labelled CN(I) (which

represenËs Ni in the noÊation from 1.2) in tabl-e 3.2.L" This column

represenLs the toÈal- nurnber of animals in Ëhe population at time

f. The values of CN(I) begin at 200 for I=1, reach a low of I74

at T-20 and clímb Ëo a high of 2L9 at T=49. Since the simul-ation

deals wíth a stabl-e population, the expecÈed value of Ni is 200 for

all- i" The variabil-iËy Ín the N, ís due to the effect of the

(sÈochastically occurríng) deaths and losses on capÈure"

AnoËher example of the variabillty over a single experl¿
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ment occurs in the colunn l[N(I) in table 3.2"\ whích, from the

notatlon in 1.2" is ni the number in the íth sampl-e. I^IiËh the

probability of capture equaL to 0.50 and No equal to 200, the ex-

pected slze of each sampl-e is 200(0"50) = 169" However, the varia-

bfJ-ity is due Ëo the variability in CN(I), as well- as the variabí1_ity

contributed by the capture mechanÍsm" tr{híle the expected popul-a-

tion sÍze at any sarnpl-ing time is 200, the Lrue populaÈion size at

the iËh sample is CN(I). Ñr, NEST(I) in rable 3.2.2, is an esËi-

mate of the true populaËion size" N, is an unobsen¡eable random

variabl-e and the erïor of the estimate of N1, Ñi-Ni, should be

sriall if the results from thís simulation are to be accepËabI-e.

Sínce Ni ís an estimat,e of CN(I), and CN(I) fluctuates over Í-, you

expect Ñi to flucËr:aËe over I as we1l. Ñi ao"s vary over í and the

error of Ni remains relatÍvely constant over i as well.

In Ëhis seË of simulations the esËÍmates whích appear to

give Ëhe besË results over one experíment are PHIEST(I) (ôi) 
"tta

BEST(I) (Bi), however, this is generally not the case. The Ërue

survíval rate is 0.90 and the average estimaËe of survival- is close

Ëo thato wj-Ëh a low estimated standard deviation" The estimates

ó1 for i=6, 12 and 42 equals 1.0" The calcul-aËed estimate for Ëhose

values Íf 0i r¡Ias greater than 1.00 but as I¡Ias discussed ín 2"4" any

such esËimates \¡rere reset Ëo 1.0" The average value across í of âi

iS close to 20, the Ërue value from table 3.2,10 with the average

estinate of the standard devlation across i of âi approximately

equal Èo 8.5.

Al-though the esEimates 1n the above example fluctuateo
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babl-e conclusíon from Ëhis experimenË is that the estimates

reliable" Howevern the resul-Ës Ín the next example, shown

tables 3"2"3 and 3"2"4" are clearly the opposite case" The results

0. 93,are for the parameter seË of No, ôi, pi and ¡i equal to 200,

0"04 and 1.00, respectively.

From Ëable 3.2"3" the col-unn l-abel-led M(I) which corre-

sponds to mir has several zero entries. Thusn Ín these zeto entries

there \üere no recaptureso which will shor¿ up in Lhe ri (R(T) in

Èabl-e 3.2.3). Several entries ín the ri are zexo as rael1-, and since

the Jo1-1y model requires non zero ri for good estimates, the indi-

eation is that the results r,u-ill be poor.

The conclusion of poor estimates is further asserted by

the resul-ts in Ëable 3.2.4" The colurnn lablelled NEST(I) {Ñr) n""

a very wide range of values, which are significanË overesËimaËes

and underestiruates. The fifth column, ôi, fr"" a number of entries

equal to 1.0, índicaËing several inadmíssable esËimates of ói were

obtained. The same is true for BEST(I) (ûi), SDN(I) (vtllill, SDP(I)

(V(ói)) and SDB(I) (V(Si)). A1l- have several- zexo erLlurieso showing

Ëhat inadrníssable results were obtained. Thus, this example of a

poor experíment over a single replication contrasts with the pre-

vious example of a good experiment over a single replicatíon.

!,.L Multlple Replications

In order Ëo ínvestigate the variabilíty of Ëhe estÍmates

at each sampling tlme, the slnulation was performed over 36 repl1-

cations. Repllcations meant that the experiment \^Ias repeated 36

25
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Èimes using t.he same parameter val-ues, but different generated

capture historíes. In particular, a different set of random num-

bers was generated for each replicaLion, røhich generated different

capture historj.es.

The number of replications T^7as noË chosen to be a much

larger number, such as 100 for tr,ro reasons. Firstly, a smaller

nu¡rber was chosen because of a Itdíminishing.returnsrr effect for

the estimation of the mean. ReplicaËing produces means of the es-

tírnaËes over Ëhe 36 replícations. Accordíng to the central liuit

theorem, if I ís the mean of an estimate, then I is approxinately

normally distributed with mean u and varian"" oz/n. fhus, the pre-

císÍon, as measured by Lhe sËandard deviaËion, Íncreases v¡íth /n

and the gaÍn ín precísion for a unÍt increase in n, dimíníshes as

n becomes larger. Secondl-yo because of the 'rdiminishing returns"

effect and the cosË of computing for more than 36 replícations Ëhe

simul-ations r,rere run over 36 replicaËíons. Now, insËead of resulËs

over only one experiment, the observaËions and estimaËes r^7ere

averaged over 36 replicatÍons. From Ëhe replicated resulÈs, sample

standard devíaËions of the estímaËes can also be cal-culated.

The purpose of averaging Ëhe estímates over 36 repl-icaËj-ons

fs Èo be able ta arral..yze the esËimates and to deËermine their re-

J-iabil-Íty. The estímates of parameÈers are analyzed as Èo their

bias and to Ëheir varíability, and Ëhe esËimates pf the variances

are ínvestigated Eo see if the variance formulae esÈimate the

varlance of an esËimate rei-iably. This investigation applíes to the

Jolly esÈímates r^¡ithout poolíng, ln order to determine what para-
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met.er values al1or¡ reliable estimates. The investigatíon also

appries t,o the study of pooled estimates which allows you t,o de-

termine if pooling reduees bias, improves precísion and to see

empirically if the variance formulae have any applícabilíty when

pooled statístics are substituËed into the formul-ae.

There are two types of estimates which can be distinq-

uished from the Jol-ly mode]-. one type is estírnat,es of a fixed

parameter or properËy of the nodel-. For example, the fixed para-

meters are pí, öi, Bi, ni, V(Ñiltti), v(Bi) and V({i). The second

Ëype are estimetes of condiËional- parameËers and properties of the

model such as N1, M1 and V(Ni).

Ï\,¡o properties of both types of estimates are of in-

terest; namely, precisíon and bias" Precision and bias cannot be

easí1-y derived analyËicai-ly and so they are esËimated from the re-

plÍcated daËa for parËicular parameter seËs. The nethods of analy-

zíng precision and bias for Ëhe two methods are discussed separately"

A single replÍcation of an experíment yieLds an estimate"

e" of a true val-ueo O. In my simul-ations e corresponds to pÍ, ôr,

Bio eËc, ánd 0 corresponds to the fíxed parameters pi, öí, Bio etc"

Since e is a function of observeable random variables, e Ís a ran-

dom variable and has an expected value. The expected value of s

U-,"r, is uu, and the variance of e, var(e), is o!" If u" = O, Ëhen

e is said to be an unbiased estimate of O.

Neither ue nor o! ^r" knor¡n" Horíever, both u. and o2

were esËimated by replicaË1ng the experiment 36 tirneso which glves

e1r e2e øoo, e36. The averäge of the ei over the 36 replications
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ls ã, and. ã is an estimate o¡ Ue. Since each e1 is a random vari-

ab1e, it,s expected value, E(ã)o is ile and iËs varianceo var(ê),
,,

ts oil/$6). By the cenÈral- 1ímit theoren, õ is approxiuately
t

tt(þe, o:/6).

Ttre estimate of the bias, â, t" õ-O an¿ since E(Ë)=þe,
^^tE(b)=¡l"-O. Therefore, b is approxiuarel-y N(Ue-On o;16)" The sæpJ_e

variance of the ei over the 36 repJ-ications i-s sf, which Ís ¡rl es-e-
¡n

tlmaÈe of o!. A test of signifÍcance can be performed on b. Iu

particular, if p.-O = 0, then û/s6 is approximately t36, and t36

f.s approximately N(0" 1), where s6=/çs2"/ZO) . Ihis al-lor¿s you ro

¿est if Ë,he observed bias is sigoificantly different frsm zero"
^^thus, if b < 0 aaa lUl > 1"96s6, then Ìíe say e is a siguificanr

und.erestimate of Ou and íf ; > 0 and i't f.96s*, then we say is
D

a significarit overesËi-mate of 0. In this example significance is

at the 957[ LeveL"

A measure of precÍsíon of an esËimat,e e is the coeffj--

cient of varíat,ion. The coefficient of variation of e is defined

as o"/Us" If e is unbiased and normally distributed, a coeffcient

of variation of less than Ll2 indicates that t]ne 95"/" confídence

fnterval for the Ërue parameËer 0 does riot ínclude zero. The coef-

fícient of variation is not known but can be esËímated by s"/C"

Moreover, the distribuÊion of e for most estimates Ís far from a

normal distributÍon (Manly L97I), so the estiuat,e of the coeffi-

cíent of variation gives only a very approximate and not. vegy

stringent measure of precision"

According to Gllbert (L972), 1f the coefflclenË of var-
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latlon 1s reLaüive1-y Low, below -25, then the bias is srnal_l and

the estfrnate is good. Howevero the experimenter may not be able

to use the coefficient of variaÈíon. Both the estímate and the

estfmated variance of the estimate are highly variabre and there-

fore, the coefficíent of variatÍon is highly varíable as welL.

Thuso the coefficient of variation is onl-y a rough measure of pre-

cisíon.

The preceding discussion of bias and precision hol-ds

onl-y Íf e is an estimate of a fixed parameter. However, íf e is

an estimaËe of an unobserveable random variabLe, Ë, then another

analysÍs musË be used. Instead of lookíng aË the bÍas, b=E(e)-n(t),

you look at the error of the estimate which is denoted e, and e=e-t.

e ís a random varíable with E(e)=E(B(elr=r)-f)=E(E(elt=t¡-e1r¡¡=

E(e)-E(t). Also, var(e)=var(e)+var(t)-2 cov(et).

However, rather than estimaËe Ëhe covarj.ance of e and t,

ít Ís easíer to esËÍmaËe the variance of e from the sample standard

deviaËions of e over the 36 replÍcations. The estimate of the

varÍance is denotea "3. N"* ., the sample mean of the erroï over

the 36 repl-icaËions, is a measure of the accuracy of Ëhe estimate

ando by Ëhe central l-imit theorem, var(ê)=s2e¡36. Thus, if t ís

Nío Ëhen e is Nland ã is given in Ëhe LasË column ín Ëable 3"3.3,

and /(var(e)) is given in the last col-umn of rable 3.3.4. There-

fore, Lle say that, an estimate ís accurate if the.interval eJ1"96

(su/6) includes zero. For exampLe, in table 3"3.3n E for f=25 is

1.42 and in table 3.3.4 s. for 1=25 ls 10.89. Therefore, at Ehe

95Z Level of significance, -e1t.Se (s"/6) = L"42!1"96(10.89/6)
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= L"42 t 3.55, whlch Lncl-udes -zero and the estimaËe ís unbl-ased.

The use of bias, error of an estimate and coefficÍent of variation

fn determíning críÈería f.or a reliable esËimate 1s discussed in 3.4.

The output from a simulation of inultipl-e repl-ications ís

now four tables for each parameter set of Ne, 0i, pí and ni" The

fírst tabl-e (table 3"3"1) ís one of means of the Ërue values of

the obsen¡ations M1e m1r N1 , n1, Bi, si, tí ar:.d zí. From this

table the Ni are compared wíth ttre Ñi to determine hov¡ c1-ose1-y the

N1 foI-low Èhe true popul-ation síze. The ri are used to develop a

crl,terion for a rel-íabl-e estímate. The second tabl-e (tabl-e 3"3.2)

Ls one of sanple starrdard deviatíons of the observaËions from table

3"3.1, whÍ-ch are used to look at Ëhe variabil-ity of the observatíons

over Ëhe 36 repl-ications.

The third tabl-e (tabl-e 3.3"4) contains the sample means

over the replications of the esËimaËes â1r ûi, Ñi, ôi, âi, VcNrl,

^tv(Ni lNi), v(Þi)-oí(t-oi)/Mi+l and b(Ni). From this table the pairs

Ñi 
"r,d 

vCÑil, ôi and vCôr) ana âi 
"tta 

v¡ii) are used Ëo develop a

criËerion for a rel-iable esËÍmate. The estim"t. û(Ñi) is also used

to develop another criËerion for a reliable esËimaËe. The fourËh

tabl-e (table 3.3.4) conËains Ëhe sample standard deviations of the

esÊímat,es in table 3"3"3 over the 36 replications

The entries ín the columns l-abelled SDN(I), SDP(I) and

SEB(I) from tabLe 3.3.3 are compared to the entries in the columns

Labelled NEST(I), PHIEST(I) and BEST(I), respectively from table

3.3"4 (the table of sample standard devíations of the estímates)

to see lf Lhe varfance formul-ae esËlmate the variance of an
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tírnated standard devÍations of Ñio fri and ûi, respectively and

NEST(r), PHTEST(r) and BEsr(r) are the sampl-es standard deviaÈions

over Ëhe 36 replications of Ñi, fri, .rd Êi, respectively. The en-

tries in table 3.3.4 al-so indicate the variability of the corres-

pondíng enËrÍes in table 3.3.3 over the 36 replieatÍons.

Also íncluded ín tabl-e 3.3"3, ín Ëhe l_ast row of the

Èable, are the number of inadmissable estimates of Q and B that

were calcul-ated during the simul-ation. these t,otals are Ëhe first

two numbers in Ëhe J-ast row, respecËively. Any estimate of S that

fs less than or equal to zero or greater than 1.0 is inadmissableo

and any esÈimate of B Éhat ís less than zero ís inadníssabl-e. The

number of j-nadmissable estímates of Q and B may provide a crÍËeríon

for reliability of an estimaËe. I,rfhen the number of inadrnissabl-e

estimates of Q and B becomes too large when compared wíÈh the total_

number of estimates of þ and B Ëhat are calculatedn then the estÍ-

mâËes may be unrel-iable.

The Ëhird number ín the lasË rour of Ëable 3.3.3 corres-

ponds Ëo Lhe ÈoËal number of. zeto ri values over the 36 replicaËions.

The number oÍ. zero 11 na1l provide another críËerion for the rel-ia-

bility of the esËimates of an experiment"

3.4 Criteríon for a "Good" Experiment

' As can be seen from table 3.3.3, the Jolly model glves

good estimates for the given parameter set. The accuracy of Ëhese

estimates can be seen by looking at the bias. The average blas

across i, in absolute value, is abouË 2.0" An estlmate of the



32

relative bias Ís about 2"0/200,. whích ts .01. Thus, the relative

btas is very l-ow indicatÍng accurate resul-Ès. The average esti-

maÈed sËandard deviaËion across i Ís about l-6"0, and an estimate of

Ëhe coefficienË of variaËion across i 1s abouË 16.0/2OO = "08"

Again, this estimaËe is very low, Índicating Ëhe acceptabil-íty of

the estimates"

The coefficÍenËs of variation of $i and Êi "t" also low.

The fo::rrer is "05/"90 = "055 and the l-atter is 9 "O/20.O = "45" BoËh

val-ues indicaËe rel-iabl-e estímates" llhen the estimated standard

deviations of Ñi, ôi an¿ ûi fron tabl-e 3"3.3 are compared with the

samples srandard deviations of Ñi, ôi ""a Ê1 fron tabl-e 3.3.4, the

resulËs are again favorable" For exarnpl-e, f.ot i=25, /¡û(Ñi¡=r7.57"

/(Û(ôi) )=O.482 a"¿ /(û(si))=9.28 from tabl-e 3.3.3, and the average

sample srandard deviation= of Ñio fri and Êi tt. L5.42, .0492 and

7.94, respectively" AgaÍn, Ëhe indication is that Ëhe estimates are

acceptable.

I{hil-e Ëhe Jolly model produces resul-ts which are obviously

good estímaËes in this case, Ëhe model- a1-so yíelds results rvhich

are cl_early poor esËimates. For example, Ëables 3.4.L, 3"4"2, 3"4"3

and 3.4.4 are the results of a simulaËion with the parameLer set of

No, 0i, pi and ¡i equal Ëo 200, 0.93, 0.04 and 1.00, respecËively"

In thís case, the relative bÍas of Ñi across i is between .20 and

.30, significantly hígher than the previous example, but on this

fnformation al-one it l-s not possible to determine the reliabiJ-ity

of the estÍmates. However, the coefficients of varÍatlon across I

of ñ1, ô1 "ra â1 ,r" nov¡ appïoxlmarely .60, .75 and.95, respec-
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Ëively, all- of v¡hích aie too l-arge to indicate relíab1e estf-

mátes. Comparíng Ëhe estímated standard deviations and the sample

standard deviations shows agaÍn thaË Ëhe estimaËes are unrel-iable"

For exampl-e, for í-25, /tûCÑi)) = 1L6.87, /fûfôil) = .5736 anð,

/(V(si)) = 108" 32 f-rom table 3"4"3, and rhe average sampl-e sr,an-

dard devíations of Ñi, ôi .rra Êi are 1-79.08, .2500 anð.74.36, re-

spectivel-y.

Tfhíle Ít is not diffÍcult Ëo determine the accepËabílity

of the resul-ts Ín the above Ëwo exampl-es, there are cases where

the answer is not quÍte as obvious. It is for this reason that a

criterÍon f.or a "goodtt estimnt.e is requíred.. IË Ís dífficult

choosing a test for accepüability, because you do not riranË .Ëo be

Ëoo restrictive" On the other hand, you do noË wanË to al1ot¡ results

which would mislead the experÍmenÈer inÈo belíeving his resul-Ës are

more reliable than they actually are.

The Jo1l-y esËimates are subject Ëo sma1l sample bias as

discussed in 2"3" Seberrs correctíons reduce smal-l sample bias

but do noË eLimínate iË. Tf there is a large smal-l sample bias, Ñi

ís an overestímace of Ni (Carothers (1973)). The estimated varíance

of Ñi, SDN(I) in table 3.4"3u ís highly correlated wiËh Ñi (Manley

(1971)) and is an overestimate of the true variance of Ñio NEST(I)

in table 3.4"4" Therefore, an esËimate with significant, small

sample bias, not only has a large actual ,r.ti"rr"., but al-so has a

large estímated variance" trË is from this 1-arge esËÍmated varfance

that an estimate of N1 fs found unreliable"

In order Ëo esÈablish a crlterion I compared the mean



34

estinated standard deviation of Ñi over Èhe 36 replícations, SDN(I),

wfth Ëhe mean estimate of N1 over the 36 replicaËions, NN(I). In

statistlcal terms the comparison is a tesË of the coefficient of

varíation, which is defined as SDN(I)/N(I). Thus, I accepted the

estímates as reliable Íf the coefficient of variaËion of Ñi was J-ess

than 0.50. Choosing 0.50 was arbÍËrary and any fraction of Ñi

coul-d be chosen. Howevero when the SDN(I) are greaËer than Ñi/2,

they approach the same order of magnitude as the estimates, irnply-

Íng that the experimenter has received ttmore noise than sígnal!'.

'IhaË is, his results are too varíable Lo be of much use. A small-er

fraction of ñi, of about .20, is more desireable, but ÍË makes the

críterion more restrictive and reduces the parametel space of pos-

síb1e reliabl-e estimaËes. As pointed ouË in Ëhe previous secËion

the coefficient of variation is sËricË1-y meaníngfu1- only on the

assumption ËhaË the estimates are approximately normally disËributed.

However, the coefficient of variaËion can be used as a Ïough mea-

sure of precision"

caroËhers (1973) infers that small sampl-e bíases and

varíances are functions of l/mi and I/tL, and that small sampl-e

bfases are smal-l if mi and ri are sufficiently large Ëo produce low

variances. Therefore, a second crit.erion that was invesÈigated was

a comparíson of the 11 with Ëhe population size. I found Ëhat lühen

the average value of the ri across i fell below 3-4 per cent of

Non the slrnulation produced unrellabl-e estimates. Thus, for an

lnitfal- poulaËion slze of.200, when the average value of ri across

1 fell below 6 or 7 o Ehe resul-ting estímate of Ni was unsatlsfac-
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tory. For a simulation with an Ínitial populaËion slze of 400

the average ri across i approximately doubled before poor estimates

were obtained. This meËhod corresponded very we1-1 with the first

crÍterion" hlhen the average ri fel-1 bel-ow 4 per cent of Nor the

coefficíenÈ of variatíon of Ñi also rose to greaËer than 0"50"

A third cri.terÍon that was investígated compared the

average estimated standard deviatíon of Ñi over the 36 replicaËions

and the sample sËandard deviatÍon of Ñi over Ëhe 36 replícations.

If sua1l sample bias is 1ow, then according to Gílbert (L972),

these two values wil-1 also be small and will have values that are

"elose"" The problem ís ín defining what tfclose" ís. The defíni-

Ëíon chosen was thaLn íf Ëhe Ëwo values T¡Iere within 2O pet cent of

eaeh other Ëhe esËímate of Ni was good. l^ltren the standard devÍa-

tions were l-ow this criËerion proved to be saËísfactory and con-

curred wiËh the fírst Ët¡o critería. Hor¡ever, when the standard

devÍaËions became large, and applying the first Ëwo criËeria re-

sulted in accepting Ëhe estím¡tes as reliablen the Èhírd criterion

resulted Ín rejectíng the estìmaËes as unreliable. That is, the

variance estimates are probabl-y more variable than the estímaËes of

Lhe parameters.

3.5 Simulated Parameter Sets

Table 3.5"1 shows Ehe parameter seËs of L, Ne, {, p and

n for which the slmulation was ïun. All símul-atiòns \¡Iere run over

50 sampl-íng perl-ods and with ¡i, the probabil-ity of no loss on cap-

Ëure, equai- Èo .99. AJ-so, the slmulatÍons vlere run with Ewo lnítial-

popul-ation slzes of 200 and 400" For each value of $ the simula-
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tions r^rere run fol each value of p"

For each val-ue of Q there is at least one value of p

which has an asterix beside it. The entries in the columns labelled

pg that have an asterÍx beside them ¿as Ëhe values of p, for Ëhe

given value of ô, that produced unreLiable estimates, according to

the critería given in 3.4. Thus, the first value of p, for a given

value of ö, with an asterix, is the firsË value of p Ëhat produced

unreliable estimaÈes. The precedíng value of p was the last value

thaË produced reliable esËimates"

There are several- possible criteria that an experimenter

ean use ín order to determíne the reliabil-ity of hís estimates.

In order of irnportance they are the following:

(1) the average number of ri across i compared wiËh

the expecËed populaËion síze; ri should be appro-

ximately 3-4 per cent of the expected popula-

Êion size"

(2) Ëhe coefficients of variation of Ñi, ôi "tta 
Êi

should be less than .50.

(3) the esËimates of variance for Ñi, $i and Êi

should be close Ëo the sample variances of Ñi,

0i and Bi" The experimenter will- not be able Ëo

apply thÍs criterion because the sarnpl-e variances

are obtained Ëhrough replication, r+hich the ex-

perimenter cannot do.

(4) Ëhe bias of Ñi should be small 1f his results

are relfable.
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(5) the number of inadmíssable esËÍmates of þ and

B that are calculated may be relaËed Ëo the

rel-iabiliËy of Ëhe estímates" As well, Ëhe

numbers of zeto ri values obtained inay be another

lndícation as to the reliabÍlity of the estimates"

Table 3"5"2 gives Ëhe results of applying the critería,

Listed above" to the last good and first bad values of p, for given

Ö,sho¡¡nintable3"5.l,forNo=200.Table3'5'3givestheresults

for No = 400. Colurnn 3 is the per centage of the average value of

ri across i out of No" Col-tunns 41 5 and 6 are the average coeffi-

cients of variation, across Í, for Ñio fri, "ta ûi, respectively.

Columrs 7, B and 9 tel-1 Íf the estímaËed varíances of Ñi, ôi and Êi,

respectivel_y, adequaËely estimate the true variances. Adequate

mearit Ëhat the estimaËed sËandard deviations T¡lere within 20 per cenË

of the sample standard deviatíons. Coluurr 10 tells if the esËimaËe

ñi was sÍgníficantly biased. Colunns 1-1, L2 and 1-3 give Ëhe per-

cenËage of ínadnissable estimaËes o¡ ôi and Êi thaÈ were calculaËed

and the number of. zero ri val-ues obtaÍned over the simulaËionu re-

spectivel-y.

The resulËs in the tables show ËhaË in most cases the

bLas of Ñi ís noË signÍficant. Alsoo the criterion of zero 11 only

applies ín very bad experíments and cannoÈ be applied in margínal

experímenËs. Another result shown in the tabl-es .is that the number

of ínadrníssable val-ues of ôi is a function of Ëhe true survival

rate. If rhe Ërue survival rate is high, say about .80, Ëhe number

of fnadmissable vaues "f ôf will also be high. If Èhe true survival
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rate is low, say bel-ow .20, ag4in the number of lnadmissable

values of ôi will- be high. If the true number of new arrival-s to

Ëhe populaËion is lowo say below 30, then the number of inadmissabl-e

values of Bi will- be I-arge"

From the high values of the coefficienË of variation of

Êi, it can be seen thaË Ëhe estimate of Bi is general-1-y unreliableo

even in a good experiment. However, boËh Ñi and $i generally pro-

vide good estimates of Ni and þi, respectively" AlËhough Ëhe largest

value of pi simulated for Si equal to .90, "70 and .50 was .30, and

for Qi equal- to .30 and "10 was .60 any 1.atgex values of pío for

the corresponding val-ue of 0Í, r,¡oul-d also produce reliable estimaËes.
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Ghapter 4

4" I IntroducËion

In chapter 3 Ít was shovm thaÈ the Jolly formulae pro-

duce relÍable estimaËes, as long as there is a reasonably large

number of recaptures. However, when the number of recaptures is

J-ow" the resulÈs are unacceptable" In this chapËer I describe

tt¡o meËhods of poolÍng which can be used t,o increase the rel-iabíl-itv

of the esËimates, when the Jo11-y model resulËs in poor estimates"

Both methods are descrÍbed and the resul-tanË estímation equations

and meËhod of implementation of both nethods is gíven.

4"2 Poolíng Sampl-Íng Periods lqc_Increase Precísion

l,lhen using the Jo1-1-y method the experimenter may have

a J-arge number of samples usually equally spaced fron whích he

qTants to monitor Ëhe population. If the populatÍon is sma1l_, or

if the samplíng íntensity is low (small pi), or if survival_ is

Low the data resul-tíng from his trapping sequence has few ïecapËuïes.

As seen in the previous chapËer, low recapture rates result Ín

poor esÈimates. The poolíng methods which were used in the símul-a-

tíon attempt Ëo salvage t.he data and produce more dependable estí-

mates, by pooling informaËion across sanplíng periods.

The nethod ís based on pooling several adjacent samples

Ëogether" Now, insËead of geËtíng Ni, öi, Mi, etc. f.or í^Lr2r " ".,
Lr'one hopes to get N¡-r ô3, M¡, etc. for J=l nzr.",, P, where P is

the number of periods resulting by pooling adjacent samples.

The assumptions f,or the pooling rnethod are Ëhe same as

for the Jolly estimates, as stated in 1"1, with one addlLion. IË
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is, that 1n the hope of gettíng more precise estÍmates, you pooL

daËa assurnfng thaË the parameters r¿ithín a pooled group do not

change significantl-y, but may change from group to gïoup. Thus"

íf an experimenter has coLlected data several times a month over

several monËhs, he mey pool his data wiËhin monËhs. He does this

assuming Ëhere Ís no great difference in hís population parâmeters

wÍthín any given monÈh, but there may be significanË dffferences

from monËh to month"

4"3 The Method of Pooled Statistics

This nethod of pooling uses the ovsen¡ations oie rtrir si,

ri and zi t}:'at" were gaËhered in forming the origínal Jolly esimates"

Sínce the main reason for the poor estimaËes from the Jo1ly fo:mul-ae

is l-ow 11 values¡ you rüanË Ëo pool the ri so thaË the pool-ed result

is large enough to ensure good estimates. The method of pooLing is

as follows:

Divide the L sanpling periods into P groups of s sample

times each. s must be chosen large ehough so that

Rl + R2 + .." + R=

Rs+l * R"+Z + ."" * Rzs

R(P-1)s*1 * R(p-f)s+2 t ".. * Rp"

are sufficiently 1-arge Ëo produce reliabl-e estimates. Thus, the

first pooled interval group consisËs of samples 1, 2, o o., s. The

second pooled interval group consists of sanples.s*1, s*2, ooo, Ps,

etc. It Ís not necessary for all groups to be of the same l-ength,

but ln this simulation a1-1- groups are of the same l-ength.

Instead of L sample perlods there are nor{ P sampl_e groups,
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each of length s. l'or each í=1, 2r..., P, where I denotes a group

J-nterval, ki Ís the first sampling time within the ith grouped in-

ten¡a1 and is defined by kÍ = (í-1)s+1"

In the fo.llowing equat,ions i represents unless othenrise

noted, a group ínt,e::vaJ-, s is the l-ength of each group interval

and j = ki, ís Ëhe first sampl-ing period of the iËh group ínterval"

(1) Ihe Jo1ly equation fot ii, Ëhe proporËíon of marked índi-

vidual"s in the single Íth sample, is mi/ni. The nr:mber

of recaptures is low and thus, the number of marked indi-

vídual-s ín the ith sample, ûrir is l-or¿. If only one Ërap-

pÍng peri.od was use<l in calculaËing âi, the esËimaËe r*rould

be poor. Ilowever, on Ëhe average it ís eryecËed that

adjacent proportíons wiËhín a group íntenral, namely

n¡r/n¡i, mkj+l/nki*l, ... r mki*s-l/n¡.a"-1 wouLd be approx-

ínaËely the sámeo Therefore, t.o obt,ain a better estÍmate

Ëhe sum of the rkí'= is dívided by the sum of n¡irs and

Ëhe esËimaÈion equation is

oí = (oti + mki+l + ,.. * m¡i*s-l)/(nti * n¡i+l + ...

tut i+":1)
In the original formula for âi, corrected for small sample

bias, unity was added Ëo both the numerator and denominator"

In the above formul-a tor âi unity was noË added to Ëhe

numerator and denominaËor" tt *t*, and n¡. after pooling

o¡ere sÈíltr- very 1ow, say below 5, then adding one might

make a sfgníficanË difference in the proportion m¡r/n¡r.

Xf after pooling, rlhe m¡t and n¡, were J-arge adding one
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nill not make a sig:niflcanÈ dífference in the proportion.

This modlfication was reconmended by D. platË (private

corrmunication) fron his experience wÍth actual data. Use

of the smalL sample correcËion for bias j.n the pooled

estimate of oi seened, in practice, to ÍnËroduce large

bfas, rather than removing it" üIhether or not Ëhis ís

acËual-ly the case might be investigaËed by sínulation,

but thÍs ïiras not studied in thís thesi.s.

(2) Iati i" an estimate of the total- number of individual-s marked

and alive at the beginning of interval- Í, í.e" at sampl_íng

time k' and is defined by

Mki = (skÍ + ski*t +.". * s¡r+s-l * 1) zyrl(ry, + rki+l

+ ... * r¡rl-s-L + 1) + n¡. .

The Jo1-l-y estimnte for Mi, where is is a síng1e samplíng

period, ís mi + zi/ (ri/si) " This expression repïesenËs the

number of marked índividuals known to be in Ëhe popul_aËion

at tíme i, mir plus zi divided by Ëhe proportion of the un-

knovm number of marked indivíduals, Mi-mi, expected to be

subsequentl-y captured. ilhen Ëhe proportíon ri/si refers to

only one sampl-e, and is very smalL or zexo, a beËter esËí-

mate of this proportion is required. The assumpËion made

is thaË adjacent proportions rvithin a group intervalo namely

rkt/"t ir rk1*l/"tr*t' o o o, tki="-l/"kr*"-l, are expecËed,

on Lhe average, Ëo have approximatel-y the same value.

Therefore, a better esËlmate of the proportion would be

(X rt, ) /(t su - ) . As with the original Jolly estimat,es,
^i
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even pooling the daËa may still result, in surall_ numbers,

whích would bias û¡- appreciably. Therefore, Ëo reduce

the snall sample bÍas, unity is added to the sum of the

rp,rs and to Ëhe sum of the sk.fs. Toward the end of theea *j.

sarnplíng chaÍno the assumption that the ratíos rki/sk'

rki+l/s¡ia1, et,c. are approximately equal is noË valid.

The assumption j-s not valid, because Eoward the end of

Ëhe sampling chaÍn, Ëhere are fewer recapËures, whí1e

the s¡. remaín approximately the same. The animals a1Íve

near the end of the sampling chain are noË exposed Ëo

as long a samplíng time as those animals alive at, the

beginníng or Ëhe mÍddle of the experiment" Therefore,

there are fewer recaptures near the ËerminaËion of Ëhe

experiment. The result is an upward bias in the ûi, to-

wards the end of the experiment and consequentl-y, an up-

ward bias in the Ñi towards Ëhe end of the experimenË.

This effecË hras observed over Ëhe last three or four es-

timates of Ñi, where there r'ras a Large posítive bias. The

large positive bias at the end of the samplíng chain seems

Ëo be mainly a functíon of surwival, and ís greatest for

high survÍval- rates.

(3) Nk; ís an estÍmate of the total number of individuals in

tt e pop.rfation at the time of the klth sample and is de-

fined by Nki = M¡r/cr, vrhere a1 and M¡, are calculated from

(1) and (2) above, respectively.

(4) 01 is an esËimate of the probabiltty thaË an individual
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survives Ëhe lËh grouped interval_, that is, from sample

period j Ëo sanple period j*s where j=ki, and j*s Ís the

first sampling occasion in the i*l st inËerval. An exten-

sÍon of the JoLl-y esrimate would gi.r. û¡+"/(M¡-ur3+s3) as

the estimate of fri. However, thís would be íncoïrect.

The quantity M5+s íncludes newly marked individuals that

are first caught in trapping periods j*1, ".., j*s-l and

so may not have been included in the M5-n¡*s5 aninals.

'Ihe M5-n3*s¡ only account for those individual-s marked on

or before sampling period j. Since ôi i" the pïoportion

of me¡þsd individuals innnedÍaËely after tírne j that sur-

wive to tíne j*s" âry individuals marked for the fÍrst

time in períods 3+L, j+ze c.., j*s-l are counted as un-

marked, for the purposes of estimating Qi. Therefore, an

adjusted estimnte of *r*", denoted ût5+", is used, which

removes Lhose indivídual-s marked for the firsË time from

j+1 Ëo j+s-L and is defined by:

û'5+"={ (s'5*"*s u5*"*1 + .. . *"'5*2"-I +L)215+=/(t'3+"

+ rr5+2s:r+1)] + tj

The definitj.ons of sî, Tr and zt are as follows:

sr5+s=s¡+" - Ëhose out of Ëhe sj+s that were firsË marked

at times j+1, j+2, .o., j*s-l

rt5+s = tj+" - those out of the rj+s that were fírst

marked ¿¡ ¡i¡ss j*1, j*2, ..., j*s*l

=tJ*" = "j+= - Ëhose out of the z3+s that were firsË

marked aÊ Ëlmes j*1, j*2, ..., J+s-L
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Thus, û'5+" is the estinated number of marked índÍviduals

alíve at sample períod j*s, Ëhat were marked from the

first Èime at time j or before. Therefore, the estimate

of $i, Ís Me5+"/(M¡-r¡*s5) r where j = ki.

(5) û, i" an estímate of the number of new arrivals over Èhe

iËh interval; that ís, from sample period k1 to sample

^^perÍod ki*s. Bi is estimated by Nki+s - 0i(Ni-nki*"ki),
which is the difference of the estimate of the total pop-

ulation at time kr*s and of the number in the popul-ation

at time ki that survive to time ki.*s 
"

The subscripËs of the estimaËes are important to the in-

terpretation of whaË the estÍmaËes acËual1y esËímate. The subscripts

of the estimates of N and M are ki, which refers Ëo a point estimaËe.

That is, they are esËimaËes of crass sizes exisËÍng aË sampl-e tir¿e

ki only" Ilowever, the subscripts of the estímaËes of cr, 0 and B are

i, whích Ís used to indicate an esËimate of a parameter defined over

the íth interval"

4.3.1 Variance Estimation Equations for the Method of pooled
StatísËics

trnlhereas Ëhe Jol1y variance estimation equaËíons pertained

to a singl-e sampling period, the varíance estimation eqtratÍons for

the pooled esËimat,es must consider a group of several sampling periods"

In. this way, it is difficult Ëo determine exactly whaË the variances

represenÈ. At best, an Ínterpretation of what Ëhe variances mean

can be given. The fol-lowing are used inl-Ëhe varÍance formulae:

pf = rkÍ + tki+l + ... * rki+s-l
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ri = sk. * sk,+l + "'. * "ki+"-l -'-l_ --I--

Ui = mk. + lokr+l + ... * *ki+"-L
aI

In Ëhe above relations, f represents the Íth interval, ki is the

fÍrst sampling period in the ith interval and s Ín Ëhe subscripËs

is the inËerval length. In the original- Jol1-y variance formulae,

any occurances of ris si and mi ín Ëhe denominaËor of an expressíon

are replaced by pi, ri and Ui respectíve1-y. Sinil-arlyr âtry occur-

ances of ri.r-1, si+l *d *i+l in the denominator of an expression

are replaced by pi+Lo rial and Ui+l Tespectirzely. Howevern neiËher

mÍ nor si are replaced when they occur in the expressíon Mi-rni*si.

For example, V (N¡ ) = Nj (Nj-*j ) { ( (Mj -rj+s¡ ) /M5 ) G / p i-I /ri)+( t-oi) /ui }
i-l ,

The varíance formula for Ñ5 excLudes rhe rern Ni - ,EåC-í(j)/n¡),
because the conËribution made by this term to v(Ñi) is generally

very smalI, compared t.o the variance due to sanpling" That is,

V(Nl) was found to be very close Ëo V(Ni/Ni), and Ëhe above term

can be omitted.

Since N¡o is an estimate of the population size at samp-^-r

of N¡_. at time k1.

estÍmates over the

as estimates of Ëhe

Éhe íth interval"

J-ing tine ki, V(Nk¡) is ÍnËerpreted as an esËimate of Ëhe variance

Also, because the estj.mates [i ard Êi refer to

ith interval, V(Qt) and V(Bi) are ínterpreËed

variances o¡ ôi and Êiu respecËive1-y, over

4"4 ImplemenËaËion of the Method of Pooled SLatistics:
Sinsle Replication

The simulation of

data from capLure histories

the pooled esÈÍmates

generated as ln. Ëhe

makes use of the

sLmulatÍons of
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SectÍon 2"4" The capture hfstorles of Ëhe No indíviduals, as

r+ell as all the 81 are generaËed and stored in a vector, X, of

J-ength L (using the same notation as described in 2.4). The obser-

vatÍonse nlr \r sio ri and zi are collected usÍ.ng Ëhe same a1_gori-

thn as descrÍbed in 2"4. rn particular, a cumulaËÍve sum vector,

C, of length L, is used to cal_culåte the ni, mir s1r ri and, z,

(see section 2.4)n from which the pooled statistics, used Ín cal--

culatÍng the estimates, are formed. In particular, if k. is Ëhe

fírst samplíng period in the ith interval, then r¡" = rki * rki+l

+ ".. * rli+"-I ís the pooled sËaËistic used in calculating Mki.

The same ís true for the poole<I statistj.c" "ki, used in M¡r, and

n¡, and n¡rr used ín eal-culatíng â¡. .

The method of pooling described in 4"3 yíe1ds estimates

for i=ln 2o ...3 P, where Í. Ís grouped inËerval of length s.

The estÍmates on Ëhese intervals correspond Ëo esËimates at kí=l,

s*lu 2s * lo oooe (P-1)s*1, where ki Ís the first sample period

in the Íth interval. By shifLing over one sample period and re-

forning the pooled statistics, you geË Ëhe pool_ed statistÍcs for

ki=20 s*Zr 2s*2, ocô, (P-1)s+2" Thus, the estj.mat,es can be

cal-culated at these poinËs" Shifting through s sample períods,

s gbeíng the group ínt,erval- length, gives pool-ed stat,istics,

and consequently esËi-mat,es, for all k1=1, 2, .. o, s. However,

the pooled statistics for the Pth int,erval require Ëhe nir m1r

si¡ rl and z1 past Èhe LEh sampl-ing períod. Since these do noË

existo only estimates for the first L-s sampllng tÍmes can be

obÈained 
"
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When all the capturç hístories have been generated"

and the statistics n1r mir si, ri and zi have collected, the

subroutine, GRouP2 (see appendix B), forms the pooled statisticsn

nkir mk1, s¡" and r¡r" by Êhe following ai-gorithm:

For k1 = 1, 2o ".., L-s

okt = tkí * nk1+l + """ * nkr+s-l

tki = tki + mtci+t + ".. * ukr+s-I

"ki "ki * ski+L + "." * skr+s-l

tkl = tki * rki+1 + "" + rki+s-l

The s!¡r, r:t¡. and zt¡. must al-so be fo:med. From Ëhe defínÍtions

gíven i.n sectíon 4"2, in order for an índividual- to be a member of

the su¡., ron. or zr,. ix must be a member of the s¡rr rki or zki,

respecËively, The following a1-gorithrn is used Ëo calculate Ëhese

quanÈitíes:

Initially set stki = "¡., ttUr- r¡. and ,tkí= rk.-"

Then each capture history Ís scanned for ki = s+1, s*2,

"."" L. For gíven ki,

if f.or any value of j=¡'-"f10 ki-s*2, " . " o kí-1,

if an animal- is a member of s¡. and X3=1 and Cj=l,

then sok, *' "tki-1
åf an animal- is a member of r¡. and X5=1 and Cj=l,

then re¡. * ttki-l

. íf an animal is a member of the z¡. and X5=1 and Cj=l,

Ëhen zokr- * ,tki-l

The esËÍmates are Èhen calculated in Èhe subroutlne ESTMT2 (see

Appendfx B). These estimates correspond to the results an experl-
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menter would geË on an actual set of data.

In calculating the unpooled estimates from the oríginal

Jol1y equations, a1-1- that the experímenter requÍres is the ni**J

meËrix (ni, is the number in the ith sample l-ast caught ín Ëhe jËh.J

sample) " From the ni5 the experimenter can obtain the ni, m1r si,

ri and zi" from which the esËimaËes are calculated. Hovrever, in

the nethod of pool-ed staËísËics, Ëhe experimenÊer cannot obËain

Èhe sto Tt ot zt from Ëhe n1.. To get these quantities, the com-

plete capËure hístory of each animal is requíred"

The results of a singl-e replícation are gíven in tabl-es

4.4"L and 4.4.2" The parameLer seÈ of Ne, öi, pi and ni and L

used in Ëhis simul-ation is 200, 0.93, 0.04, 1"00 and 50, respec-

tÍvely, for pooling ínterval lengËh equal to 5. The results from

this simulation, using the pooled sËatistícs meËhod of pooling,

correspond to Ëhe resulËs in tables 3.2,3 and 3"2"4, for the same

paraneËer set. In particul-ar, Ëhe same starting val-ue for the

random number generator was used in both sÍmulaËions, Ëhus produ-

eing the same capture histories in both cases. Tables 3.2.3 and

3"2.4 are the results of the esËímates calculated frorn the Jolly

equations"

ni, Bi,

arê the

Coluons 2 to g of table 4.4"I correspond Ëo M1r mi, Nio

si, ri and zi, respecÈively. The mi, fli, s1 and rt gÍveno

pooled sËatisËics.

Colurnns 2 Eo LZ of table 4.4.2 correspond to âi,

ôr, Êi, û(ñi), û(ôil, ucui>, 'û<ñ,lur), û(ôtl-ô?cr-frr¡/ûi+r

(n¡)" respectively, which are the esEimates resultlng from

ûi, ñt,

and bias

the
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equaËions discussed ln 4.3 and 4.3.L The ûtÑtlNi) were set Èo

zero because Vçuilni) = v(Ni). The lasË row of tabl-e 4.4.2 gives

the nrmrber of inadnissable estimaËes of öi and Bi that were calcu-

l-ated and Ëhe nunber of. zero ri values. The number of. zera 11 are

not the number of. zexa ri after pooling, but are Ëhe number before

pooling and Ëherefore, is Ëhe same as the number of. zeto rt values

given in the lasË row of table 3.2"4"

The esLimate of $1, for the pooling method, r¿as defined

as" sul:¿íval- over the íËh grouping interval. Therefore, if Qt* is

the probability of surviving from sampling Ëirne ki to sanpling

time kifs, and there are s sampling periods withÍn the ith grouped

Ínterval, then (0)s ís the probabílity of survj.val over the ith

grouped interval-" In Ëhis example, Q equals 0.93 and Ëherefore,

the probabil-ity of survival over the ith grouped inËerva1 is
\(0.93)'=.6957" Thuso Ëhe enËries in Ëhe fifth column of tabl-e

4"4"2 are esËimates of ó5=.70"

The esËimate of B-¡ was also defined over the ith grouped

ínterval" Therefore, if Bk. is the number of bírths beËween

sampling times ki and ki*so and the group interval I-ength is s,

Ëhen the number of births over Ëhe ith grouped interval is s * B"

Thereforeo the entries in column six of table 4"4"2, should be

close to 5(f4) = 70"

. At the end of each column in Ëable 4,4"2 there are several

zero entries. These are zeto because the estímates are not obtain-

abl-e at these points. In particular, since the pooled nir mis si

and 11 are defÍned for only the first L-s sampllng times, where s
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is the grouping síze, the estimates âi 

".ra 
û- are deflned for onlyra

the first L-s sampling períods. consequently, Ñi is defined over

thís range as r¿el-l. The esËÍmate of öi requíres ûr*", which is

noË defined for i=L-2s -L, L-zs 2, ,.., L. Thuso ôi i" not defined

for these vaLues of i. consequentl-y, Êi is not defined for the

same val-ues of i as we11. The ïanges of the estimaËed varÍances

correspond to Ëhe ranges of the corresponding estimates.

In order to determine if any improvement has occuredn

by using the pooled staËisËics methodo tables 3"2"4 and.4.4"2 can

be compared. The reader should keep in mind, that these tabl-es

correspond exacËly Ëo the estimat.esn whích an experimenter could

form from actual data (except for Ëhe last column, labelled BrASN(r))"

one conparison that can be made is between the erïoïs of the esti-
raËe cf lìi, gíven in tl:e lasË columr of both Ëables. A 1íne by

líne comparison of both columns shows that the pooled statístics

meËhod has produced 33 out of 45 errors of Ñi, which'are lower than

for the unpooled method, which is a noËeable difference. This

result índicaËed Ëhat, ín this example, Ëhe estinates of N1 are

better for the method of pooLed statistics. Ilhether or noË Ëhe

error of Ni is significant, will be determined by replicating the

experíment, and ís discussed in section 4"4.2. The experímenÉero

howevero wíll not be able to obtain the error of Ñi, because he

does noË have N1, from which the error is calculaEed.

The estimates of N1r 0i and 81 from table 3"2"4 were

judged to be unreliable, by 1-ooking at their coefficients of varia-

Ëion. The coefffcients of variatlon rvere onlv esËimated" because
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the true standard deviations-are not availabl-e. The estimated

coeffícj-ent of variation is the estimate, divíded by the estimated

standard deviation of the estimaËe, which is all- an experimenter

has" UsÍng columns four and seven to calculate the coefficient

of varíaËion of Ñi, shows that Ëhe estimated coefficient of varÍa-

tion of Ni ís greater than 0.50 and often is close to 1.0. Thus,

the estimate of Ni is consídered unrel-iable. The coefficient of

variation of öi, calculated from the entries in columns five and

eÍght, is greater than 0.50 and generally is close to 1.0. Agaín,

the $i are considered unreliabl-e. rn Èhis case, the $, ín col-unn

fíve shouLd be close Éo 0.93. The âi are al-so judged to be unïe-

liableu because the coefficient of variatíon of Bi, calculated

from the entries ín col-umns six and nine, is generally c1-ose to 1.0.

The estimaËe of B1n given in colurnn six, should be close to 14.

The relíabilíty of the esrimate of Ni, þi and Bi, ín

Èable 4"4"2, is also determined using their coefficíents of varía-

tion. AgaÍn, al-l the experimenter has are the estimates and the

estímated standard deviat,Íon of the esËímates. Therefore, all that

can be calculaËed are the esËimaËed coefficients of varíaËion.

The coefficient of variation of Ñi, calculaËed from columns four

and seven, is 1-ess than 0"50 and is often close to 0.35, which is

a substanËiaI improvemenË over the resulËs in table 3.2.4. The

estímates of Ni near the end of the experimenË are low, and the

experimenter would know Èhat these esËÍmates are not as rellable

as the earli.er estimates, because their coefficients of varlation

are close to 0.50. The estinate Ñ1 1s calculated by averagtng the
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N1' for i=?-, 3, e o.e 45.

the coeffícíenË of variation of ó. . calcualt,ed f ron'L'

is l-ess than 0.50 forthe entríes ín col-umns fÍve and ei-ght"

i < 37. Notice Ëhe sharp decrease ir 0i, for i=38, 39 and 40"

The coefficienË of varÍation is about 0.50 for thgse estimates,

but vre shall- see from the mul-tiple repl-icatÍons, thaÈ sudden

changes or trends ín the estimat.es, Ëowards the end of the sampling

chain, should be regarded as spuríous. Therefore, the experimenter

would accepË the (li for i . 37 " buË would not accept the remaining

3 estimates. In Ëhis casee tft* fri are all estím¡tes of (4¡5="76"

The esLima.te of Êi, given in column six, should be close

to 70" whích general-ly they are noË. The coefficient of variaËion

of Bio cal-culated from Ëhe entries in columns six and nine, ís close

to 1"0, and the experimenter would noË accept these estimates.

He would, however, teaLíze thaË Ëhere is a subsËantÍal nrrmber of

births over Ëhe grouped inËervals.

The number of ínadmissable estimaËes of ôi and âi has

decreased by usÍng the pool-ed statístics meËhod, and are now 1/3

and I/6" respectively, of the number from the method without pooling.

It ís not known whether or not Èhe estimated standard deviationsn

in colunns seven! eight and nÍne of table 4.4.2, are considered

valid. Thereforen the discussion of the estimated coefficients

of 'varlaËion of Ñio [i "rra 
ii, ín table 4.4.2, is valÍd if the

estlmat,ed standard deviations are consídered val-íd. The validity

of the esËÍmated sËandard deviations is determined by performing

multlple repl-icaËlons and fs discussed in sectíon 4"4"2"
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The experimentero however, cannot replícate his experi-

menL and all he has are the results in tables 3"2"3 and 3"2"4 and

fn tabl-es 4.4"7 and 4,4"2" The experimenter can see, by comparíng

eoefficients of varía,tj-on and error of the estimate, that Ñi has

been ímproved by using Ëhe pooled sËatistics method. By comparing

the coefficients of variation, he can also tell that ttre ii have

also ímproved, although there appears to be some bias at the end

of the experiment" He is also ar^rare Ëhat Ëhere are a signifícanË

number of new arrÍvals to the population, although he does not knolrl

Ëhe precíse magnif:ude of these arrivals" Therefore, the experÍmen-

ter woul-d conclude, thaL f:he meËhod of pooled statisËics improves

his estinates.

Another way in which the experimenter can see if his

esËímaÈes are reliable, is to compare Ëhe ri to Ëhe population

size" 'Ihis cri-terion was discussed in section 3.4. In that dis-

cussiono the ri r^rere compared to No. If ri/No !,ras gïeaËer than

about .050 the estímates \,rere considered reliable. The experimenËer

does noË have Ne, but he can compare Ëhe ïi to tn. Ñi, and Íf

ri/Ni is greater than .05, Ëhe esËímate can be considered rel-iable"

The pooled statísËics method uses the pooled n1, m1r s1 and 11 to

form the estimates. Since these will be larger Ëhan the corres-

pondíng unpooled statisticso it is expecËed that Ëhere wil-l- be

an ímprovement in the estimates

For exampl-eo for l=25, the 11 used to calculate the

unpooled esËimates ís 2"00u from column eight of tabl-e 3.2"3"

The r1s f.ot I=25, used Lo calculate the estlmates from poolíng ls
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9.00, from column eÍght of table 4,4"r. Therefore, the experí-

menter can tel1 that his estimates will probably be acceptable,

when using the pooled statÍstics method.

rn order to pooL the statístics ni, mi, si and ri over

the grouping íntersaL, the experímenter makes Ëhe assumption that

adjacent proportíons of the pooled statistics will be approxÍnately

the same" In parËicular, the proporËions %i/rkio nki+l/nki+1,

. ". " mkí*s-1/nki+s-lo as well- as the proporËÍons rki/s¡r, r.t"+f /
ski+l' o o o o rkÍ+s-1/"kr*"-1, should be about equal over the íth
íoterval. If Ëhís assumption Ís correcÈo Ëhen ' I \ " g

Ll=t*otl / (u"I1nti)
can repla". Ol=r(u¡r/n¡.). The same resuLr vüill be rrue for rhe

rki and s¡.. Furthermoren if the experimenËer assrmes that Nio Mí,

0Í" etc. are approximately constant over the grouping intervaL,

then he nay average his estimaËes over Ëhe inËervâl.

Thus, Íf there are L sarnpling periods, Ëhe experímenter

will have estimaËes for ki= l, 2r..., L-s. By averaging over

groupíng inËervals of length s, he will now have esËímates for i=10

2"...' P' where P=L/s. The estimates gÍven in tables 4.4.3 anã,

4"4.4 are the results of the estÍmaËes in tables 4.4.L anð, 4.4.2,

usíng thÍs averaging process. For example, NEST(r) ín table 4"4"2
^^^:represents (Nt * N2'f ... +NS)/5, which wil-l be denored Nj=10

:
where N¡ is the 

î;rr*" 
of the pooled esrimares over rhe jrh inrerval.

In general, Nj = Èr="(j_f)+tNti/s. The true statisticsn in table

4"4"3, are Ëhe results from averaglng the Ërue staËistics over

the grouplng lntervaL as well-.
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The true varfance of N¡, ovet a síngle repl-ication,
^S^^^.{-s (l/s¿){-I, var (Ni) + ,!, cov (NrN¡)}. Since I do nor have

L=l - t=J
Èhe true variances or covariances, a logical- esÈimate of the true

^^asÂ^^^^
varíance is v(Ni) = Q/st){r!rv{lri) + z tl: cov (NiN¡)}" However,

r do-not n"rr" ,n" est.imated covariances either, and r assumed that,

,26î¡fi¡ll = (1/s) ,Er,r(îaîr)), which is given as rhe averase esrí-

mated stand.ard deviatíon of fri over Èhe grouping interval- in table

4"4"4" This discussÍon atso holds for uCôrl 
"oA 

îCãil.

The formula for the logical estimated of the true variance

reduces Ëo the actual forrnula used, if aLl correlations among the
a\

lJk* are 1. Al-though this ís not the case, Ëhe correl_ations are

undoubtedly posítive and close Ëo 1, since most, of the data use<i
¿\^

to forrn Nl", ís also used to forrn N,l('i+r

By using the averaging process, the experimenter hopes

that he can furËher Í-mprove his est,imates. The averaging process

does have " "a"bili zing eff.ecË on the estimaËes over Ëhe grouped

interrral-, which can be seen in ,n. frr, from column four of table

4"4.4" A1-1 the estimates of fr, "=. vrithin one standard deviation

of. 200, indicating Lhere is no deËecËabl-e bias ín fri. The coeffi-

cÍenËs of variatíon of an. fr, are slightl-y I-ower Ëhan withouË

averaging. The estimate of fr9 is low, however, Ëhe coefficient of
^variation of N9 ís close to 0.50, indícaËing the estimate may noË

be rel-iable.

The same stabilizing effect is seen in the ffi, from column

^flve of Labl-e 4.4"4. The coeffclent of variatlon of 0t is cl-ose

Ëo 0"4O for all but the l-ast estlmate. The l-ast estlmate of S1 ts
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ls an underestimate and l-ts unreliabílíty ís seen from its coeffi-
ci.enË of varíation, whích is greater than 0.50"

The stabilízíng effect is seen again in the ii. However,

if the experÍment.er assumes thaË the esËi¡oated standard deviations

of the 81 are valid, then he still- r¿il1 not accept the Bi, although

he wil-l- note that Èhere aïe a large number of new enLrles to the

population. The varíabÍlityo across í, of the esËimaËed standard
^^deviat,íon of Ni, 0i and Êio given ín colunns seven, eight and nine,

respectively, of tabl-e 4.4"4" has also decreased, a1-Ëhough ít is

seíll noË knovm if these sÈandard deviation esËímates are to be

eonsi-dered va1id"

The averaging of pooled esËimates will frequently be

done by the experimenËero not only because of the additional- sËability

gainecl for the estímaËes, but also because he may only be inter-

ested Ín average parameËer values over the grouped interval. For

example, even though an experimenËer samples his popul-ation twice

weekl-y, he may be interesËed only Ín the para¡neËers relaËÍng Ëo

bí-weekl-y or monthly intervals. Averaging allows him Ëo form these

estímates 
"

dú" 2 Multiple Replications

The meÈhod of pooled statísÈics r¿as simulaËed over 36

replications. As discussed in section 3.3n the purpose of multÍp1_e

repl-icatÍons Ís to analyze the estimates and to determine thefr

relÍability" The estirnates of parameters are investígated for

bias and reliability. The varíance estimates are Ínvestigated Ëo

see ff the variance formulae adequately esLimate the t.rue varlances.
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The purpose of Ëhis analysis, on the results of the pooling methods,

1s to determine if pooling reduces bias, improves precision and Ëo

determíne if the variance formulae are reliable, when pooLed statis-

tics are substiÈuted ÍnEo the formulae.

As vrith unpooled esËimates, there are t\^ro Ëypes of esti-
ñates that result from the pooling methods. The first type Ís

estimaËes of a fixed parameter or properËy of the model and includes,

pi, 0i, Bi, nio vC¡lilni), v(Bi) and v(ôi). The second type is

esËimates of conditíonal parameters and incl-udes Ni, Mi and v(Ni)"

the properËies of both types of estimateso that are of interest

are precisíon and bia.s" A detailed discussion of analyzing pre-

cisíon and bias, for Troth Ëypes of estimaËes, is given ín secËion 3"3"

An example of the resul-Ës of the method of pooled sËatis-

tics is given in tables 4"4.5,4"4.61 4"4"7 and 4.4.8. These esti-

mates are the result of repli-catÍng the experimenÈ 36 tÍrnes, over

Ëhe same païameËer set as in tables 4.4.I and 4.4.2. Table 4,4.5

is one of means of the Ërue val-ues of the observat,íons Mi, m1r Nir

n1, 81, si, ri and zi (unpool-ed statÍstícs). Table 4"4"6 is one of

sample sËandard deviati-ons of Lhe observations in Êable 4"4"5, and

índicates the variabiiity of the observaËions over the 36 replíca-

tions. Tabl-e 4"4"7 conËains Ëhe sample means, over the replícations,
^^)of ai, M1, N1, öi, Bio v(Ni), v(Bi), v(Nilni), v(ôi) - Oi(t-Oi)/Mi*r

and bías tÑrl. Table 4.4.8 contains the sample standard deviatíons

of the esËimates Ín table 4"4"7" over the 36 replications" The

estfmates fn tabl-e 4"4"7 and the sample standard deviatlons fn

table 4"4"8 are used f;o determine lf the rnethod of pooled sËatfstlcs
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fmproves bias and precision" añd to determine if Ëhe variance

fornulae are relÍable. The lasË row of table 4.4.7 give the

number of inadmissable estímates of 0i and Bi and the number of

zero tí values, over the 36 repLications.

Tables 4.4"7 and 4.4.8 should be examíned (and compared

to tabre 4"4"2) as an exampl-e of the additonal knowledge Ëhat can

be gaíned by (sírnulated) replicaËion of the experiment. rn sec-

tÍon 3.3 it was shown how a test of significance can be performed

on the bias of Ñio girr.r, in Ëhe last colurnn of tabLe 4.4.7. ÑÍ

ís an estimate of a conditional païameter. The sample mean of the
-:error of N1, over the 36 replications, is given Ín the last column

of table t+.4.7 and ís denoted E. The sanple sÈandard deviation of

the bias of Ni is given ín the lasË column of table 4"4"7 and is

denoted s". Thus, the bías ís not significant if e t 1 "96(se/6)
Íncludes zero. For example, for Í=25¡ ã is -7.g3, from table 4.4.7,

and s., for i=25, is 63.77, from table 4.4.8" Therefore, at the

95% LeveL of signifÍcance, e * t.96(s"/6) - -7"83 t 1.96(10.63),

which includes zero and hence, there is no detectable bias.

This resul-t is true for al-1 the Ñi except the last two.

rn those cases Ëhere is a significant posiËÍve bias, r¿hich ís due

to the end effects of Ëhe experiment. That is, Ëhere v¡ere fewer

recapËures at Èhe end of the sarnpling chaín. The posítive bias

waá not evident in the single replícation, given in Ëable 4.4"2"

on1-y by chance. The last two sample sËandard deviations of the

bfas (l-ast column of table 4,4.8) are large and indicaËe furtheru

Ëhe large posÍtfve blas.
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The estimate of 0i fs an estimate of a flxed para-

meter of the model-. The estímate is detectably unbiased, aË the

95% LeveL of signifieance" if ã t L"96(s"/6) includes the Ërue

value of ö" In thís case, the true value of $ fs (0.93)5 = 0"70.

Colunn firze of Ëables 4"4"7 and 4.4"8 give Ë and s", respectively.

Thusn fox i=25, ê ís 0"6756 and s" is .2402. Therefore, at the

95"/" LeveL of significance, õ t t.96(s"/6) = 0"6756 t 1.96(.0400)'

which includes the true value of 0. Significant bias shows up

only ín the last estimate of 0i, whích is due, again, to Ëhe end

effects of the experiment. NoËe thaË the bias of ô¿O is signÍ'fi-

ca¡t, despite Ëhe increased sample standard deviaËion of ô4g"

The estimat,e of Bi is al-so an estimate of a fixed para-

meter of the model. Therefore, the same discussíon is true for

Bi as for þi. Thuso -e and se are given in column síx of tables

4.4.7 and 4.4.8" If Êí is unbiased, then é É 1.96(s"/6) will- in-

clude the true value of Bio whích is 70. For exampl-e, for i=25o

ã is 83"70, from Ëable 4"4.7 and s" is 67"25, from tabl-e 4-4"8.

Thereforeo ã È r"96(s"/6) = 83.70 x 1.96(rL.zr), which does in=

el-ude Ëhe true value of Bi. Therefore, Ëhe estimaËe of B1r for

i=25¡ ís not detectably biased. This result is true for all- the

esÈimates but the lasË Ëhree, vlhere there is a large positive

bias.

, The precision of *n. Ñi, ôi tn¿ ii can be investigated

by looking at Ëheir coefficÍenËs of variation. In a single repli-

catlon, given in tabl-e 4"4^2, the experimenter can only calculate

the estimated coeffícienË of variatlon. The estlmated coefflcient
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of variatÍon of an estimate, is Ëhe estÍmate, divíded by lts

estlmated standard deviation. Hor¡ever. since he does noË knovr

if hÍs estimated sËandard deviations are valid, he does not know

if the estimat,ed coefficient of variation ís valid"

By perfonuing nu1-tip1e replications, you can get a

beËter esËimate of the coefficienË of variation. The coefficíent

of varÍation ís noru cal-cul-ated by díwidíng Ëhe estimaËe, by the

sample standard deviation of the estimate, given in table 4"4.8"

The coefficíent of variation of Ñ1, ca1-cul-ated from col-rmn four

of tables 4,4.7 and 4"4.8, is generally between 0.35 and 0.50.

The coefficient of variation of Ñ¡ rises above 0.50 for the last

four estimaLes, which is urainly due to Ëhe end effects of Ëhe

experinent. These resulËs are much Ëhe same as Ëhe results obtained

in Ëhe single simul-atíon"

The coefficient of variation of fr1, cal-cul-ated from

colunn five of tables 4.4.7 and 4.4.8, ís less than 0.50, for all

but the first tr"¡o esËimaËes and Ëhe last estimate. The sasre effect

was noËÍced in the single replÍcation, given in table 4.4.2. The

coefficient of variation of ni, calcul-aËed from column six of tables

4"4"7 anð,4.4,8, Ís above 0.50 and ofËen approaches 1.0. These

results were also seen in the resulËs of the single replÍ-cation.

Since the results are the same in both the single and nultiple

repli.cations, the experÍmenËer can be satisfied that Èhe estimated

coefficient of variaËíon, which he is able to calculate, is a reason-

able guide for Judging precision.

One of the major reasons for performing multiple reþli-
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cations is Ëo determine if the variance formulae are valíd. To

do this, the average estimated standard. deviations or Ñi, ôi and

Bi' given in col-umns seven, eight and nine, respectívely, of table

4"4.7, are compared to their sample sËandard derríaËions, given in
col-r¡mns four, five and six, respecËivelyo of table 4"4"8. If
Ëhe average estímated standard deviations and the sample standard

deviations do not differ by more than, sayr 20 per cent, of the

average estímaËed standard deviations, then the variance forroulae

rüere considered valid.

eomparíng the estÍmated standard deviaËions of Ñi, with

the sample sËandard deviaËions of Ñi, shows that this criËeríon

holds for all- buË the last two esËimaËes. AgaÍn, Éhe last tr,¡o

estimaËes are unreliable because of Lhe end effects of the experi-

ment" using the criÈerion on the esËimated standard devi.ations

of 0i, shows Ëhat all buË the first Ëwo and last estimates of

Ofôrl are valid" Applying rhe crirerÍon ro û(Êi) resul-Ës in re-

jecting almost al-l- the estímates as ínvalid. Therefore, the

variance formurae ror Ñi 
"rra ôi are valíd, but the variance formul-a

for Bi is noË particularily good in this example. The discrepancy

between the average esËimaËed standard dewíations and the sample

standard deviations TÁras usually less than 30 to 40 per cent of

Ëhe fo::ner.

. The estimaËes that resulË from multiple replicatÍons

can be averaged over the grouping inËervals, in the same way as

Ëhe esËimates from a single replication. On each replication,

the average of the estimates over each grouping interval is calcu-
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^;lated. For example, if you consíder N1r then N3, for j=1, 2e c.oe

P, is the average of the Ñi, over Ëhe jth interval, on a single
;

replícation (see section 4"4"I) " The N3 from each replication are

then averaged over the 36 replícatíons, which give means over the

36 replícations, of the average of the esËimate over each grouping

ínterval"
:

The sample st,andard devj-ations_of the N5 ' over the 36

repl-icaËions, aïe al-so calcul-ated. fhe Ñ¡, on each replícatíon,

are aceumulaËed over Lhe 36 replicatíons, as well as tne Ñ1. After

the 36 replícaËions the sample standard deviaËions are calculated

using Ëhe usual sun and sum of squares formula for vaÍiance" An

example of averagi-ng over grouping intervals, over rnul-tip1-e repli-

cations is shown is tables 4"4"9" 4.4"10, 4"4.11 and 4"4"L2. The

parâmeter set is Ëhe same as in the previous example, therefore,

the esËimates in both exa¡rp1-es are Èhe same.

As vriËh the resul-ts of a single replication, shown in

table 4.4"4, it is hoped ËhaË the averaging process improves the

estj-maËes. The same stabj'f:j,zing effecË, seen in table 4"4.4, is

al-so seen in Ëables 4.4.LL anð. 4.4.12. fhe fri, given in col-umn

four of tabl-e 4.4.11-, are no$7 not as variable as in table 4"4"7"

However, the end effect is still- seen in the lasË esLimate, whích

shows up also in the sample standard deviation of Ñi, given in

column four of table 4.4.L2

In table 4.4.7 " the l-asÈ estimate of 0i (col-umn five)

I¡Ias seen to be biased. However, Èhis unbiased esËimate has been

averaged with the remaining estlmates, in Ëhe eighth grouplng
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lnterval- and the result, gÍven 5e¡ i=8 in column five of Ëable

4.4"11, is an unbiased esLimate, over the grouped interval. An

ímprovement in air. ii is al-so produced by averaging. Many of

Ëhe esËímaLes of 81, in table 4.4.7, r¿ere bÍased. llhile Ëhe esti-

maLes of Bi, in table 4.4"II are still biased, for Í=1, 2, 4o 6

and B" the bias has been reduced by averaging.

A sígníficant improvement has occured j-n the estÍrnated

variance of Ni. Comparíng V(Ni) (column seven of Ëab1e 4.4"LL)

to the sample standard deviaËíons of Ñi (coh:nn four of Ëab1e t+.4"L2)

shows ËhaL these t$ro values are very close. The coefficient of

varíation of $i, calculaËed by díwiding þi by íËs sample standard

deviaËion, in colurmr five of tabl-es 4"4"LL and 4.4"12" respectively

has fallen below 0"25" whi-ch is a sígnificant improvemenË. No

ÍmprovemenË has been achíeved in the estimaËed standard deviatíon

of Bio whích are still unreliable. trrIhaÈ ís Ì¡lorse, the v(Bi) appeaï

to be underesËimaËes of V(ii), which might rnísl-ead the experímenter

into believíng his estimates Ílere more precise Ëhan Ëhey, ín fact,

are. Hor,¡ever, the variability of af," åi r¡ere such that,, despite

Ëhís" in the singl-e replication of the experiment (table 4"4"2),

Ëhe Bi \,Iere neverËheless judged to be unreliable"

4.5 The Method of Reduced Capture Histories

The second method of pooling which rnras tested is less

coinplex and easier to implement Ëhan the firsf " It involves pooling

over the individual- capture histories, rather than over Èhe n1r

mi, sl, Tl and zi"

The capture hlstories are generated the same Ì'Iay as
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described in secÈion 2.4, for the orfginal Jol1_y estimates, and

are sÈored in a vector, x, of length L. The vectof, x, is divided

Lnto P groups, each group consisËÍng of s sample periods" A1r_ the

data in the íth group are treated as íf they were collected at a

sÍngJ-e point in Ëine; the ruidpoÍnt of each grouping Ínterval.
That is, the data in each grouping inËervar- is combined, so as to
give the besË capËure record at the midpoint of each of the p

grouping intervals" The nir mÍ, sir ri and 21, where i represents

the nÍdpoint of each grouping inËerval-, are caLcul-ated using the

same al-goríthm as in sectÍon 2.4.

l'ftren these statisÈÍcs have been collecËed, the estÍuates

are calculated, usíng the orígÍnal Jo1-1y estimati.on equatÍons,

discussed in sections 2.2 anð.2.3 excepr for ôi *a âi. sínce fri
esËimates the survival across a grouping interval, the estimatÍon

equation for ó Ís

ôr = ûr*"/(ûi-rni+si).

Éi also esËímaËes the number of births across the grouping inter-
val and Ëhe estimation equaËÍon for Bi is

Ð - frÃ ,-. r î5i = (Mias/ai.i") - öi(Ni-ni+si).
4.6 rmplemenËation of the Method of Reduced capture Hístories:

The following al-goriËhm transfo::ns Ëhe origÍnal vector

of capture historÍes, x, into a reduced vector. This Ís done Ín

thè subroutine STATS 3 (see Appendix B). If Í=1, 2, ..., p are

Ëhe group interval- numbers, then k1 = (i-l)s+s/2+l is the mfddle

sample period 1n the fth group, of length s, and.?, = (i-l)s*l Ís
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The algorithm isthe firsË sampl-e períod in the lth interval.

as foll-ows;

For any groupíng interval i=1, 2, ..., P

.-1, for any 5=

1, for any j =

andifXj#-

then X¡" = 1.

if al-l- Xj = 2, for all j=.0u g+1, ..", .0+s-1, then X¡.=2"

For example, if the orígi-nal- capture history is

00000 | rorro loiooo loo-rzzlzzzzz

Ëhen the capËure history after pooling in groups of 5 is 0 1 1 -L 2,

for k1 = 3n B, 130 L8, 23, respecËively.

Thís method of pool-ing gives entries in \, f.or i=L, 2,

""., Pe r¿here í ís a grouped interval of lengËh s" These enÈries

correspond Ëo ki =.Ç s*.Q,, 2s*9", ..., (P-1)sf.0, where ki is the niddle

sample period of rhe ith interval of l-ength, s and 9r s/Z+L. Nowo

Lhe n¡rs m¡. r "kÍ, r¡, and zk" are formed from the reduced capture

hisËories, as shown above" Tf you shift over one sample period to

the righË, and use the algorithrn on the ner¿ intervals, you get entries,

in X eorrespondÍng Ëo ki = .t*1, sf.0*1 , 2s*9-1'L, o c., (P-1)s+.0+1.

Again, the n¡rr m¡. r ukío r¡" and ,n, ^t. formed from the reduced

capture histories. If you shift through s sample periods, one by

one'yougeta1i-Èhereducedcapturehistor1esforki=[o,ø+I.o

(P-1)s+1,, from v¡hfch al-l the n¡., m¡.r "kÍ, rk, and zk.^ are formed"

Consequentlyo the esÈlmates for these k1 are calculated.

if aLl Xj=O, for all j=[,[+1, .o., 0*s-1, then Xu"=0

L, L+L, ccoe .Q,*s-l, then X¡r=-l

L+L, oe ó, .Q,*s-l

for all j=1,, ø+1, c. c 
' 

1,*s-1,

0N9

I

Íf xj

if x¡
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.As wirh the fírst method of poolíng the ranges of the

estfmates are restricted wíthin the sanpling chain. since the re-

duced capture history refers to mídpoints of the inËervals, ni, si
and 11 are noË defined for í=lu 2, cco, .C-1, where g; s/2+L. Alsoo

n, and s1 are not defined for i=L-[*l, L-L+z, ..., L and 11 is not

defíned for i=L-s-0.,*Lo L-s-0*2, ..., L. The ranges of m. and zi are

not defined for i=10 2" oc, s*.0-1, at Ëhe beginning of the sampling

ehaÍn" At the end of Ëhe s¡mpling chain mi is noË defined for
i=L-Êl'l, L-L+z, ".., L, and zi is not defined for í=L-s+.¿+l, L-sfl,t-2,

"."e L"

Thus, the ranges of the esËimates are al-so resËrÍcted"

At the beginníng of Ëhe samplÍng chain âr, ûr, Ñi, uCÑil, û(ôi),
V(Bi) and V(NilNi) are nor defined for i=1, 2, ocô, s*.Q,-l, and $i
ana Êi are defined for i = 1, 2,..", [-1" At Ëhe end of Ëhe

sanpling chain ai and Ni are noË defined for i=L-[+l, L-g,+Z, o ê o,

L, ûi, û,Ñr., rrr¿ ü(llilui¡ are nor defined for i=L-s-9,*I, L-s-L*Z,

"""0 L and gi, Bl, V(ôi) and V(Bi) are nor defined for í=L-2s-f,fl,

L-2s-l+2, ..., L.

An example of Ëhe reduced capture meËhod of pool_ing, oveï

a single replication, ís shor,m in tables 4.6.r and 4"6.2" The sÍmu-

laËion used the same par¿rmeÈer seË as in the sirnulation for tabl-es

4"4"L and 4.4.2" rn partícular, the same captuïe hisËories were

generaËed in both pooling methods

The coefficienË of variation of ô1, ""1"rrlated from

col-umns fíve and eight of table 4"6.2, ís generally less than 0"50,

except for the LasË four estímaËes, and the experfmenter woul-d
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reject, these last estimates*. The estimates of 0i should be close

to (ö)5 = 0.70. The estimates of Êi, given in column six of table

4"6"2, should be close Ëo the true value of Bi across the interval,

which is 70. The Êi "r. exËremely variable, across Í, and it seems

that they are riot cl-ose to Ëhe true value. The coefficient of varia-

tÍon of Bio calculated from columns six and nine of table 4.6"2" ís

greater then 0.50 and Ís often close to 1.0n and suppoïts Ëhe obser-

vatíon thaË the Êr' rr. unreliable. However, as ín Ëhe pooled staËis-

tics meËhod, the experimenËer would rea]-,ize thaË there r,ras a signi-

ficanË number of new arrivals to the populaËion, The m¡mber of

inadmissable estimaÈes of ôi and Bi has been reduced considerablyu

índicating Ëhat the reduced capture history meËhod does Ímprove the

estimaËes.

ït ís not knov¡n wheËher or noË Ë,he estimated standard

deviations, gíven in columns seven, eight and nine of table 4"6.2,

are to be considered valíd. The validiËy of these esËimates ís

determined by performing multiple replÍcations, rvhich is discussed

Ín section 4.6.2"

How the reduced capture history meËhod ímproves the

esËimaËese can be seen by looking at the n, and ri, given ín columns

five and eight of Ëab1e 4.6"L" The expected síze of any sampl-e is

0.04(200) = B. The reduced capture hÍstory meËhod has increased

Èhe sample size to between 30 and 40. The increased sampl-e size

also has the effect of increasing the 11. The 11 in table 3.2"3 are

between I and 5, but Ëhe 11 ln table 4"6"L have fncreased and are

between 5 and 10" The larger 11 values lmprove Ëhe estlmates.
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4.6.L Averagíng Within Groupíng Inten¡als

The estimaÈese that are produced over a single repl-Íca-

tion of the experiment, can be averaged over the grouping interval.

The discussion of averaging over the grouping interval-s, gíven in

sectÍon 4.4"r, is al-so true for Ëhe method of reduced capËure hís-

tories" Tables 4"6"3 and 4"6.4 shor,¡ the results Ín tabl-es 4"6"L

and 4"6.2 af.ter the estimates have been averaged over the grouping

fntervals" These four tabl-es correspond to Ëhe results thaË an

experÍmenter would get with actual data, and tables 4"6.3 and 4"6"4

correspond eo tables 4.4"3 and 4.4"4"

The ave::agÍng process, perf oáe¿ on Ëhe estímaËes from

the reduced capture hÍstory method, has the same stabilizing effecË

as wiÈh the prewious meËhod" The error of the estímate of Ni,

gíven in the last cofu:mn of table 4"6.4" shows a general decrease,

by averaging across grouped ínËervals. However, ít is still noË

known wheËher or noË Ëhese eïrors are signifícanË. The last estí-

maËe of Nio gíven ín eolumr four of table 4"6"4, ís a large under-

estimate, which Ís substantiated by the large error of the estímaËe.

The coefficient of variation of Ñi "pp""t to be about the same as

wÍthout averagÍng"

The þi, given in colurrn five of table 4.6"4, have al_so

been stabil-ized, as have atr" Vçfri¡, given in colurnn eight of table

4.6"4" The coefficient of variatíon of ôi i" rhe same as with-

out aveïagíng. The same effect of a bad last estimate of ôi f" still

observed wlËh averaging. the ii are also not as variabl-e, across

f, as wlthouÈ averaglng, but they are sÈi11 consldered unrellablen
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from columns six and nine of table 4.6.4

4"6"2 Mulriple Repl_icarioFs

The meËhod of reduced capture historÍes was simulate.
over 36 replications, in order to detennine the relÍability of the
esLimates and the adequacy of the variance fomulae. The discussion
of replÍcations, given ín sectÍon 4.4.2 hor-ds for both methods of
pooling. Tables 4"6"5, 4"6"6, 4.6.7 and 4.6.g are the results of
performing the simulation over 36 replicatÍons, and. correspond to
Èables 4"4"5, 4.4.6, 4.4"7 and.4.4.g, respectively" The same païa_

meÈer set and Ëhe s¡me seË of capture historíes was used Ín both
eases.

Tabl-es 4"6.7 and 4.6.8 can be examined to determine Ëhe

bías and precisi.on of the estimates, and to deËermine the validity
of the varíance formulae. The discussÍons Ín sections 3.3 and 4.4.2,
eoncerníng the meËhods of anaLyzing the estÍmates, are true for the
estímates derived from the method of reduced capËure histories as

weL1" The sanple mean of Ëhe erroï or ñi, given in the last colurnn

of Ëable 4"6.7, are denoted õo and the sample standard deviations
of the error' given Ín the lasË column of table 4"6.8" is denoted

se. For Í*25, ã I 1"96(s"/6) = -g.37 * 1.96 (77"6I/6) = _9.37 t
r.96(L2.93), which includes zero. Therefore, at the 95% LeveL of.

sfgnificar"", Ñi, for i=25 has no detectabre bÍas. This result is
true for all 1.

If the estÍmate of 0i has no detectable bias, then

95"/. confrdence interval for fri will contain the true var-ue of

rhe

0i,



7L

ç¡hl-ch is 0.70- For f=25, rhe 952 -confrdence inrerval for $i is
C"6517 * L.96(0.2040/6) = 0,6517 * 1.96(0"0340), whích includes rhe

true value of þi. AgaÍn, no detectabre bías is found ín the [i.
The estimate of ûi atso has no detectable bias" Íf the 951Z confi-

dence interval ror Êi includes the true value of 81, whích is 70.

For í=25, the 95% confídence inrerval for Êi is 63.14 + 1.96(63"s7/6)

= 63"14 + 1.96(10.59), which includes rhe rrue value of Bi. Afunosr

all the estÍmates of Bi have no detectable bías, but taken over al_1

i, there seems to be a tendency ín the ii to overesËimaËe the true

Bi"

The precisíon of Ñ1, ôi *d ii is invesËígated, by calcu-

lating their coefficíents of variaËion. As discussed in section 4.4.2,

multiple replications al1ow you to calcul-ate Ëhe best esËimated coef-

ficient of varíatíon, whÍch is the estímate, dívided by Ëhe sample

standard devÍaËÍon of the estimaËe. The coefficient of varÍation of

Ni is greater than 0.50 for about half of the esËimates indicaËing

that the Ñi "t. considered unrelÍable" Howevern Ëhe esËimates in the

middle of the experíment aïe generalry considered rel-iable.

The coeffícienË of variatíon of þrn cal-culated from colurnn

fíve of tables 4"6"7 and 4.6.8, is belor,¡ 0.50 and is generally about

0"35" No unusual trends in the ôi crtt be seen. The coeffícient

of variaËion of Êi, calculated from column six of tables 4"6.7 and

4.6"8, are geneïally close t,o 1-.0, indicatíng Ehat the ûi are not

at aLL reliable. The results from the multiple replícation, thus

confirm the judgement made, of the estlmates from a síngLe experíment.

Multiple replications allow you to ËesË the adequacy of
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the varíance formulae" The average estimated standard devíations

of Ni, {i and 81, given in columns seven, eight and níne of tabl-e

4"6"7, are compared to Ëheir sample standard. devíatíons, given in
columns four, five and six of Ëable 4"6"8, respecËively. rf they

do not differ by more than 20 peï cenÈ of the former, then the vari-
ance formulae are considered to be valid" usíng these comparisons

show Ëhat the formul-ae for variances of Ñi and $i are relíable,

rEhíle the variance formula for afru ûi Ís not relíable.

The estínaËes Èhat result from multiple repl_ications on

the reduced capture hÍ-story meËhod, can also be averaged over Èhe

grouping intervalo in the same r¡ray as discussed ín section 4"4"2.

The results of averaging are shown in tabl_es 4"6.9, 4.6.10, 4"6"LL

and /r"6"L2" These are the results of using the same par¡meter set

Ín Lables 4"6.5" 4.6"6,4"6"7 and 4"6"8, and correspond to tables

4"4-9" 4.4"r0, 4"4,LL and 4"4.12 for Ëhe pooled sËarisrícs method.

AgaÍn, the purpose of averaging is to improve the esËimates

from the method wiËhouË averaging. A considerable improvement ís

seen ín the Nir given in col-umn four of Ëable 4"6.II. The estimates

are close Ëo Ëhe true val-ue of about 200, and the coefficíent of var-

fation of Ni, is l-ess than 0.50 for most of Ëhe estimates. LiËËl-e

improvemenË is seen Ín the fri, except Ëhat the esÈimaËes have sËab-

ilized. The coeffícÍent of variation of ôi i" abouË the same as

wlÈhout pool-ing. Some improvement is seen in the Ê1, where Ëhe

I-arger overestimaËes have been averaged out." However, tn. Ê1 stil-l-

overestÍmate the true 81.

Ihe besË, improvement by averagfng ls seen 1n the average
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esËfmated standard deviation of ñ1 , given in coh.mn seven of table
4"6'11" cornparing these estimates with Ëhe sample standard devia-
tions of Ni, given in column four of Ëable 4.6.L2, shows these two

values are very close, and differ by about 10 per cenË, for about

half the comparisons. The average esËimated standard deviation of
Bi has not ímproved, and, arthough it has stabÍLized, the variance

formul-ar.r ûi is stí1l not considered valid.

The two pool-ing methods can be compared., by lookíng at the

tables produced by each method, for the same parameter set. ïn par-
ticula::, the resulËs of Ëhe meËhod of pooled staËistics, for 36

replications, given in Ëabr-es 4.4"5, 4.4.6, 4.4.7 and 4.4.g, are com-

pared wÍËh Ëhe results of the method of reduced capÈure hÍsËoríes,

for 36 replications, given in tables 4.6.5, 4.6.6, 4.6.7 and 4"6.g.
The same parameter set. vras used Ëo derive both seËs of tables.

From the single replÍcations of boËh meËhods, ít was dif-
ficurt Ëo deËermíne which pooling method showed a gïeater ímprove-

ment over the unpooled estimates. Howeveï, from multiple replicati-ons

it can be seen that there Ís a difference. The range of Èhe estímates

for the :reduced capture history method is shorËer than the range for
Èhe pooled statistics method" This Ís especÍally true for ñi, where

Èhere are no estimates for Ëhe first s*s/Z groupÍng intervals (s is
Ëhe number of sampling occasions in each grouping interval). one

comparison that does not show a noteable difference in the two methods,

Ls between the biases of Ñi, given in the last column of tabl-es 4.4.7

and 4.6.7" There ls no significant difference in Ëhe magnj.Ëude of
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the biases from both methods, and Ëhe bíases in both methods are

not signíficant"

Looklng at the number of inadnissable estimat,es of ôi
and 81 also show not significant dífference in both methods. The

reduced capture history method produced less inadmÍssable estimates

of öin buË more i.nadmissable esËimates of Bi, than Ëhe pooled

statisËics meËhod.

The precision of the estimates shows Ëhe most noËeabl_e

difference. rn this example, the variance formulae for both pooling

methods gave valid estÍmaËes. The precísion of ôi wa" approximaËely

the same for boËh methods. However, Ëhe precision of Ñi *"" better

for Èhe meËhod of pool-ed statistics and Ëhe precision of Êi wa"

beËËer stil1, for the meËhod of pool-ed statistics.

The results are not surprisíng, when you consider Ëhe ri

values ËhaË are used in calculatíng Ëhe est,ímaËes. The r. values

used ín the reduced capËure history meËhod are as shown in column

eíght of rable 4.6"5. Thar is, Ëo calculare ûCÑZS) , T25 is used"

However, in calculating VCÑZS) in the method of pooled statísËÍcsn

the value of r25 pooled is r25*r26+r27*x2g*r29t from col-umn nine

of tabi-e 4"4"5. The r* pooled are consisËently I_arger, for the

method of pooled st,afistics than Ëhe rr, used for the nethod of

reduced capture historieso '

. The resulËs, given in this chapter, are for a particul-ar

parameter set. The same tables were produced for both methods, ln

order that a comparfson be made. Thus¡ âny concl-usions drawn in this

chapter, perËain onJ-y to thls pararneter set, and are not general
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coficlusíons. In chapter fiveo several païameter sets are consÍdered,

from whÍ-ch more general conclusÍons can be drarnm.
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Chapter 5

5.1 Introduction

trn chaptex 4 tl'e resur-Ës of simuratÍons of the poored

statÍstics rnethod and the reduced capture history method were dis_

cussed for a parËicular païameËer seË. The dÍscussion concerned

bfas of Nio 61 and Bi, the precision of these estimates and the

adequacy of Ëhe varíance formul_ae.

ïn chapÉer 5 the same analysÍs is applÍed Ëo simulations

over several parameËer sets" from which general conelusíons abouË

pooJ-íng methods are drar,¡n" Both pooling methods were run for
several groupÍng inËerval- lengËhs, and the effect of changing the

groupíng interval J-ength ís discussed. From these results both

pooJ-ing meËhods are compared. The final section of thÍs chapter

ís a discussíon of non sÈab1e populations.

Tables 3"5.2 and 3.5.3 sur¡nnarize Ëhe results of the esËÍ-

mates, obËained withouË pool-ing, for the smallest val_ue of pi Ëhat

gave good estimates, and for Ëhe largest value of pi that gave bad

estimates for the given value of ói. Table 5"2.r summarizes Ëhe

results of the simulations, using the pooled staËistics meËhodo for
those first values of pio in table 3"5.2, that gave bad esËimates.

The detai-l-ed simulation results (of which table 5.2.L is a sunnnary)

are gÍven Ín tables 5"2"2 Ëo 5.2"11.

Col-umn one is the inítial popuLatíon size and columns tr¡ro

and three are Q1 and p1e respectively" column four is the proportion

of pooled 11, ín the popul-ation, aË the íth grouplng fnterval



77

(ca1-cu1-ated by r, pooled, dívided, by No). columns flve, six and

seven are the average coefficienËs of variatlon, across i, or fri,
^^
Qi and Bio respectirreJ-y, which are calcul-ated by díviding the

average of the estimate across i, by the average sample standard

devÍaËion of the estímaËe across i. col-umns eíght and. nine are the

true value of survival and birth, respectively, across the grouped

interval.

Columns ten, eleven and twelve show íf the varíance for-

mulae, given in secËion 4.3, are considered va1íd. rf Ëhe variance

fomula is considered valid, then the column enËry is ttyEstt, oÈher:

wise the enËry is rrundertt if the fornula yields an underestimate

of the true varíance, or the enËry is ttovert¡ if the fornula yíelds an

overestimaËe. The varíance formulae are considered valid, if the

average estimaËed standard devj-aËions and Ëhe sample standard devia:

Ëíons do not differ by more Ëhan 20 per cenË of the former. columns

thirteen, fourteen and fifteen show if there is any detectabl-e bfas
^^^in Nir Qi and Bi, respectively, where the bias is detectable, íf

tine 95lZ confidence int,erval for the estimaÉed bias of fii <ûffrtll

does not Ínclude zeto ot the true value og ôi or Bi. coh:mn síxteen

gfves the table references of the results of the particular para-

meËer seËs" Al-l- the simul-ations had qi, L and grouping interval-

size seÈ Èo 1.00, 50 and 5, respectively.

' The simulatlons with Qi = 0.99 and pi = 0.03, wiËhouË

pooling, produced estimates r¿hich r¡rere very poor. The estimaËes of

N1 were significantly blased, both posÈlvely and negatively. The

same result ts Èrue for ff1 ura î1 fo" v¡hich there vrere several fnad-
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mlssable val-ues. since the estimates v¡ere highi-y blased the co-

efficients of variation r¡rere very high. Also, the average esti-

mated standard devÍaËíons did not, adequately estimaËe the true

standard deviat.lons.

Tables 5"2.2 and 5.2.3 are the results of a simulation

usíng the pooled stati-stics method, for gi = 0.99 and pi = 0.03.

The díscussíons in secËions 3.3 and 4"4"L, concerning the analysis

of bías and precÍsion of the estimates, can be applíed in thís case

and ín the subsequent examples in this chapter. In partícular,

Ni is an estimate of a condítÍonal parameter and fri and Êi "r*
estimates of fíxed parâmeters" Poolíng, ín this case produced

saËÍsfactory parameËer and variance esËimates along with substanËíal-

ímprovemenËs ín precÍsion

Forrning the confidence Ínterval-s for the bias of Ñi, from

column twelve of tabl-es 5.2.2 and 5,2.3, it can be seen Ëhat, in

general, the Ni have no detectable bias. A signíficanË posiËive

bias ís seen only ín the last seven esËimates of Ñi. This l-arge bias

is aËtributable Ëo the fewer recaptures aË the end of Ëhe experíment,

whÍch causes overestimaËes in Çhe last seven estimates of Ñi.

'Ihe Ërue survival ïate oveï a grouped interval Ís (0.99)5

= 0.951-0. The confídence ínterval for the true survival rate

formed from column five of tables 5.2.2 and 5.2.3 do noË incl-ude the

true value. The negative bias is apparent in all the esËimates of

survlval which, when taken together, underestlmate the true rate of

survival- by about 5 per cent. The largesÈ underestímates are seen

in the l-asE four esrímates r^rhich are due Ëo the end effecËs of the
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experiment.

The true number of bírths over a grouped interval is

5(Z) = 16. It can be seen, by l-ooking at column six of Ëables

5"2"2 and 5.2.3, that the Êi have a large posit,ive bias and henceo

tihe Bt significantl-y overestímate the Ërue Bi. Again, the end effecËs

are seen in the last Ëhree esËimaÈes of 81, which are even larger

overesËímates than the resË of the Êi.

The coefficients of variatÍon of Ñi, ôi "rra 
â, "r" gÍven

fn eol-urns five, six and seven, respecËively, of table 5"2.L. The

coeffÍcíenËs of variaËíon are caLculated by dividing Ëhe average

est:imate, by Ëhe average sample standard deviatíon of the estimaËe"

Sínce it is not known if the average estimaËed sËandard deviations

can 'be considered valÍ-d, Ëhe coefficienËs of variaËÍon were calcu-

latecl Ín this way.

The 1ow coefficient of variaËion of Ñi índicates that Ëhe

estimaËes of population size are reliable. The 1-arge sample sËan-

eiard deviaËions for the l-asË seven est,imaËes resul-ted in larger

coefficienËs of variation at these points, whích is a further indi-

cation thaË these estÍmates should be consídered unreliable" The

very smal-l coefficíenË of varíaËion of ôi is misleadíng. The estí-

mates were found Ëo have a det,ectable negative bias. The l-ow

coefficient of variation means that, although the esËimates ürere

bfased, Ëhe sample standard devíatlons v/ere low enough to lower the

coefflcient of varíation. The coefficÍenË of variation of i1 is Eoo

trarge to accept the estimates of birth. The large coefficienÈ of

varLation substantiates the conclusÍon that tn. â1 are biased.
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A line by Llne comparlson of the average esËimated.

standard devÍations, given in column seven of table 5.2.2, wítjn

the sample standard devíations, given in colurnn four of table

5"2"3u shows that they dÍffer by less than 20 per cent and often

by J-ess than 10 per cent of the former. Therefore, the variance

fornu-La for v(Ni) can, in Ëhís case, be considered vali-d.

The variance formula for ûCôil cannot be considered

valid. The average estÍmated standard deviat,ions (column eÍght

of table 5,2.2) and the sample sËandard devÍations (eolumn fÍve

of tabl-e 5"2.3) usually differ by about 35-50 per cenË of the former.

sÍnilarÍly the variance formula for vCgil is noË consídered valid.

Note, however, rhat both otôi) 
"rr¿ 

ü(Êi) are consÍstenËly

overesÈÍmates of the Ërue varíances. Thus, an experimenter would

not be misled inËo thinking that hís esËimates of survíval and

bírth are more precise than they actually are, as he would if the

estímaËed variances r¿ere underestimates.
Â^

Both Si and Bi were subjecË to inadmíssable estimates

as d.iscussed in section 2.4. I^Ihen an ínadinissable esËímate was

calcuJ-at.ed, it was reset to an admissable value" Thus, the sample

variances would be smaller Ëhan if the inadmissable est,imates were

allowed" The estimated variance is not affected by resetting the

fnadmissable value and henceu will be larger than the sample stan-

dard deviations. NoËe thaË the Ñ1 r"t. not subject to inadnissabl-e

values and that tf,u V{Ñr) are considered valid"

The results for öi = 0"90 and pi = 0.05 are given fn

Ëables 5"2.4 and 5 "2"5. Again, vre see that the pooLed statisËics
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method gíves excellent results. In general, al-most all- of the Ñi,

glven in col-umn four of Ëable 5.2"4" have no detectable bias. The

excepti-ons occur in the last four esLimates which are also affected

by the fer,¡er recaptures at the end of the experiment. The last

four esËímaÈes are signifÍcant overestimaÈes which is seen ín the

large positive bÍas of these estimates given in col-uum twelve.

The true survival rate over a grouped ínterval is (0.90)5

= 0.5840. Forrníng the confidence intervals from column fÍve of

tables 5"2.4 and 5.2"5" shows Ëhat Ëhey Ínclude Ëhe true surrrival

raËe. Thus, the fii have no detectable bías, buË they do appear to

rove{esËímaËe the Ërue surrrival raËe when looked aÈ togeËher. The

öi do not appear to be affected by any end effects of the experiment.

The Ërue number of bírths over a grouped inËerval is

5(20) = 100. The confidence inËervals for the âi ao include the

true number of bírËhs and hence, Ëhey are noË detectably biased"

The esËimaËes of Bi (coluum six of Ëabl-e 5.2"4) for which Ëhere is

any detecËable bias are Ëhe l-ast three. Again, Ëhe positive bias is

atËribuËabl-e Ëo the end effects of the experiment, which can be seen

in the large correspondíng sËandard deviations (column six of table

5"2.5)" The Êi appear, generally, Ëo underestimate the true number

of births when looked aÈ across i.

The coefficients of variation of Ñi, [i "ta âi are given

fn columns five, six and seven, respectively, of tabl-e 5"2"L. The

coefficient of variation of Ñ1 indicates acceptable results for the

estfmates of populaÈion size. The larger coefficient of variation

f.or L=44 and 45 again lndicates the unrel-tabillty of these esLimaËes
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due to the end effects of the experfment, The coefficlent of
^varlation of 0i is also well withln the accepËable limlts, whj.le

the coefficfenË of varÍation of ûi lies outside the acceptabl-e

l-ímíts" The trend of underesËimation of the true number of bírths

1s t,oo significant Èo accepf: the âi, accord.ing Ëo the test on Ëhe

coeffÍcÍent of variaËion.

The variance formula for ûrÑi) estimaËes the true varia-

tÍon ext,remely well-. A líne by line comparison of the average esti-
aated sËandard devÍationso given in column seven of tabl_e 5",2",4"

r¿ÍËh the sample standard deviatíons, given in column four of table

5"2.5" shows that they differ by 1-ess than 20 per cent and frequentl-y

by less Ëhan 10 per cent of the former. The variance formul-a is

even consÍdered adequaËe for Ëhe estímates at Ëhe end of the sampling

chaín"

A símílar comparison of columns eight and five of tables

5.2"4 and 5,2.5, respectively shows that the variance fornula for
V(Ôi) adequaËely esËimaËes Ëhe true variance. However, ín Ëhis

case the comparisons generally show differences of close Ëo 20 per

cenË of the average estímated standard devÍatíons. The trend in the

average estimated standard deviaËions is Ëhat, Ëhey underestimate Ëhe

true sËandard deviaËion, v¡hen l-ooked aË across i.

The same comparison of î(âi), given in col-umn nine of

tabl-e 5"2.4, and Ëhe sampl-e sEandard deviation" of Êi, given in

column six of table 5"2.5, shor'rs thaË Lhe standard devlation esti-

mates are very good, and they usually differ by l_ess than 1-0 per
^^cent of V(Bt).
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The results for öi = 0"80 and pi = 0.10 are glven

fn tables 5"2.6 and 5"2"6. rt will be shown that, Ín thís case,

the estimaËes of population size are consÍdered vaLÍd, as are

v(Ni) and v(Bi). However, both öi and 81 are unreliabl-e estimates"

T{hen the confidence interval-s are formed for the bias

of Nt from column trvel-ve of both tables, it Ís seen thaË the esËi-

mates of populaËion síze have no detectable bias. A l_arge positive

bías Ís seen on1-y Ín the last estimaËe of Ni, which is due to the

end effects of Ëhe experíment.

As can be seen from column fíve of boËh Ëables, the fri
are detectably biased. FurËhermore, Ëhey are overesËimat.es of the

tnre sun¡ival rate over a grouped interval of (0.80)5 = O.3269.

The true number of birËhs over a grouped interval ís 5(40) = 200"

It is evídent from colurn six of boËh tabLes that the Êi "t.
detectabl-y bíased and that they underesËimate Ëhe true number of

births" on1-y the last esËimate is detectably unbiased, buË this

ís due Ëo Ëhe end effects of Ëhe experiment which have caused a

sudden increase ín Ëhis esËimate. This sudden Íncrease ís also

seen Ín the sarnple st.andard deviation which al-so has increased sig-

nificantly.

The coefficienrs of variaËion of Ñi, fri r'a Ê1 rru given

in columns four, five and six, respectivel_y, of Ëable 5.2"L. The

coeffícient of variation of Ñi is row indicaËíng that these esËÍ-

maËes can be considered rellablq The coeffícfents of variatíon

of ôt and Bi are both well below 0.50 whtch would Índicate thaÈ

both sets of esËimaËes can be considered rell-able. Howevero both
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the fri and the âi r"r. found to be detectably biased. Thus, the

low coefficíents of variation mislead you Ínto thínking that the

Ó1 and 81 are more reliable than Ëhey actually are.

The estimated standard deviations of Ñi, given in column

seven of table 5"2.6, are consÍdered valid when compared to the

sample standard deviations of Ñi, given in column four of table

5"2"7. rn general, Ëhey dÍffer by about L0 per cent of the former.

The estÍmated standard deviaËions of Êi, given in column nine of

table 5"2"6' are also considered valÍd" In this case the estimatecl

standard deviations of Qi, given in column eight of table s"2.6

are compared to Ëhe sanple sËandard deviaËíons, given in col_unn

f,ive of table 5.2.7, the díffeïence is about Bo-90 per cent of the

former" Furthermore, Ëhe esËimated sËandard deviatíons of $i are

sígnifícant underestimaËes of the Ërue standard deviations and

hence, are not considered va1id for Ëhís parameÊer set.

The resulËs for öi and pi eeual Ëo 0.70 and 0.15, respec-

tívely, are given in tables 5"2"8 and 5.2.9" rn thÍs experiment

we shall see that pooling gives substantial improvement in the Ñi,

but gives misleading estimates for vCÑil. The estimates for gi

and B1 and their varÍances are noË at all reliable.

Looking at column Ëwelve of both Ëables indicates Ëhat

^^Ëhe Ni are not detectably biased. The overesÈimates of Ni for the

l-ast four estimates, seen Ín the three previous examples, have

disappeared and only the last esLimate is a sígnificant overestimate.

The confidence intervals for the ôi do not Ínclude the

true survfval rate of (0.70)5=0.1681 and hence they have a detectable
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bias. The positlve bias.can be seen by taking all the estimates

together, vrhich are overestimates by about 50 per cent of the Ërue

survival rate. By looking aË the entries in column six of Èab1e

5.2.9' it is evídent that Ëhe Ê1 "r. significant underestímates of

the true number of births, which is 5(60) = 300.

The coeffÍcients of variaËion of Ñi, fri and Ê1 for this
parámeter seË are given in columns five, six and seven, respectívely,

of table 5.2.L. The low coeffícient of varÍatÍon of Ñi indicates

the estímaËes of popuration size are reasonably precise. The same

conclusion is drawn for the fri and the Êi sínce the coeffÍcients of

varÍatÍon for both estimates are well belor¿ 0.50. However, both the

{i and Bi $rere found to be significantly bíased and hence, the low

coeffícienËs of varÍaËion are mÍsleading. Since the experimenter

cannot replicate his experiment, he cannot deËermine whether or

noË his esËímates are biased. Thus, he wíLl assume a 1_arger raËe

and a lower number of births Ëhan actually holds.

Lookíng at the average esËimated standard deviations of

Ni, si and Êi, gíven in col-urnns seven, eight and nine, respecËivery,

of table 5.2.8, and the sample sÈandard deviaËions, given in columns

four, five and six, respectively, of table 5.2"9, shows Èhat none of

the variance formulae can be considered valid. Furthermore, the

average estímaÈed standard deviaËions are all overesËimates of the

sample standard devi,ations.

The resulËs for 0i = 0.50 and pi = 0.20 are given in

tabl-es 5.2.r0 and 5.2.1r. This experiment gives barely acceptable

estfmaËes of Ni and totally unaccepËable results for $1 and Ê1
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and all the varianceso

The bias of Ñi, given in column rwelve of table 5"2.10,

1s noË signifícant. The end effects are seen only ín the last tr^ro

estimaËes, where again Ëhere ís a significant positive bÍas"

The true survival ïaËe over a grouped interval is (0"50)5

= 0.0313" Looking at the fri, gíven in column fíve of rabl-e 5.2.10,

iË is obvíous Ëhat Ëhey are Large overesËimates. The true nr¡nber

of births over a grouped ínterval is 5(100) = 500. Again, Ít is

obvious thaË Ëhe ii, gir.t in column six of table 5.2.10, are sig-

nifi-cant underestimates of Ëhe Ërue number of bírths.

The coefficients of variation of Ñi, fri ana ii for this

parameÉer set are given in columns five, six and seven, respecËivelyo

of table 5.2,L As wíËh the previous examples, Ëhe coefficienË of

variation of Ni ís below 0.50, indicating that the estimaËes of Ni

are reliabl-e. Since there T¡ras no deËectable bias in Ñi thís con-

clusion is substanËiaËed. The coefficíenËs of varíaËion of ôi *¿

Bi are too large to allor¿ you to accepË the estimates, which were

seen Èo be significantly biased. This result conËrasts r¿ith Ëhe

previous example, where Ëhe estimat.es were signifÍcant1_y bíasedo

but the coefficients of variation were low enough to accept Ëhe

results.

The analysís of the esËimated standard devÍations of Ñi,

$1 .and Bi, given in col-umns seven, eight and nine of table 5"2.100

yields the same result as in the previous example. That is, none

of the variance formulae can be regarded as vaI1d. Agai-n, the average

estlur,at.ed standard deviatlons are all underestimates of the Ërue
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standard devíations.

The method of pool-ed statistics was simurated for one

parameter set with No=400. The results are given in the lasË row

of table 5"2.L for {1=0.90 and pi=0.05. The results are almost

fdenticaL with the results for the same parameËer set for No=200

(Ín the second rorv of table 5.2,1).

The bias or Ñi Ís generally not signÍfÍ-cant, except for
the last fer¿ esËírnaËes whích are large overestÍmates due t,o the

end effecËs of the experiment. Also, there Ís no detectable bias

Ín the ôio although when considered togeÊher, the $i generally oveï-
estimate the true survival ïaËe" There are seveïar estimates of
^Bi in the niddl-e of Ëhe sanpling chain whích have a detectabl-e bias

buË, in general, the Êi are noË detectabl-y biased. The end effecËs

are al-so seen in Ëhe last two estÍmates of Bir as r¡ras seen in Ëhe

corresponding simulation wiËh No=196.

The coeffÍcienrs of variarion of Ñi, ôi ,na ii yield rhe

same conclusíons as the símul_ation with No=200 for the same para_

meter set. However, the coefficient of variaÉion of â, "r. almost

acceptable. However, arr" ûi are sËí11 considered to be unacceptable.

The average estimated sËandard deviations or Ñi, ôi "rr¿ 
âi are a1J_

considered to esËimate the true sEandard deviatÍons adequat.ely,

This result is the same as Ëhe corresponding simulatíon with No=/gg"

' Not,e that although the pooled 11 values are greater when

No=400 than when Ne=200, the proportions ri/No are virtually ídenticaL

fn the two cases" As a consequence, the reliability of the pooled

estimates 1n Ëhe two cases fs vl_rtually the same.
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In section 4"4"2 it was shov¡n that averagíng the estimates

across the grouping interval does have a limited effecË. I^lÍth Þi=0.93

and p1=0.04 the primary effecË on the estimates was Ëhat wíth averaging

they stabirízed. That is, they were not as varj.abl-e across i with

averaging. There was a slight improvemenË Ín Ëhe coefficienË of

variation and almost no improvemenË in the varíance estimates.

The s¿rme resul-Ës are deríved when g1=0.99 and pi=Q.03.

The estinates of popul-ation size have sËab7Lízed but Ëhe end effects

of rhe experiment are sËill seen ín the last estímate. The estimates

of survival raËe and birth stiLl have a large negative and positive

bias, respectively, and the end effecrs are seen ín Èhe lasË estimate

of Bi. Irhe coeffícients of varíaËion from averaging are very close

to those withouË averaging (tabIe 5"2"L) and hence, Èhere is no

gain in precÍsion. The sËandard devÍation estimates al-so have not

Ímproved significatnly. They are s1-ight1-y l-ower than withouË aver-

agÍng but the estimated standard deviaËíons or fri and Êi are stíl-l

J-arge overestimates 
"

SÍmi1ar res,rl-is occur when 4i=g.70 and pi=0.15. The estí-
mates of population size are deËectably unbiased and are less variable

across i. The $i sËil1 have significant postive bias which has de-

creased slightly wÍËh averaging. Al-so, Ëhe Êi. stil-I have a sígnífi-

canË negaËíve bias which shows no ímprovement by averaging. The

coefficients of variation of the estimates are very close to what they

were wÍthout averaging and hence, there is no ímprovemenË Ín pre-

clsion. Also, the estimated standard deviations of the estÍmates

are all consiclered val-id and are all overestimates of the Ërue 6Ëan-
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dard deviations, Thus, from the three exampl-es gfven above ít

appears ËhaË very little J-s gained by averaging over the groupÍng

Ínterval.

5.3 ResulËs of the Reduced Capture History Method

The same anal-ysis that is applied Ëo the estimates

deríved from the pooled statÍsËics method, discussed in sectíon 5.2,

can aLso be appl-ied to the estimates deríved fron Ëhe reduced cap-

ture hÍsLory method" Table 5.3.1 summarízes Ëhe result,s of the simu-

l-atÍons usíng the red.ucecl capture hístory method. The entríes Ín

thfs tabl-e represent the sâme quantíties as ín table 5.2"L, except

Ëhat colunn four is now just the proporËion of the ri in the popul-a-

tÍon at ËÍme i, rather Ëhan the pooled ri, The parameËer sets used

in the simulations for the reduced capture hístory meËhod are the

same as those used for Èhe simul-ations for the pooled sËaËistÍcs

method" Furthermore, both sets of simulaËÍons deal vríËh exacËly Ëhe

same sets of capture hÍst.ories" The detailed simulatíon resulËs are

given in tables 5"3.2 to 5.3.11"

Tables 5"3"2 and 5.3.3 are the results of a símulaËíon

with Ei=g.99 and pi=0.03. I,le shal-l see that the Ñi an¿ û(Ñi) are

acceptabl-e, buË tfr" fri and Êi and their esËimated varÍances are noË

rel-iable.

From col-umn Lwelve of both tables Ít can be seen Lhat

there is no deËectable bÍas in the esÈimates of population size"

In constrast wíth the results from the pooled statistics methodo no

overesEimaLes are observed aÈ the l-ast four sampling occasions.

From column five of tables 5"3"2 and 5.3.3, lt can be seen
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that the fri have a detectable bias and urhen looked aË across Í, the

Si underesËimaËe the true survival rate. fh" âi do have a detectable

bÍ.as, as seen from columnsix of both tables. Also, when looked at

across Í, the Êi overesËimaËe Ëhe Ërue 8.. Again, the last few

estimates of 0i and Bi are not affected by any end effects of Ëhe

experiment.

The coefficienËs of varíaËion of Ñ1, $i *a Êi, given in

columns five, six and seven of table 5.3.1, indicate that both the

N1 and ói can be considered reliabl-e but the Bi cannoË. However,

trt. $i were found to be negatively bíased and hence, Ëhe low coeffi-
cient of variation ís misleading.

The variance fornula for ücÑi) produces resulËs which are

considered valid. The average estimated standard devíaËions (colunn

seven of table 5"3.2) and the sample standard deviaËions (colurnn four

of table 5.3.3) differ by about 2o per cenË of the former. The vari-
ance formulae for ütôil ana û(Êi) aïe noË considered ro give good

estimates. The differences for tn. $i are abouË 35-50 per cent, whíle

the dífferences for the â, "r" about 25-40 per cenr. Borh Ëhe VCôil

and V(Bi) overestimaËe the true variances. This result was al-so seen

ín the sËandard deviatÍon estímates from the pooled staËistics method"

As suggested for those resul-ts, the overesËimaËes of variance for the

reduced capture history method are probably due to the inadmÍssable

Ôi and Bi that are calculated, which l-ower Ëhe sarnpl-e st,andard devia-

tÍons, buË have no effect on the estimated standard deviations"

The resulËs for ói=0.90 and pÍ=0.05 are given in Ëabi_es

5"3.4 and 5.3.5" I^le see that, fn this experiment, poollng gives
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excellent results. The fii n"t" no detectable bias as seen from

colunm twelve of boËh tables. The $1 "ra âi atso have no deËecrable

bias and there is no trend Í-n any of the three esËimates. A1so,

none of the estirnaËes are affected by the end effects of the experiment"

The precision of the fri, given Ín column five of Ëable

5"3"1o shorrs that the esti-mates of populaËion size are barely con-

sidered accpetable- rf the sarnple sËandard deviation" or fri ï^rere any
^larger, the Ni would not be considered reliable" The coefficíent of

varÍation of ôi, gíven in cofu:rnn six of Ëabr-e 5.3.r, indicates that
1
Qi cæ be considered re1iab1e, r,shj.le the coefficj-ent of variaËion of

Bi, given in coh:mn seven of rable 5.3.1u indicates Ëhe est.imates of
bÍrth cannot be considered reliable.

The differerices between Ëhe average estimat.ed standard

der¡:iati-ons of the îi ("otm', seven. of table 5.3.4) and the sample

standard devíations of the fri (column four of Éabre 5.3.5) are

generally abouË 15-20 per cent of the former. The corresponding dif-
ferences for Ëhe ù "r. about ro-20 per cent and the differences for
the Bi are less than 20 peï cent abouÈ half Ëhe time and up Ëo 35 per

cent for the oËher ha1f" Thus" all the variance formulae are consÍd.-

ered va1Íd for this paraueter seË.

The results for öi=0"80 and pi=0"10 are given in tables

5-3-6 and 5.3.7. rn this case, rr,. Ñi rrra ffi and rheir variance

esÈimates are reliable. rhe âi are nor relíable bur rhe î(ôi) "r"
considered acceptable.

It ls evldent from column twelve of both tables that Èhere

1s no deÈectable bías ín the Ñi atrhough they do underestlmate Lhe
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true populatl-on size. For this parameter seË Ëhe fri "t.very close

to the true survival raËe of 0.3269 and hence, Ëhey are detectabty

unbfased. However, they do Ëend to overestimate the true ói"

From eol-umn six of both tables it can be seen that the ûi do have

a deËectable negaËÍve bias.

The coefficients of variatíon of Ñi, ôi .r,a Êi "t. given

ín coLuinns five, six and seven, respectively, of table 5.3.1" The

eoeffícients of variaËíon of Ñi 
"rra fri are both below 0.50 which

Índicates thaË Ëhe Ñi and tft" $i can be considered rel-iable. How-

ever, the coefficient of variation of âi i" very c1-ose to 0.50 and

slnce the Bi were found to be detectabl-y bÍased, they are not con-

sÍdered reliable"

The average estimated standard deviaËions of Ñi, fri "ra Êi,

gÍven in colurnns sevene eight and níne of tabl-e 5"3"6" are a1l- con-

sidered valid estimates of the LTue sËandard deviations. The dif-

ferences beËween th'em and the sarnple standard deviations, given ín

colunns four, fÍve and sixn respectively, are bel-ow 20 per cent of

the former. In Ëhe case of tft. fri the dÍffeïences are less Ëhan 10

per cent"

5.3 . I and

variance

The results for Þi=0.70 and pi= 0.15 are given in tables

5.3"9" We shal-i- see ËhaË the Ñi and Ëhe $1 ana their

estÍmates are consídered valÍd, but the ii 
"rra 

ûCUil are not.

AlmosÈ Ll3 of. the estimates of population size (column

four of Ëable 5.3"10) have a detectable bias. Furtherrnoree as can

be seen from Ëhe bfases of Ñi (column twelve of tabl-e 5.3.10)o which

are almost all- negative, tn" Ñi are underestlmates of Ëhe true pop-
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ulation size. However, in general the

to have no dectable bias.

wÍIl be considered

When the confidence intervals for ói are formed, ít ís

seen that they include the true rate of survival and hence, trt. fri

have no detecËable bias. The Êi ao have a detectable bias and the

bias ís negative indicatíng that the ii are sígnífícant under-

esËímaËes of Ëhe Ërue Bi.

The coefficient, of varÍation of Ñi índícaËes that the

estimates of population size can be considered relíable. However.

the resulËs are narginal and íf the sample sÉandard deviatíons vrere

any larger the Ni would noË be considered reliable. The coefficíent

of varíation of [i indicates Ëhat Ëhe esËimaËes of survival rate

can be consídered acceptable, whÍle Ëhe coefficienË of varíation of

Bi indicaËes Ëhat the estímates of birth cannot be considered rel-iable.

The esËimated standard devíations of Ñi ana fri, given in

columns seven and eight, respectívely, of tabl-e 5.3.10, are con-

sidered valíd, while Èhose of Êi are noË. However, the validÍty of

the estímated standard deviaËíons or ii is marginal- because almost

half the differences beËween them and Ëhe sample standard deviaËions

are greater than 20 per cenË of the former. A1l- the standard devia-

tion estimates tend to underestimate the true sËandard devíaËions.

The results for öi=0.50 and pi=0.20 are given in tables

5.3.10 and 5.3.11. We shall see that the Ñ1, ôi ur,¿ ii are all-

unacceptable as are their estimated variances.

The Ni (column four of table 5.3"10) are detectably biased

and are consistenÈ underestimates of the true population size. The

T\ï .rìa
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estimates of survival (coluurn flve of table 5.3.10) are al_so

detectably bíased and are consistent overestimates of the true
rate of survival. rhe âi (column six of table 5.3"I0) have a

detectable negaËive bías"

The coefficienrs of variaËion of Ñi, fri "ra ii "r.
consistent wiËh Ëhe conclusÍons on the bias of these esËimates"

A11 of the estÍmates are considered unreliabLe because the coeffÍ-
cíents of variation are well above 0.50"

The variance formulae for v(Ni) and v(Bi) are not con-

sídered va1Íd for thís parameËer set. Even a rough estimate of

differences beËween the average estimated standard deviatÍons and

the sampre standard deviatÍons of Ñi 
"rra ô, ""rrrroa 

be determÍned

because the 1aËter are too varíable. The variance formula for
v(ói) is not considered valid, as weL1, wiËh the differences

between the Ëwo sËandard deviatÍons estimaËed at 100 per cent.

As with the method of pooled staËistics, the method of

reduced capËure histories was simul-ated for one parameter seL for
No=400. The results are gíven in the last ror¿ of Ëab1e 5.3.1"

The results are about the same as Ëhe results for the s¿rme Daïa-

meter seË vrith No=200 (row Ewo of Ëable 5.3.1).

The bías or Ñi is generarry not significanr with the

same result true for the Êi. The Êi appeaï to give better esËimates

of'Ëhe tme 81 than Ín the simulation with No=200, although they

are generally s]-ight underestimates. A detectable bias Ís seen

in some of the 01, but on the whole they are not detectably biased.

Ilowever, they do tend to underestimate the true survÍval rate.
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The coefficrent of varÍation of ñi shows a slight ím-

provement than with No=200 and Ëhe coefficÍenË of variation or Ëi

shows a rmrch larger ímprovemento to the poinÈ where ar," ti may be

considered accepËable. The:precision in tn" $i is abouË the same.

As with the simul-ation with No=lee, the variance formulae are all
considered valid. Thus, Ít seems from thÍs example at least,

thaË a larger popuLaËion size has 1íttLe effect.

The process of averaging also has littl-e effect on the

esËÍmates derived from the reduced capture history method. rn

section 4"6.2 iË was shown Ëhat the main ímprovement is in the Ñr

and Ëhe estírnated standard deviaËi"ons or Ñi" otherwíse, the

resul-Ës are about the same wÍËh averaging as wiËhouË.

For gi=O.99 and pi=O.03 the results with averagíng are

about the s¡me as ín the previous example. The Ñi are d.etectablSz

unbiased without averaging and stil-l are. No improvement is seen

^in the 0i or the Êi which are sËíll- Large underestÍmaËes and over-

estimates, respecËively. There is a slight improvement ín the

coeffÍ.cients of variation or Ñi and ii, but the impïovement ís not

sígnificant. A1-so, the standard deviation estimates o¡ ôi and Êi

are stíll large overest.imates of the t,rue standard deviations and

show no significant decrease.

Simílar results are obtained for öi=0.70 and pr=Q.15.

Both the Ni and ó1 are detectably unbÍased as Ëhey were r¿ithout

averaging and the Êi .r. again sÍgnfficant underestimates of the

ttue number of births. There 1s no lmprovement in the coefficLents

of varfation of these estfmates and the estimated standard deviaElons
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of Ñi ana fri are considered val-id, while Ëhe estimaËed sËandard

devÍation of B-i is stíll consfdered invalid. As wirh Ëhe method

of pooled sËatístícso averaging does not give any sígnífícant ím-

provements 
"

5"4 Effect of Changíng Interval- Length

In order to determine the effects of pooling over dif-

ferent inËerval lengths, boËh pooling methods \¡rere simulated for

a 1ow and a high probabÍ1ity of survival, over increasíng interval

J-engths" The effect of increasíng ínterval length is deterníned

by examining the average sample standard deviation of Ñi across i.

Fígure 5"4.1 is a graph of inËerva1- length versus Ëhe

average sÊandard deviation across i, of Ñi. The parameËer seË of

No, ói, pir tf and L is 200, 0"99" 0.03, 1-.00 and 50, respectivel-y.

The upper curve is the resul-Ë from the reduced capture hÍstory

meÉhod and the lower curve is Ëhe result from the pooled sËatistics

method. Also given below the ínËerva1- length are the average rí

and ri/No for the reduced capture hisËory method and the average

pool-ed ri and the average pool-ed ri/Ne for the pooled statístics

method" Figure 5"4"2 Ís the graph for Ëhe parameter set of No,

ôí, pi, ni and L equal Ëo 200, 0.70,0.10, 1.00 and 50, respectível-y"

Again the upper and lower curves are the results from Ëhe reduced

capture history and pooled staËÍsËics methods, respecËiveIy.

' The resulËs in Ëhe two graphs are as expected" In all-

four cases the average standard devíation decrease with an lncrease

ln grouping inÈerval J-ength. This result l-s expected since with an

increase in Ëhe grouping interval lengÈh, the ri over the interval
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are expected to increase. Sínce the estimates are an inverse

function of the 11¡ an íncrease in 11 yields a decrease in the

sample variance of the estimates. The figures show a general-

increase in ri as the grouping inËerval length increases.

I^Ihile both rnethods of pooi-íng show an íncrease in pre-

cision vrith an increase in interval length, the two methods differ

1n degree of improvemenË. FÍ-gure 5,4,L shor^rs that Ëhe meËhod

of pooled sËaËÍsËics yields a better improvement in precision

Ëhan Ëhe method of reduced capËure histories" I^lhÍle the rits

do not differ by rnuch for interval lengths 3 and 5 there is a

signifÍcant difference for inËerval 1-engths greater than 5" For

Ëhe method of pooled sLaËísËics, the average pooled ri for interval

length I-1 ís almost double Ëhe average ri for the method of reduced

capture historíes for ínterval 1-ength 1-0. A signÍficanË difference

ín the ri used in both methods, shows up in a sÍgnificânË difference

ín Ëhe samples sËandard deviaËion. The aveïage estímaËed sËandard

devíations are significantly lower for Ëhe meËhod of pooled sËatís-

tics.

The same resul_t is seen in figure 5"4.2. Howevero wiËh

a lower survival- rate Ëhe difference in precísion is even greateT.

The average pooled 11 for Èhe pooled statisËics method are 2 to

l-3 tímes Larger than the average 
_r1 

for the reduced capture hís-

tciry urethod. The result is that the sample standard deviaËions

from the latËer rnethod.

Note that Ëhe curves for the reduced capture hlstory

meLhod appear al-most lfnear. The curves for the pooled statisÈics
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method is parabol-ic, wlth little improvement in the estímated

varlances for interval lengths greaËer than about 7.

In comparing the two methods the average pooled r,
have been compared to Ëhe average rí. rn the method of pooled

statistics the pooled ri are used to derive the estirnates, rather

than the unpooled ri. rn the meËhod of reduced capture histories

the opposiËe is the case. only the unpooled ïi are used Ëo cal-

culate the estimates. Thus, while both meËhods Íncrease the

precision of Ëhe estimates with an increase in grouping inÈerval

J-ength, the method of pooled staËistÍcs results in a signÍficantly

larger íncrease in precÍsíon"

5.5 Conparíson of Ëhe pool_íng MeËhods

The resuLt,s of the símulations of both methods of pooling

over several parameter seËs were analyzed as to bias, precision

and adequacy of the variance formulae. In this section the resul-ts

of the analyses for both poolíng methods are compared.

Table 5.5.1 summarizes the analyses of the bi-as of the
^N̂io 0i and Bi performed Ín sections 5.2 and 5"3 for the two pooling

methods. column one is the poolíng nethod and columns two and

three are the survíval and capture ïaLes, respectÍveLy. columns

four, five and six tell- if there vrere any detectable bíases in Ëhe

Ni, ç1 and B1r respectivel-y, at Ëhe 957. LeveL of significance.

The ent.ries ín these three columns will- be either."nonet', "posiËiveto

or I'negative" depending on whether or not there $/as a detectable

blas. If there was detecÈable bias then the entries depend on

wheËher the biases vrere significanË overestimates (posltfve bias)
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or significant underesËimaËes (negative bias) "

The pooled statísËics method appears Ëo gÍve the mosË

rel-fable estÍmates of Ni. None of the parametel sets that were

símulaËed for the pooled statistics method yielded ûi that had

any deËectable bías. However, the results for Ëhe reduced capture

hístory method show ÈhaË a detectable negative bias in Ñi occurs

for $i=0.50 and pi=0.20. Furthermore, for {i=0.70 the results

for the reduced eapËure history meËhod indícaËe that the Ñi tt"

underestímaLes of the true poPulaËíon size, so ËhaË some bías ís

begÍnníng to be seen Ín the Ñi.

The opposite result Ís Ëhe case when the bíases of f:he

fri "t. consídered. A significanË positive bj"as is deÈected in the

ôi from Lhe pooled staËÍstícs meËhod for 0i=0"70 as r¿ell as for

ôi=0.50. A1so, whii-e the estímaËes of survival for þi=0.90 are

not detecËab1-y biased, the trend in Lhese ôi i" Ëo overestimate

the Lrue survival rate. Thís trend of overestimaËing the true

survj-val raËe ís not seen untíl a much 1-ower Q1, for Ëhe reduced

capËure history method. It is not untí1 Qi drops Ëo 0.50 ËhaË a

detectable bias ín the fri, for Ëhe reduced capÈure history meËhodo

is evídent" While Èhere is a detectable tias for Ëhis parameter

seL, iË is a much smaller bias than in the ôi d.rived from Ëhe

pooled sËatistícs meËhod.

' Al-though a posiËive bias is detecËed in an. [i from both

pool-ing methods for lower survival rates iE appears thaË when the

true survival rate over single sampling occasions is very hlgh'

say 0"95 and Larger, tnu fri for both poo1ing methods wtl-l- be nega-
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Èively bÍased" This bias ís srnal-l- and ís almost certaínl-y due

Ëo the adjustment of inadmissable esËimates <ôi t 1.0) and so is

only artifical-ly introduced by the simulation. Thus, iÈ need not

be considered a shortcoming of the pooling methods.

There ís not rnuch difference in the biases of tne â1

^for the two pooling meËhods" In both methods the Bi are negatively

biased begínning at Qi=O.79. However, Ëhe pooled statisËics method
.^

results in Br which tend to underesËímate the Ërue number of birËhs

for $=9"99. llhen Lhere are a small number of birËhs over a

grouped inËerval (l-ess than about 30) both pooling meËhods give

Bi which have a sÍ-gníficant positive bías. When there are a large

number of births over a grouped ínËerval (greater Ëhan about l-00)

both pooling methods girr. ii which have a significant negaËive bías.

The estimates of N1r 0i and Bi from the pool-ed sËatÍstics

neÈhod r¿ere affected by the fewer nunber of recaptures at the end

of the sarnpling chain. Ihat is, Ëhe estimates aË the end of Ëhe

experÍ-ment T¡Iere overesËimaÈes of the true paTameter values. Thís

effect diminished as the survival raLe decreased. The estímaËes of

N. . öi and B; from the reduced capËuTe hisËory meËhod Tnlere noË
L'

affected by the fewer number of recpat.uTes aË the end of the experi-

merrt.

The precision of the ii, fri "r,a 
i, tot both poolÍng

methods 1s given in columns five, six and seven, respectively, of

fables 5.2.L and 5.3.1. The precision of the estÍmates derived

from the reduced capture history method is better. The most signifi-

canË difference ls precision is seen in the coefficienËs of variatlon
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for âi, where the estimates of birth from the pool-ed sÊatisËlcs

method are much more precise than the estimaÈes of birth from the

reduced capture history method"

The adequacy of Ëhe variance formulae is given in columns

ten, eleven and Ëwelve of tables 5.2.L and 5.3.1. The varÍance

fornul-ae from the pooled staËistÍcs method give better esËímaËes.

Hor,rever, Ëhe varíance formulae for î(âtt from neither method give

estímaËes which can be considered valid. The varíance estimates '

from both methods for very high survival rates are signi-fi-cant over-

esËímates, while Ëhose for l-ower survíval rates are signifÍcant

underestimâtes. The overestimates \¡7eIe shown in secËions 5.2 and

5.3 to be caused by inadnissable estímates. l,rrhen an inadmissable

estimate is calculated it i-s reset. to an admissable value. This

procedure reduces Ëhe sanpJ-e varíance but has no effect on the esti-

mated variance thus, producíng overesËimates.

For low survival Tates neither meËhod vields estimates

whích can be considered valid. tr{hen the survival rate ís 1ow there

is a 1-arge Ëurnover of animals beËrueen sampling occasisons. Thus,

many anÍmals do not remain in Ëhe popul-aËÍon long enough Ëo be

recaptured several- Ëimes" Therefore, the total- number of recaptures

at any sampling occasion is loruered, producing unreliable estimaËes.

The process of averaging over the grouping ÍnËerval-s gives

vety littl-e improvemenL. The bias and precision of the estimates

as r,¡ell- as the adequacy of the varlance formulae are approxÍmately

the same with pooling as wit,hout. The only lmprovement seen is

that the estimates are l-ess varlable across I with averagfrrg.
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5"6 Non SËab1e Popul-atíons

1\uo types of non stable popul_ations were simuLated.

In the first type, the expected number of births was (1-0i) No

for sampling times L to 25. From ËÍmes 26 to 50 the expected

ntmber of birËhs was doubled.. The expecÊed nr¡mber of losses $ras

now less than the expected number of birËhs and hence, a monoËone

ÍncreasÍng population was the resul-t.

Figure 5.6.1 is a graph of samplÍng Ëime versus the

estímated popul-ation size from Ëhe pooLed statistics method. The

smooth curve is the esËimated populaËion size and the broken curve

is the expected popul-ation size. AlËhough the esti.maËe of Ni is

¿tn overesËimate of the expected population size, the difference

does not seem to be significanË. However, a large positive bias

occurrs aË the end of Ëhe sampling chaín" This overestímate at, Ëhe

end of the chaÍn is due to the fewer nr¡mber of recaptures during

the l-ast several sarnpling occasíons.

The estimates of popul-ation size at the end of the experi-

ment ¿re based on fewer recaptures than those estimaËes in the mÍddl-e.

In the middle of the sampling chain Ëhe ratios ri/si, ri¡1/sia1,

etc" are approxímately equal-. Therefore, over a grouped interval-

of length s (ri+ri4l*. ".*ri.u"-r)/(sitsi.r-1*...si*s-l) is approximarely

the same as (ri/si) + (ri+l/si+t) + """ + (ri.."_1/si+s_l). However,

aË the end of the sampling chain Ëhere are fewer recaptures because

the marked animals aLive in the popuLaËion are exposed to fewer

sainpLlng times. Therefore, (rr/si) < (ri¡1/si+l) < fti¡2/s7¡2),

eËc. near the end of the chain, which gives and underesËirnate of
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(x r1)/(x si)" sfnce the lnverse of thj-s expressLon Ís used to

ealculate Mi, the resul-t is an overestimate of Mi, which fn turn

results Ín an overesËÍmate of Ñi.

The second type of non stabl-e popul-aËion simul-ated v¡as

one rvith a large influx of índivÍduals at one sarnpLing period.

For samplíng periods r to 25 the expected population síze was 200.

BeËween times 25 and 26 tt:.e popuLatíon síze doubled to 400 and

remains Ëhere up Ëo the end of the experÍment. The values of pi

and Si used in the simul-aËion were 0.1.0 and 0.50, respectively.

Figure 5"6"2 ís a graph of the sarnplÍng time versus the

estimated popul-aËion síze" The broken líne represents Ëhe expecËed

population síze. The pooled statístícs method used in Ëhis exampl_e

smooths out the sudden jump ín the population size. The grouping

ínËerval lenth in thís case is 5. The effects of the popul_atÍon

Íncrease are fel-t 3 or 4 periods before the actual increase and the

esËímated population síze does not reach the expecËed populatíon

sÍze untj-l 6 to 8 sampling periods afËer the actual increase.

üIith the survival raËe at 0.50 an individual is expected

to survive only two samplíng occasions. Therefore, the number of

recapËures will be approximaËely the same at the end of Ëhe sampling

chaÍn as in the middle" Therefore, the estimates at the end of

the chaÍn should not become too Large. From the graph ít can be

seen that Ëhe esËi¡nates at the end of the chaín do.not become

signifÍcant overestímates.
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Chaoter 6

6" I Conclusions

The following conclusíons have been subsËantiaÈed in

previous chapters and are the result of this thesis:

(1) I^Jhen an experÍmenter should pool- and why"

1"1 hlhen the est,imated coefficient of varíatÍon of an

estímate is below 0"50 the estimate can be considered

reliable. The estimaËed coeffícient, of variation is

calculated by dividing the est,imate by its esËimated

standard deviatÍon"

L"2 If the experimenter believes that the estimated varí-

ances are fnval-Íd or if he believes ËhaË the fr, "r.
reasonably accuraÈe and sÉable" then if the average

number of recapËures is great,er than abouË 5 per cenÈ

of Ëhe ".rur"g. Ñi, then Ëhe estímates of Ni, Qi and Bi

can be considered reliable" However, Ëhe experimenËer

ay sËi1-1 want Ëo pool- Í-n order t.o increase precisíon,

or to derive esËÍmates that relaËe to a tÍme int,erval-

whích is longer than his actual time between samplÍng

ÈÍmes.

1"3 If there is a Large number of zero r. val-ues or a l-arge

number of val-ues of ôi ana ûi which are inadmissabl-e, Ëhen

' Èhfs may be an índicat.ion that the estimaËes are unre-

llabl-e. Note Ëhat Èhls ls not a very sËrlngent criterion

and should noË be the main one.

L.4 The proportlon, the average ri dfvlded by the .,o"tug. Ñ10
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1s approxfmateLy .the same for dlfferenË popul_ation

sizes, for the same par¡mter seË.

1"5 Tdhenever one or both of 1.1 and L.2 do not hol-d, the

experiment,er should pool his resul-ts. The purpose of

pooling Ís t,o salvage the data and to produce nore

dependable and precise est,imates.

(2) IfhaË grouping interval should be chosen.

2"L T^Ihen choosíng a grouping interval, Ëhe experimenter

should keep in mind the assumption ËhaË the parameters

r¡ithín a pooled group should noË change significantly,

but may change from group to group. Thus, if the pop-

ulation parâmeËers change from month t.o month, the ex-

perímenËer may pool over nonËhly perÍ_ods.

2"2 The crit,erion, that the average r. should be greater

than 5 per cent of the "rr.r"r. frr, should be adhered Ëo

v¡henever possible. Thus, if after pooling over Ëhe chosen

fnterval Èhe average ri are sËil1 less than 5 per cent

of the "rr.r"g. fri, then a new int,erval to increase the

ri should be chosen, íf possible"

2"3 "Also, if the estimated coefficient,s of variation of the

pooled estl-mates are still greater than 0.50, then Èhe

estÍmates are still unreliable and a ner¡r pooling 1nËerval-

' shoul-d be chosen

2,4 As the grouping interval becomes l-arger, the true rate

of survÍval over the grouping interval decreases. I{hen

the survÍval over a grouped lnterval fal1s below about
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0.40, the estÍmates and Ëhefr estfurated varlances are

no l-onger rel-iabl_e. Thus, Èhe experimenter may increase

the grouping interval length in order to Íncrease the

rf over the interval, as long as the t.rue survival raËe

over the grouped lnterval remains larger than 0.40.

2"5 As the groupÍng interval length increase, Ëhe precísÍon

of the estimat,es Íncreases, but with a corïesponding in

the bias of the estimaËes. The increase in bÍas Ís seen

mainly in Ëhe fri "ra the âi which are borh esrimares

over the grouped inËerval.

Properties of pool-ed estimates, given a valid grouping interval.

A va1id grouping interval is one for which the estimat,ed coef-

ficients of variation of Ëhe esËimates is less than 0.50, Ëhe

average 11 is greater than 5 per cent of the average fri 
"rra

Lhe survival rat,e over the grouped ínterval is greaËer than o.40.

Bias of Ëhe Estimates:

3"1 The estimaÈes of popul-ation size derived from eiËher

pooling method do noË have any sígnifícant bj-as.

3"2 The method of reduced capture hisËories gives slíghtly

l-ess biased estimates of survival TaËes than the oooled

statistics method.

3.3 Tlhen the true survival rate over a grouped interval 1s

greater than abouË 0.90, Ëhe estj-mated survival raËe

derfved from elther pooling method is sl-ightJ-y negativel-y

biased. For Èrue survft'al rates l-ower than about 0.50

both pool-ing meËhods give esÈímated survival rates q¡hlch
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are posftÍveIy bLased"

3"4 In general, the esËimates of the number of birÈhs

over a grouped intervaL from eit,her pool_ing method

are unrel-iable.

3"5 A large positive bías is seen in Ëhe last few esËi-

tnâtes of N.r 0i and 81 for high survival raËes. This

large positive bias is due Ëo the fewer number of

recaptures at, the end of the experiment.

Precísion of the EstimaÈes

3"6 In general, the coefffcj-ents of variation of the esti-

mates of Ni and Qi are less Ëhan 0.50 for boËh pooling

methods. Al-though an experimenter may have an estimated

coefficient of variation greater Ëhan 0.50, Ít is pro-

babLy due Ëo random fluctuatíons in a single experiment.

The true coefficienË of variaËion, when a val_id grouping

is used, is seen Ëo be less than 0.50 for Ni and þi.
3"7 The estimaËed coeffícj.ents of variation of the âi fron

both pooling meËhods are generally greater than 0.50

and hence, an experímenter should not appl-y this criterion

to the âi.

3"8 In general, the precision of ,n. Ñr, ôi and â, t" greater

wiËh the pooled sËatistics method than with the reduced

capture history nethod.

The Variance Estfmates

3"9 The variance formulae for both pool-ing methods can be

considered val-1d as long as the Lrue survival raLe over
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the grouped Lnterval ís greater than about 0.30.

. 3.10 l^Ihen the Èrue survival raËe over Ëhe grouped intervaL

Ís greater than about 0.95, Ëhe variance est.imates for
A^

0t *d 81 are positively biased. The bÍas is due to

resetting inadmissable ffi and Bi to admissable values"

The posítÍve bías in the variance estímates gives the

experímenter a conser:\¡atÍve estÍmate of the precision.

A negative bias Ín Ëhe variance estimates woul-d m:Íslead

hím into Ëhinking hÍs estínates are more precÍse than

they actuaLl_y are.

Further ProperËies

3.11 Averaging the estimaËes over the groupíng interval has

l-ittle effect other than sËabiJ_izing Ëhe esËimates.

3"12 Ilhen choosing a groupÍng inËerval, Ëhe increase ín pre-

císíon for 1-arger intervals is greaËest for the pooled

statíst.ics meËhod. However, for ínt,erval- lengths greaËer

than about 8-10 there is very little Íncrease ín precision.

3.13 In both Ëhe unpool-ed method and the pool_ed staËistics

method any sudden increase in rhe Ñi, ôi ot âi near the

end of the sampling chain shoul_d be regarded as spuríous,

unless the experiinent,er has reason to bel_Íeve they are

valid' rncreases are al-so seen in the last few estimaËes

of vari-ance. These Íncreases are due to the fer¿er number

of recaptures at the end of the chain. The end effects

decrease as Ëhe survival rate decreases"

3.L4 No end effects are seen 1n the estimaËes derived from the
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teduced capture hlstory method. However, estfmates

from thfs method "ru ".r"irable over a shorter range

of sanpling Ëimes and thus, fewer end results are

given. Therefore, there is little Ëo choose becween

the Ëwo methods when Lhís situation aríses.

3"15 Pooling appears to make sudden large changes in popu-

latlon slze more gradual.

.6"2 Further Hypotheses

(1) rn this thesis r deternined which parameter seËs give unre-

liable estimaËes and used the poolÍng methods on them. The

parameter sets rrhich gave good estÍmaËes üreïe not, considered

and even in Ëhese siÊuations iË may be advanËageous to use

one of the pooling methods" There may be a sÍgnificant

fmprovement ín the estÍmaËes by pooling. A second reason for
pool-íng over good experíments woul-d be sËandardize the estimaËes

over say, weeks or monËhs. Note, however, that if Ëhe sanplíng

occasíons are unequally spaced, then pooling wi1-l noË be satis-

factory because the esËimaËed survival raËe wil1 refer Ëo dif-

ferent int,erval- 1-engths. However, it is possible Ëo adopt Ëhe

pool-ing meËhods Ëo unequal sample times by assigning weights

Ëo the est,ÍmaËes.

(2) only stable populations were mainly of concerrr in this Ëhesis.

. In order to obtaÍn a stable populatíon, the p1, Qi and 11 were

constanË over the samplfng chain. A further area of study

would be Ëo determine the effects of varying these parameters

over the sanpllng chain"
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(3) Poolfng amy be subject-.-to fail-ure of one or more of Ëhe

assumptions of the Jolly model. Another area of study

qrould be to detemine the effects of failure of the assump-

tfons on the pooled est,imates" rË rnay well happen that Ëhe

pooled estimaËes are more rrrobusttt than the unpooled esti-
maËes to failure of the assumptíons (equal catchabílÍty,

homogeneity of survival-, only pe:manent nigration). There-

fore, by poolÍng one may not only íncrease Ëhe precísion of

Ëhe estÍmates, but may also reduce bias due Ëo fair.ure of

the assumptÍons.
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APPBNDIX A

TABLES AI'ID GRAPIIS
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