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ABSTRACT

ARTICLE INFO This study applied a Generalized Estimating Equation (GEE) approach accounting
for heterogeneity, behavioural and environmental effects to estimate the population-
size for open population capture-recapture experiment. A non-spatial open population
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Accepted 12 March 2024 5, 6) with population size (N=1000). The GEE estimates for behavioral/heterogeneity
Keywords: covariates and heterogeneity/behavioral/environmental covariates models under
Capture-recapture, Open oopulation, different working correlation structures were also presented. The simulation results,

Population-size, GEE, QIC, RMSE . .
P Q show that, for the heterogeneity/behavioral model, the root mean square error

(RMSE) for (m =4, 5, 6) recapture occasions when N=1000 are (199.2171, 199.2573,
1193.2222) and for the heterogeneity/behavioral/environmental covariates model, the

MSC 2020 Subject classification: RMSE for (m= 4, 5, 6) recapture occasions when N=1000 are (199.2071, 199.2252,

62J12, 62399, 62P10, 62P12. y ; . .
1193.2052). The comparison results between behavioral/heterogeneity covariates
model and heterogeneity/behavioral/environmental covariates model show that, the
heterogeneity/behavioral/environmental covariates model performs better in
estimating the population-size in terms of accuracy as indicated by the smallest values
of RMSE. The study concludes that; environmental factors play an important role
when estimating the population-size for open population capture-recapture
experiments.

1. Introduction

Capture-recapture is a study where repeated observations are collected on the same individuals over time.
The method is used for estimating population size and other parameters that are based on ratios of marked to
unmarked individuals (Wesson et al., 2023). When the study population consists of N elements, N being unknown
and finite, capture-recapture methods can be applied to estimate the size of N (Koivuniemi et al., 2019). The
population under study is sampled two or more times, so that, at each time, the unmarked animals caught are
marked uniquely (usually with a numbered leg band in bird studies); animals previously marked have their capture
recorded and then all of the animals are released back into the population (Wesson et al., 2017). The experimenter
has the complete capture history of each animal handled at the end of the study. Capture-recapture methods are
extensively used in animal population estimation and in other fields such as quality control and epidemiology
(Akanda and Alpizar-Jara, 2017). A set of models and their inference procedures have been proposed in the
capture-recapture literatures for the estimation of animal population size from capture-recapture data (Chowdhury
et al., 2019). There are two types of capture-recapture models;(a) models that assume the population remains
constant throughout the period of study (closed population models), and (b) models where individuals can be
added due to birth, immigration, or reintroduction, and can be removed from the population through death,
emigration, or other reasons (open population models). Open population models can also be categorized according
to whether the recaptures are observations on live animals or dead animals. The capture—recapture data collected
on the same individuals across successive capture occasions, are binary longitudinal or repeated measurements
data (Akanda and Alpizar-Jara, 2014). These repeated observations are often correlated over time.

The dependency or correlation structure may be induced by incorporating individual heterogeneity. Failure
to account for this dependency may provide biased estimates (Chao et al., 2021). The Generalized Estimating
Equations (GEE) approach is a powerful statistical tool that extends the application of capture-recapture models
to open populations, allowing for more accurate population estimates. The GEE approach addresses the limitations
of closed population models by providing a framework to estimate population size while considering these
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demographic changes. Worthington et al. (2018) developed a multi-state model to estimate the size of a closed
population from capture—recapture studies. The simulation results show that the estimate of population size can
be biased when movement between states is not accounted for. Mamadou et al. (2019) proposed a new algorithm
for estimating the parameters of a robust design with a fairly large number of capture occasions and a simple
parametric bootstrap variance estimator. Kevin et al. (2017) used capture-recapture techniques to estimate the
number of men who have sex with men and among female sex workers in 11 selected towns in Uganda. The study
utilized conventional 2-source capture-recapture (CRC) to estimate the population of female sex workers and men
who have sex with men. You etal. (2021) proposed a modern method to estimate population size based on capture-
recapture designs of k-samples. The study covers models assuming a single constraint (identification assumption)
on the k-dimensional distribution such that the target quantity is identified and the statistical model is unrestricted.

The study presents solutions for linear and non-linear constraints commonly assumed to identify capture-
recapture models, including no k-way interaction in linear and log-linear models, independence or conditional
independence. Kreshpaj et al. (2021) used capture-recapture methods to estimate the magnitude of under-
reporting of occupational injuries (Ols) among precarious and non-precarious workers in Sweden in 2013. The
study demonstrated empirically in Sweden that under-reporting of Ols is 50% higher among precariously
employed workers. Capture-recapture study was used to estimate the population of female sex workers in Ghana
(Guure et al.,2021). It was also used in Bhutan (Khandu et al., 2021), in Juba (Okiria et al., 2019), in Hai Phong
province (Nguyen et al.,2021). Wesson et al. (2023) used capture-recapture methods to estimate the size of hidden
populations by leveraging the proportion of over-lapping of the population on independent lists. The study used
simulations to model when capture-recapture methods deliver biased or unbiased estimates and compare model
selection criteria. The study concluded that, conventional capture-recapture model selection fails with sparse cell
counts. This naive approach to model selection should be replaced with the implementation of multiple different
models in order triangulate the truth in real-world applications. Huang and Pan (2021) proposed a novel method
to model the mean and within-subject correlation coefficients for longitudinal binary data, simultaneously, by
taking into account the constraints of the upper bounds. A joint GEE method was developed for the purpose and
the resulting correlation coefficients were shown to satisfy the constraints. Asymptotic normality of the parameter
estimators was derived and simulation studies were made under various scenarios, showing that the proposed joint
GEE method works very well even if the working co-variance structures are mis-specified. Zhuoran et al. (2023)
used GEE to investigate the association between exposures and hearing loss, because it is robust to
misspecification of the correlation matrix.

The study proposed to model the correlation coefficients and use second-order GEE to estimate the
correlation parameters. In simulation studies, the proposed method achieves an efficiency gain which is larger for
the coefficients of the covariates corresponding to the within-cluster variation than the coefficients of cluster-level
covariates. Asep et al. (2020) used GEE as one of the longitudinal data regression methods for composite index
data on children's welfare (CWCI) in West Java Province. The study concluded that the research is important as
an alternative approach of longitudinal data regression analysis when a correlation problem is found in the
condition of observed data. Nasrin et al. (2021) proposed a method for the analysis of spatially clustered real data
based on GEE which were originally developed for analyzing longitudinal data. A simulation study was
conducted, and the proposed GEE approach yields better results than the popular conditional auto-regressive
model from both perspectives of parameter estimation and spatial process capturing. Goldenberg et al. (2023)
used bivariate and multivariable logistic regression with GEE to model the association of unstable housing
exposure and evictions with intimate partner violence (IPV) and workplace violence among a community-based
longitudinal cohort of cisgender and transgender Female sex workers in Vancouver, Canada, from 2010 through
2019. The study concludes that, Female sex workers face a high burden of unstable housing and evictions, which
are linked to increased odds of intimate partner and workplace violence. Increased access to safe, women-centered,
and nondiscriminatory housing is urgently needed. The applications of GEE approach by (Zhang, 2012; Akanda
and Alpizar-Jara, 2014a; 2017; Chao et al., 2021) were all focused on closed population capture-recapture models.
The aim of this paper is to apply GEE approach to estimate the population size of an open population capture-
recapture data, taking into account individual heterogeneity, behavioural effects and environmental covariates.

2. Methods
2.1. Linking GEE to capture-recapture

Let N be the total number of individuals in the population of study, and let m be the possible number of
capture occasions, (m > 2) .Let Y the indicator of the i™ individual being caught in the jth occasion, that is,
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Y; =1if i" individual is captured in the " occasion, andY;; =0, otherwise. Let T; be the number of

m
o T
samples that the i"" individual belongs to, then let T, = zYij Let Y :(yuv---v yim) be the M x1 random
j=1
vector to record the capture history of the i™ individual for the m occasions. Covariates Z; and X; areassociated
with the i™ individual and the jth occasion, fori =1,..., N, j=1,...,m. Let Z, be an individual measurable

covariate, such as age, sex or weight, etc. Let X; be a measurable occasion related covariate for the i
individual, and let

(Al 1a--- 1F
Z; Zi
[ 0 0
Xi_ 0 Xip o 0
_O 0 O Xim |

be the covariance matrix.

2.1.1. Zhang (2012) models
Zhang (2012) proposed the probability Pij that the i™ individual is captured on jth occasion is given by

Pij = Pr(Yij =1z, Xj): h(B, + B.z, +18j+1Xij)
()

! i e oo
fori=1,...,N, j=1,...,m, where h(u) =1+ = (1+(e™))"is the logistic function. If X,; =X,; =X; for

—=
I, #1,, model (2) may be used for simplicity
Pij = Pr(Yij :1| Z;, Xj): h(ﬂo +:Blzi +ﬂj+lxj)
(2)
fori =1,...,N, j=1,...,m. Then the GEE model by Zhang (2012) is given by

h(5) =Zn:i(Yij ~ M )*Zn:i(Yij — K )Zi

i-1 j=1 i=1 j=1

©)

2.1.2. Akanda and Alpizar-Jara (2014) models
Akanda and Alpizar-Jara (2014) introduced Vi into the model (2) which is an indicator that, the i™ individual is

. - th . ? . . .. .
captured prior to ] occasion, and which depends on occasions as well as the individual i.e

1, caught
Vij = (4)

0, otherwise

The probability Pij thatthe i™ individual is captured on jth occasion is given by

P; =Pr(Y; =1|z;,x;,v;) =h(B, + B2, + B;.1X; + BonVyj) 5)
fori =1,...,N, j=1,...,m. Then the GEE model by Akanda and Alpizar-Jara (2014) is given by

h(ﬂ>=ii(Yu ~ Hij )*Zn:i(Yij ~ Hij )2 +Zn:i(Yij ~ Hij )"ij ©)

i-1 j=1 i=1 j=1 i-1 j=1
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2.1.3. Matthew et al. (2023) model
Matthew et al. (2023) introduced fij into the (4) which denote the environmental covariates such as mean temperature,

humidity or rainfall recorded for i" individual at jth occasions.

Therefore, the probability F’ij that the i™ individual is captured on jth occasion is given by

Pi =Pr(Y; =11z;,x;,vy, ;) =h(By + Biz; + BaX; + PV + Beu Tij) ()
fori=1,...,N, j=1,...,m. Then the GEE model by Matthew et al. (2023) is given by

h(ﬂ):ii(Yij ~ Hij )*Zn:i(Yij ~ Hi )Zi +Zn:i(Yij ~ Hi >"ij +Zn:i(Yij _ﬂij)fij =0 ®

i=1 j=1 i=1 j=1 i=1 j=1 i=1 j=1
2.4. Fitting Generalized Estimating Equation Models

The following steps were used in fitting the proposed GEE models as suggested (Wentao,2019):
1. Linear predictor and best link function: A link transformation function is specified that allows the response
variable to be expressed as a function of parameter estimate £ of an additive model, which model the expected

value of the marginal response for the population £ = E(Yi ) to a linear combination of the covariates. The choice

of link function depends primarily on the distribution specified.

2. Distribution of the response variable: The GEE allows the specifications of the distribution from the exponential
family of distributions, including Normal, inverse Normal, Poisson, Binomial, Gamma distribution and negative
Binomial. Prior knowledge of the distribution of the response variable is important.

3. Structure of the correlation within the response variable: Although GEE is robust when it comes to
misspecification of the correlation structure, it is important to take precaution when it comes to specifying the
structure. The working correlation employed are as follows: (2) Independent Structure(b)Exchangeable Structure
(c) Autoregressive Structure (d) Unstructured Structure

2.5. Model Selection of Generalized Estimating Equations

A modification of AIC known as the Quasi-Likelihood Information Criterion (QIC) was introduced by Pan (2001).
The QIC is constructed on the basis of independence of the working correlation assumption. The QIC can be used to
select the appropriate working correlation structure.
Then the simplified version of QIC given by Pan (2001) as cited by Wang et.al (2015) is denoted by

QIC=-2Q(i1 1) +2p ©)

Therefore, QIC is used to select an optimal correlation structure. The model with the smallest QIC will be chosen as the
best parsimonious model with the best correlation structure (Pan, 2001; Wang et al., 2015).

2.6. Population Size Estimator and the Variance
Let p; (i=1...,n;j=1...,m) represent the probability of capture for the i"™ individual during the jth capture
occasion. The open-population capture—recapture models employed here relate a differentiable function of the p; toa

linear function of external covariates (Matthew et al., 2023). These covariates include sex, weight, behaviour effect and
mean temperature. Individual capture probabilities were modelled with a logistic regression, so that,
e Bo+BsexSeXi + Pag Wi + BonVij

i~ 1+ eﬂg*ﬁsexsexi + Lo Wi + BonVij (10)
for behavioural/heterogeneity covariates and
eﬂo + BsexSX; + Bt WE; + BonVij + Bon
1)

i~ 1+ eﬂo*‘ﬂsexsexi + Bt Wi + BonVij + Bon i
for behavioural/heterogeneity/environmental covariates.

The estimates for the parameters /3, are obtained by the method of maximum likelihood. Given a set of observed capture
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histories, I;; , where I;; =1 if the i™ individual was seen at the j" occasion and I; =0 otherwise.

ij
The estimated capture probability and standard error for the i individual at jth occasion is labelled as f)ij and ﬁﬁij ,

respectively. So that, E [ f)ij ] = P and E[fzﬁ" } =T - The true number of individuals alive at trap jth occasion is
ij ij

Nj . Assuming capture is statistically independent across individuals (i.e., across subscripti ), E[Iij]: P; and

var(l;) = p;(1—p;) . (McDonald and Amstrup, 2001) give the estimate of population size at the j™ capture
occasion, denoted Nlj (j=2,...,m),as
n|.

N, =Y -2 (12)

i-1 Py

E[mj}zNj&#(ﬂa —cou(l, By) )
i=1 M

So that E[Nj] ~ N provided that cov(l;;, ;) ~ 72';“ forall i .The approximate variance of the estimator

~

NJ- is given by
R o (1.(1-p.) Lzt L@-p)7
Var(Nj)zz Ij(Azplj)_i_ JAsp.J S A4J Py (14)
i=1 Pi Pi P

The performances of the estimators are based on the comparisons of root mean square error (RMSE). RMSE is
given by

RMSE = Var(N) + bias®
(15)

3. Results and Discussion

3.1. Simulation 1
In order to illustrate the GEE approach on open population capture-recapture data, a non-spatial open population

data was simulated using R with the following parameters; n =1000, ¢ = 0.8, A = 1.2, p = 0.4, and m = 4 trapping
occasions was used to simulate the recapture history. The individual discrete covariate, sex, was simulated based on the
Binomial distribution BIN(1000, 0.5). The individual continuous covariate, weight, and the environmental covariate,
temperature, were simulated based on the Normal distribution N(15, 5) and N(30, 10) respectively. The indicator
variable, behavioural effect was generated from the capture history. The simulation results for the different covariate
structures are presented in Tables 1 and 2 respectively.
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Table 1 GEE estimates for p; =h(f, + B, SeX; + B, Wt + B,.V;) model m=4,

N=1000
Structure Exchangeable Independence
Coefficients Estimate Std Err Estimate Std Err
ﬂo 0.339550 0.07326 0.326927 0.08639
,gsex -0.01646 0.03692 -0.009717 0.04142
ﬂwt 0.000230 0.00615 0.000763 0.00672
IBbh -0.02239 0.03556 -0.006817 0.04066
QIC 265.5100 266.7600
Structure Unstructured AR-1
Coefficients Estimate Std Err Estimate Std Err
ﬂo 0.38657 0.06616 0.342293 0.07839
,gsex -0.03098 0.03383 -0.01662 0.03894
ﬂwt -0.00152 0.00573 0.000318 0.00636
IBbh -0.01865 0.03242 -0.02236 0.03774
QIC 265.550 266.8600

The information provided in Table 1 shows the GEE estimates for individual heterogeneity and behavioural covariates
model under different working correlation structure.

Table 2 GEE estimates for p; =h(8; + B, S€X; + B Wt + BV + B, T;;) model m=4,

N=1000
Structure Exchangeable Independence
Coefficients Estimate Std Err Estimate Std Err
,Bo 0.269506 0.10867 0.253823 0.12663
ﬂwt 0.000301 0.00618 0.000859 0.00676
:Bbh -0.02161 0.03580 -0.02181 0.04114
ﬁsex -0.01738 0.03668 -0.01060 0.04112
IBtp 0.004731 0.00436 0.004905 0.00433
QIC 267.3100 268.5500
Structure Unstructured AR-1
Coefficients Estimate Std Err Estimate Std Err
ﬂo 0.329570 0.09693 0.273890 0.11651
B -0.00153 0.00575 0.000432 0.00641
,Bbh -0.00173 0.03287 -0.02143 0.03812
,Bsex -0.03204 0.03359 -0.01748 0.03866
ﬂtp 0.00387 0.00462 0.004589 0.00436
QIC 267.6500 267.6100

The information provided in Table 2 shows the GEE estimates for individual heterogeneity, behavioural and
environmental covariates model under different working correlation structure.

Table 3 Parameter estimates for open population Capture-Recapture models m=4, N=1000
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Model Struc N S.E RMSE

Py =N(By + BexSEX; + Boe W, + SV Excha 253 17.893  199.2171
P =h(By + BexSEX; + L WL, Jr:Bthij +ﬂtp fij) Unstr 260 17.432 199.2071

3.2. Discussion on Simulation 1

From the information provided in Table 1, which displays the GEE estimates for the individual heterogeneity and
behavioural covariates model under different working correlation structures, it can be observed that, the QIC values for
exchangeable, independence, unstructured and AR-1 are 265.51, 266.76, 265.55 and 266.86 respectively. The model
under exchangeable working correlation structure was selected as the best model, because it has the smallest value of
QIC, and was used to calculate the parameter estimates for open population capture-recapture data given in Table 3.
From the information provided in Table 2, which displays the GEE estimates for the individual heterogeneity,
behavioural and environmental covariates model under different working correlation structures, it can be observed that,
the QIC values for exchangeable, independence, unstructured and AR-1 are 267.31, 268.55, 267.65 and 267.61
respectively. The model under exchangeable working correlation structure was selected as the best model, because it
has the smallest value of QIC, and was used to calculate the parameter estimates for open population capture-recapture

data given in Table 3. From Tables 1 and 2, the positive values of the estimates for the covariates ( 5, , Beex + Bon » ﬂtp
) influences the dependent variable pj positively i.e as the values of the independent variables (Bt Peex ,ﬂbh,ﬂtp)
increases, the dependent variable P also increase. While, the negative values of the estimates for the covariates ( 5, ,
Beex» Bons B,,) influences the dependent variable p;; negatively i.e as the values of the independent variables (Bt
Beex s Bons B,,) decreases, the dependent variable p; also decrease. From the information provided in Table 3, the

estimated population size N =253 with a SE(N )=17.893
and RMSE=199.2171 when individual heterogeneity/behavioural covariates model is considered under exchangeable
working correlation structure. The estimated population size N =260 with a SE( N )= 17.432 with RMSE=199.2071
when behavioural/individual heterogeneity/environmental covariates model is considered under unstructured working
correlation structure. Table 3 also displayed, the comparison between

Py =h(By + B SEX; + B Wt + ByV;;) by Akanda and Alpizar-Jara (2014) and
Py =N(By + BexSEX; + B WEi + BV + By, fi;) by Matthew et al. (2023). The model proposed by (Matthew

et al., 2023) performs better in estimating the population size in terms of accuracy as indicated by the smallest value of
RMSE=199.2071.

3.3. Simulation 2

In order to illustrate the GEE approach on open population capture-recapture data, a non-spatial open population
data was simulated using R with the following parameters; n =1000, ¢ = 0.8, A= 1.2, p = 0.4, and m =5 trapping

occasions was used to simulate the recapture history. The individual discrete covariate, sex, was simulated based on the
Binomial distribution BIN(1000, 0.5). The individual continuous covariate, weight, and the environmental covariate,
temperature, were simulated based on the Normal distribution N(15, 5) and N(30, 10) respectively. The indicator
variable, behavioural effect was generated from the capture history. The simulation results for the different covariate
structures are presented in Tables 4 and 5 respectively.

Table 4 GEE estimates for p; =h(5, + £

sex

SeX; + B Wt + S,V ) model m=5, N=1000
Structure Exchangeable Independence
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Coefficients Estimate Std Err Estimate Std Err

:30 0.20471 0.08144 0.45219 0.06937
ﬁsex 0.07210 0.06178 -0.08882 0.03475
ﬂw‘[ -0.01270 0.00872 -0.00256 0.00559
IBbh -0.08663 0.05161 -0.00364 0.03350
QIC 293.634 293.930

Structure Unstructured AR-1

Coefficients Estimate Std Err Estimate Std Err

,30 0.47546 0.08830 0.45424 0.07094
ﬁsex -0.08396 0.03860 -0.08818 0.03495
,Bwt -0.00343 0.00480 -0.04665 0.00552
/Bbh -0.00398 0.00450 -0.00397 0.03352
QIC 296.600 293.940

model under different working correlation structure.

Table 5 GEE estimates for Py =h(B, + B, S€X; + B Wt + BV + B, f;;) model m=5,

N=1000

The information provided in Table 5 shows the GEE estimates for individual heterogeneity/behavioural/environmental

Structure Exchangeable Independence

Coefficients Estimate Std Err Estimate Std Err

,Bo 0.42960 0.08297 0.41018 0.07872
ﬂwt -0.0052 0.00510 -0.00380 0.00560
:Bbh -0.0593 0.03531 -0.04660 0.03347
ﬁsex -0.0878 0.03459 -0.09010 0.03463
lBtp 0.00242 0.00246 0.003020 0.00266
QIC 294.750 294.900

Structure Unstructured AR-1

Coefficients Estimate Std Err Estimate Std Err

,30 0.45511 0.10176 0.41399 0.08119
,Bwt -0.00885 0.00484 -0.00420 0.00553
IBbh -0.06156 0.04514 -0.04660 0.03354
ﬁsex -0.08472 0.03839 -0.08930 0.03480
ﬂtp 0.00150 0.00246 0.00289 0.00263
QIC 297.470 294.850

covariates model under different working correlation structure.

Table 6 Parameter estimates for open population Capture-Recapture models m=5, N=1000

© 2024 Department of Mathematics, Modibbo Adama University.
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Model Struc N S.E RMSE

Py =N(Bo + Brox X, + Bue W, + BopVy) Excha 249 17.625  199.2573
Py =N(By + BeSEX, + B Wt + SV, + S, ;) Excha 250 17.608  199.2252

3.4. Discussion on Simulation 2

From the information provided in Table 4, which displays the GEE estimates for the individual
heterogeneity and behavioural covariates model under different working correlation structures, it can be
observed that, the QIC values for exchangeable, independence, unstructured and AR-1 are 293.634, 293.93,
296.60 and 293.94 respectively. The model under exchangeable working correlation structure was selected as
the best model, because it has the smallest value of QIC, and was used to calculate the parameter estimates for
open population capture-recapture data given in Table 6. From the information provided in Table 5, which
displays the GEE estimates for the individual heterogeneity, behavioural and environmental covariates model
under different working correlation structures, it can be observed that, the QIC values for exchangeable,
independence, unstructured and AR-1 are 294.75, 294.90, 297.47 and 294.85 respectively. The model under
exchangeable working correlation structure was selected as the best model, because it has the smallest value of
QIC, and was used to calculate the parameter estimates for open population capture-recapture data given in

Table 6. From Tables 4 and 5, the positive values of the estimates for the covariates ( S, , Beex » Bon » ﬂtp)
influences the dependent variable P positively i.e as the values of the independent variables (Burs Peex s Bon
,Btp) increases, the dependent variable P also increase. While, the negative values of the estimates for the
covariates ( B » Beex » Bon ﬂtp) influences the dependent variable p;; negatively i.e as the values of the
independent variables ( Sy , By » Bons By, ) decreases, the dependent

variable Pj also decrease. From the information provided in Table 6, the estimated population size N =249

witha SE( N )= 17.625 and RMSE=199.2573 when individual heterogeneity/behavioural covariates model is
considered under exchangeable working correlation structure. The estimated population size N =250 with a S

E( N )= 17.608 with RMSE=199.2252 when behavioural/individual heterogeneity/environmental covariates m
odel is considered under unstructured working correlation structure. Table 6 also presented, the comparison bet

ween Py =h(B, + B SeX; + B, Wt + B,V ) by Akanda and Alpizar- Jara, (2014) and
Pi =N(By + BexSEX; + B WEi + BV + By, fij) by Matthew et al. (2023). The model proposed by

(Matthew et al., 2023) performs better in estimating the population size in terms of accuracy as indicated by the
smallest value of RMSE=199.2252.

3.5. Simulation 3

In order to illustrate the GEE approach on open population capture-recapture data, a non-spatial open
population data was simulated using R with the following parameters; N =1000, ¢ = 0.8, A= 1.2, p = 0.4,
and m = 6 trapping occasions was used to simulate the recapture history. The individual discrete covariate, sex,
was simulated based on the Binomial distribution BIN(1000, 0.5). The individual continuous covariate, weight,
and the environmental covariate, temperature, were simulated based on the Normal distribution N(15, 5) and
N(30, 10) respectively. The indicator variable, behavioural effect was generated from the capture history. The
simulation results for the different covariate structures are presented in Tables 7 and 8 respectively.

Table 7 GEE estimates for p; =h(f, + B, SeX; + B, Wt; + f,,V;;) model m=6, N=1000

© 2024 Department of Mathematics, Modibbo Adama University.



265 Pascalis et al. (2024) International Journal of Development Mathematics Vol 1 Issue 1, 256 - 268

Structure Exchangeable Independence

Coefficients Estimate Std Err Estimate Std Err
,30 0.24842 0.05385 0.24811 0.05484
ﬁsex 0.01835 0.03068 0.01670 0.03162
,Bwt -0.00487 0.00592 -0.0484 0.00589
/Bbh -0.00449 0.02774 0.00124 0.02945
QIC 316.260 316.130

Structure Unstructured AR-1

Coefficients Estimate Std Err Estimate Std Err
,30 0.27007 0.05295 0.25001 0.05470
ﬁsex 0.02753 0.03186 0.01646 0.03157
ﬂwt -0.00806 0.00527 -0.00490 0.00589
:Bbh -0.01177 0.0565 0.00034 0.02936
QIC 317.000 316.430

The information provided Table 7 shows the GEE estimates for individual heterogeneity and behavioural
covariates model under different working correlation structure.

Table 8 GEE estimates for p; = (B, + B, SeX; + B Wt + B,.V;; + By, f;;) model m=6,

N=1000
Structure Exchangeable Independence
Coefficients Estimate Std Err Estimate Std Err
ﬂo 0.28840 0.06677 0.27960 0.06930
ﬂwt 0.00443 0.00525 0.00560 0.00550
:Bbh 0.03332 0.02512 0.03750 0.02960
ﬁsex 0.03015 0.03284 0.03170 0.03071
ﬂtp 0.00248 0.00270 0.00230 0.00268
QIC 320.339 319.850
Structure Unstructured AR-1
Coefficients Estimate Std Err Estimate Std Err
,30 0.33759 0.06480 0.28626 0.07288
ﬂwt 0.00862 0.00540 -0.00517 0.00586
:Bbh 0.03764 0.02470 -0.00011 0.07288
ﬂsex 0.03274 0.03030 0.016151 0.03164
IBtp 0.00183 0.00260 -0.00229 0.00271
QIC 320.647 319.990

The information provided in Table 8 shows the GEE estimates for individual
heterogeneity/behavioural/environmental covariates model under different working correlation structure.
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Table 9 Parameter estimates for open population Capture-Recapture models m=6, N=1000

Model Struc N S.E RMSE

p; = h(B, + By SEX; + B, WL, "‘,Bthij Indep 243 17.246 1193.2222
p; = h(ﬂo +ﬂsexgexi +,Bthti +:Bthij +ﬂtp fij) Indep 243 17.206 1193.2053

3.6. Discussion on Simulation 3

From the information provided in Table 7, which displays the GEE estimates for the individual
heterogeneity and behavioural covariates model under different working correlation structures, it can be
observed that, the QIC values for exchangeable, independence, unstructured and AR-1 are 316.26, 316.13,
317.00 and 316.43 respectively. The model under independence working correlation structure was selected as
the best model, because it has the smallest value of QIC, and was used to calculate the parameter estimates for
open population capture-recapture data given in Table 9. From the information provided in Table 8, which
displays the GEE estimates for the individual heterogeneity, behavioural and environmental covariates model
under different working correlation structures, it can be observed that, the QIC values for exchangeable,
independence, unstructured and AR-1 are 320.339, 319.85, 320.647 and 319.99 respectively. The model under
independence working correlation structure was selected as the best model, because it has the smallest value of
QIC, and was used to calculate the parameter estimates for open population capture-recapture data given in

Table 9. From Tables 7 and 8, the positive values of the estimates for the covariates ( 3, , Beex lﬂbh*ﬂtp)
influences the dependent variable Py positively i.e as the values of the independent variables (B s Peex » Bon
,ﬂtp) increases, the dependent variable P; also increase. While, the negative values of the estimates for the
covariates (B Beex » Bon ﬂtp) influences the dependent variable pj; negatively i.e as the values of the
independent variables ( B, . Bex » Bon ﬂtp) decreases, the dependent variable ;; also decrease. From Table 9,

the estimated population size N =243 with a SE( N )=17.246 and RMSE=1193.2222 when individual
heterogeneity/behavioural covariates model is considered under independence working correlation structure.
The estimated population size N =243 with a SE(N )=17.2067 and RMSE=1193.2053 when
behavioural/individual heterogeneity/environmental covariates model is considered under independence
working correlation structure. From Table 9, the comparison between

Py =h(By + B SEX; + By Wt + B,V;) by Akanda and  Alpizar-Jara  (2014)  and
Py =N(By + BexSEX; + B WEi + BV + By, Ti;) , by Matthew et al.(2023), shows that, the model

proposed by (Matthew et al., 2023) performs better in estimating the population size in terms of accuracy as
indicated by the smallest value of RMSE=1193.2053.

4. Conclusion

This study, applied a Generalized Estimating Equation (GEE) approach accounting for heterogeneity, behavioural
effects and environmental effects to estimate the population size for open population capture-recapture experiment is
proposed. A non-spatial open population capture-recapture data was simulated using three different trapping occasions
(m = 4, 5, 6) with population size
(N =1000). The GEE estimates for behavioural/individual heterogeneity covariates and behavioural/heterogeneity/envi
ronmental covariates model under different working correlation was also presented. The study results from the simulat

ions, show that, the comparison between p; =h(/f, + B, S€X; + B, Wt; + B,,V;) by Akanda and Alpizar- Jara

sex
(2014) and p;; = (B, + BeexSEX; + B Wt + B,V + B, T;) by Matthew et al.(2023), shows that, the model

proposed by (Matthew et al., 2023) performs better in estimating the population size in terms of accuracy as indicated
by the smallest value of RMSE. The study concludes that; environment plays important role when estimating the
population size of open population capture-recapture experiments.
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