CHAPTER THREE
TOXICITY TESTING

3.1 Introduction

In order to protect freshwater resources from possible pollutants in fertilizers,
pesticides, and industrial and municipal discharges, the government regularly monitors the
toxicity level of effluents based on different tests to ensure the safety of the environment.
One testing approach is the Ceriodaphnia dubia survival and reproduction toxicity test.
This test is an accepted standard method in the assessment of the toxicity of effluents,
environmental samples, and single chemicals (Weber et a., 1989).

Traditionally, interest in toxicity studies is focused on mortdlity, the acute
effect. Recent focus had shifted to chronic effects such as growth or fecundity and the
Ceriodaphnia test is perhaps the most common of the chronic tests. The experimental
design consists of placing organisms in beakers or growth chambers, treating the units
with the chemical or dose of interest and monitoring the number of organisms over time
(usually seven days). The traditional method in analyzing these data is to apply statistical
tests based on analysis of variance followed by pairwise tests to detect treatment
concentrations that differ from the control group. Contemporary methods use regression
models based on a generalized linear model framework (Kerr and Meador, 1996) or a
guasi-likelihood technique (Kaur et al., 1995).

When mortalities occur, the response of interest is often complicated. The

methods mentioned above are limited to separate analysis of mortality and fecundity. Since
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mortality almost always exists during the test (especially for high doses), this creates extra
zeroes in the response and the above methods may be inappropriate and produce biased
estimates. Morgan (1992) discussed the use of Abbott’s formula (Abbott, 1925) and other
methods to adjust the natural or control mortality in mortality modeling. However, not
much has been done in chronic toxicity testing. In order to incorporate these extra zeroes
due to mortality, a mixture approach is proposed in this chapter to model and analyze the
fecundity data with adjustment for mortality effects. This model alows zeroes to be
produced from two different sources, mortality and nonreproductive organisms. The
response Y (number of offspring) depends on two variables X and Z viathe modd Y =
X*Z, where X is a nonnegative variable representing the number of offspring and Z is a
dichotomous variable representing mortality with Z = 0 or 1. When mortality information
is provided, both Z and Y are observed. However, most of the time, mortality information
ismissing and only Y is observable. This mixture model accounts for a certain number of
animals who die before any eggs are produced. However, the model does not account for
the actual time of death. Time of death can be incorporated into the model and will be
discussed in a later chapter. Another major interest of chronic toxicity testing is potency
estimation, which indicates the effect of the toxicant on reproduction or growth. The
current potency estimate and a new combined potency estimate which incorporates both
mortality and fecundity effects are also described.

3.2 Current Potency Estimators

Currently, there are two commonly used methods for analyzing and estimating
inhibition concentration from these toxicity tests. They are the chronic vaue (ChV)
procedure and the inhibition concentration (IC) procedure. The ChV procedure is based
on anadysis of variance and uses sequentia dtatistical tests to detect treatment
concentrations that differ from the control group. Either parametric or nonparametric
hypothesis tests are recommended depending on the distributional assumptions considered
for the response variable (Weber et a., 1989). The no-observed effect concentration
(NOEC) and the lowest-observed effect concentration (LOEC) are obtained based on
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estimates of the inhibition concentration and the chronic value. The NOEC is the highest
concentration level where the mean response does not differ statistically from the mean
response of the control group (zero concentration group). And the LOEC is the lowest
concentration level where the mean response is observed to be statistically different from
the mean response in the control group. A point estimate of the safe concentration, the
chronic value (ChV), is then calculated as the geometric mean between these two
concentration. Since the ChV calculation is based on a hypotheses testing procedure, it is
highly dependent on the sample sizes (Oris and Bailer, 1993; Suter, 1996). The chronic
value estimate also depends on the design of the experiment because the LOEC and the

NOEC can only be values that are tested concentration levels.

On the other hand, the IC procedure is a regression based approach which
involves the point estimation of an inhibition concentration (1Ci0+q) €ndpoint that causes a
specified percent reduction (100* q%) in reproduction output (Weber et al., 1989; Oris et
al., 1991; Norberg-King, 1988). In general, 1Cio0+q IS the concentration of the toxicant
required to induce a 100*q% level of reproduction inhibition where 0<g<l. The
concentration of interest is the concentration where the mean response is a proportion (1-
g) of the mean response of the control group, which can be represented symbolically as

the concentration x such that:

1-q=(m/m)

and nt is the mean response of the control. This analysis usually assumes that
reproduction decreases monotonically as the concentration of the toxicant increases. There
are a variety of approaches for the estimation of IC’s including inverse regression and
interpolation. For the interpolation method, linear interpolation between the two nearest
concentration values which produce inhibition levels above and below the specified
percentage is used to calculate the point estimate of the endpoint. Hence, in order to
obtain the 1Cs, the value my = 0.5t is needed. It has been observed that the 50%
inhibition point (ICsp) roughly corresponds to calculated ChV (= geometric mean of
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LOEC and NOEC) values and that the 25% inhibition point (1C;s) corresponds roughly to
NOECs from hypothesis-testing analyses (Oris et a., 1991; Norberg-King, 1988). The
EPA currently recommends the 1C,s as the preferred endpoint for compliance monitoring
(USEPA, 1990).

The linear interpolation used in the IC procedure often obtains unsatisfactory
results because the linear assumption may not be appropriate. Also since the calculation
uses the observed means, the estimate can be affected by outliers or atypical values. Quite

often these are zero observations due to mortality.

Many authors have suggested regression type models based on a dose-
response relationship to improve the IC procedure and discuss the advantages of using
them in chronic toxicity testing (Stephen and Rogers, 1985). Bailer and Oris (1993)
proposed a concentration-response model as an aternative to the ChV calculation and the
linear interpolation method. They modeled the relationship between exposure
concentration and total number of offspring and estimated concentrations that led to some
specified level of inhibition relative to the control group. Bailer and Oris (1993) found that
the commonly used Poisson assumption is adequate for their model involving count data
Other authors also proposed regression type models based on the generalized linear model
framework (Kerr and Meador, 1996) and the quasi-likelihood technique (Kaur et al.,
1995).

3.3 Mixture model

Even though the proposed regression type models have many advantages over
the ChV and IC methods in chronic toxicity testing, they can only analyze fecundity apart
from the mortality effect or model only mortality. Since mortality typically occurs for
some organisms during the test, mortality often complicates the response of interest.
Approaches based on ignoring animas which die, or treating fecundity as zero are

inappropriate and produce biased estimates. In order to incorporate these extra zeroes due
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to mortality, a mixture approach is proposed to model and to account for mortality and
analyze the fecundity data. The mixture approach has been applied in other fields. As
discussed in the previous chapter, Lachenbruch (1976), Feuerverger (1979), Heilbron
(1989), and Lambert (1992) all developed different techniques using mixture approach to
model different type of data.

In this chapter, |1 look at a Ceriodaphnia dubia reproduction toxicity test
where the observations are the egg counts of the organisms. The model alows zeroes to
be produced from two different sources, mortality and nonreproductive organisms. The
response Y (number of offspring) depends on two variables X and Z viathe mode Y =
X*Z, where X is a nonnegative variable representing the number of offspring and Z is a
dichotomous variable representing mortality with Z = 0 or 1. When mortality information
is provided, both Z and Y are observed. However, most of the time, mortality information
ismissing and only Y is observable. This mixture model accounts for a certain number of
animals who die before any eggs are produced. The analysis of the mixture model is based
on the likelihood function of the model. The most common distribution for count data is
the Poisson distribution. Bailer and Oris (1993) used the Poisson model in their analysis
involving count data. The Poisson and zero mixed Poisson distributions are represented in

Table 3.1 dong with their means and variances.

3.4 Chronic Toxicity Testing with adjustment of mortality effects

A typica chronic toxicity test uses less than 12-hour-old juveniles and
measures reproductive output of 10-20 individuals for each treatment in a 7-day period.
We refer to “treatment” as the effluent which is a mix of toxicants or a single chemical.
One organism is placed in each container and a dose treatment is applied. Each treatment
isusually replicated ten to twenty times depends on the individual experiment. The number
of eggs produced each day is counted and the experiment is run for seven days. The
response is the number of eggs produced by each organism during the seven day period.

The analysis is done on the total number of eggs over the seven day period for
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Table 3.1. The means and variances for the zero mixed Poisson and Poisson distributions.
| isthe mean number of offspring and p is the probability of death.

Distribution Poisson Zero mixed Poisson*

Density PX =x)=¢'l" PX=0)=p+(1-pe'

x!

— — _ e»llx
x=0,12 .. PX=x)=(1-p) =

x =1,2,3,...and0<p<1

Mean I (1-p)l

Variance | (1-p)| +p(l-p)l?2

* Heilbron (1989)

each treatment. If the dose is sufficiently great, there is mortality and a high zero count
may occur. A mixture model is used to adjust the mortality effects. Since the responses
(Y’s) are egg counts, the model would assume that the counts are independent, that
mortality occurs with certain probability p; (for the ith dose of the treatment) and the
counts follow a Poisson distribution with mean | . Hence, this mixture model accounts for
a certain number of animals who die before any eggs are produced. This model is an added

zero model which involves mixed zeroes from mortality and non-reproduction.
The Model

The nresponsesY =(Y;..., Yy)' areindependent with

Prob (Yi=0)= p; + (- pe’"

Prob (Y; = k)= - p;)e’'i1K/k!, wherek > 0.
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The relationship with dose may be modeled generally through the parameters | = (I 4, ...,
| yy¢and p = (py, ¥4, pn)¢using the linear model

log(l) = Bb and logit(p) = log(p/(1 - p)) = Gg

for the covariate matrices (doses) B and G and parametersb and g.

Approaches to modeling this mixture depend on whether p and | are unrelated
or related. In the present example, we assume that p and | are unrelated and also that the
covariates that affect the Poisson mean are the same as the covariates that affect the
probability p, i.e, B = G . Under this assumption the mixture model requires twice as
many parameters as the Poisson regression model. By assuming an extra random variable
Z; to indicate the source of zero observations, where Z; = 0O if the observation Y; is from
the Poisson part and Z; = 1 otherwise, the likelihood function of the model can easily be
broken down into severad parts. An E-M agorithm can then be used to obtain the
maximum likelihood estimators for the coefficients of the ZIP model treating the Zi's as
incomplete information. By pre-assigning initia values to the parameters, the EM
algorithm would iteratively calculate the estimates until convergence. The EM algorithm
for ZIP regresson based on Lambert (1992) was implemented using the S-plus
programming language. The program is presented in Appendix. The details of the E-M

algorithm are presented in the following section.

3.5 E-M algorithm

Since the analysis is based on the likelihood function, we start with writing
down the log likelihood of the zero inflated Poisson model. By replacing the parameters |
and p with e® and 1/(1+ €®9), the log likelihood function of the data can be written as

the following:
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L@ biy)= & loge®® +exp(-eBP) + a(yBb- eBP)- & log(1+e%9)-
- a( 4

alog(y;!)
Yi =0 Yi i>O

Yi
(3.2).

where G; and B; are the i " row of the covariate matrix G and B, b and g are vectors of
the regression coefficients. This function is rather difficult to maximize because of the sum
of the two exponentials in the first term. Now we assume that we know where the zeroes
came from, and we further define an extra variable Z;, where Z; = O if the observation Y;
is from a surviving animal (Poisson) and Z; = 1 if the observation Y; is from mortality
(subpopulation of zeroes). Then, imagine that we are able to observe both y and z, the

likelihood function L(g, b; y) can be written as the following:

L(g b:y.2) = & (zGig- log+e®9))+ & (L- z;)(yiBib - e¥°)- & (L- z;)log(yi!)

i=1 i=1 i=1
(3.2).
This consists of 3 components:

1L(gY,2) =g (zGig- logL+eC9)) (33)

i=1
2.L(b;y,2) =g (- z)(yiBib - eBP) (3.4)

i=1
3. Q (- z)log(yi!) (35)

i=1
Part 3 can be ignored in the maximization process because it is just a constant term with
respect to the regression coefficients b and g The log likelihood can then be maximized
rather easily because 1 and 2 can be maximized separately. However, the variable Z is
unobservable and the E-M algorithm is introduced to solve this problem. The E-M
algorithm involves two steps: the E (estimation) step and the M (maximization) step. The
likelihood can then be maximized iteratively by alternating between the two steps. The E
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step is to estimate the value of Z given the current estimates of b and g The M step is to
estimate the value of b and g by maximizing the likelihood given the current value of Z.
The actual algorithm consists of three steps for each iteration, one estimation step, one
maximization step for b and one maximization step for g, for the k+1" iteration. The

detalls are:

1. E-step
Estimate Z; by using Bayes rule given the most recent estimates of b and g, b® and ¢¥.
Here z,% = Prob(mortalityly;, ¢, b®)

_ Prob(y; | mortality) Prob(mortality)
Prob(y; | mortality) Prob(mortality) + Prob(y; |survival )Prob(survival)

= (L+e 0" eBD))-1 if yi=0

=0 if ;>0 (3.7)

2. M step forb
Maximize L(b; y, Z%) to obtain the estimate of b®**?. This can be found by a weighted
log-linear Poisson regression with weights 1- Z% [McCullagh and Nelder (1989)].

3. Mstepforg

Maximize L(g y, Z¥) to obtain the estimate of V. Since Z* = 0 whenever y; > 0,

n
L(gy, 2)= é (2iGig - log(L+€%9)) can be re-written as
i=1

Ly, 2= az®0eg- az®iog1+et9)- &1- z))loga+e59) (3.9).
yi:O yi:O i=1

To maximize this as a function of g, suppose that ny out of n y;’s are zeroes, for example,

Yijroor ¥, € 0. We can define the following:
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Yo = (Yoo Yoo Yioeen ¥i ),

"o

G+ =(Gy,...,Giyy..., G,

InO

),

Pe = (PL.... P Pigre-os Pipy ) -
Then we aso define a diagonal matrix W® with diagonal element

w® =1-z0,  1- zg"),zi(l"),...z.(")).

Ing

Now we can write,

n(—;no K n(—;no K
LGy, Z% = q yw™G.g- q w loga+e®i9) (3.9)
i=1 i=1

with the score function G«W® (y.- P.) and the negative information matrix

G;W(k)Q*G* ,.where Q- is the diagonal matrix with P(1- P-) on the diagonal. These
functions are the same as those for a weighted logistic regression with response s,
covariate matrix G-, and weights w®. Hence g can be found easily by weighted logistic

regression.

The E-M algorithm starts with an initial values of b and g and iterates through
the E step and M step until the estimates converge. The initial values of b can be found by
performing a Poisson regression on only the positive responses. If mortality information is
recorded during the experiment, the initial values of g can be found by alogistic regression
using the mortality information. However, if the mortality information was not recorded,
the initial values of g can be found by estimating the intercept term by the log odds of the
observed average probability and setting other terms to zeroes. The initial value of z will

then be determined by the values of b and g.
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In the case where p and | are related, one approach is to re-parametrize the
model aslog(l ) = Bb and logit(p) = - t Bb, with an unknown, real-valued shape parameter
t which impliesthat p, = ( 1+ 1 ')"*. The ZIP mode with logit link for p, log link for |,
and shape parameter t is denoted as ZIP(t). A Newton Raphson agorithm can be used to
estimate the coefficients for the ZIP(t) regresson model which is computationally more

complex than the E-M algorithm and not discussed in this dissertation.

3.6 Examples

The model was applied to an experiment involving four chemicals (copper,
mercury, zinc and chromium). The experiment is carried out by placing a water flea
(Ceriodaphnia dubia) into a container and different levels of toxicants. There are 33
treatments in the experiment with 20 replications for each treatment. The total egg counts
for the seven days period are used as the response. Thus the same data is used throughout
only with different independent variables in the different models. In order to keep the
comparison of the inhibition concentration smple, only the single covariate models are
compared in the first example. Models that include all toxicants will be presented later.
Here, the Poisson regression approach was first carried out. Table 3.2 presents the results

of fitting Poisson models to each chemical.
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Table 3.2. Summary of Poisson models each with single toxicant.
Valuesin () are standard errors.

CH cU ME ZI

bo 2.811 2.876 2.838 2,662
(0.0151) | (0.0143) | (0.0123) | (0.0171)

by -0.208 -0.096 -0.120 -0.005
(0.0097) | (0.0036) | (0.0035) | (0.0006)
SSR 1619.827 | 1239.807 | 1081.763 | 1858.07
log likelihood | -4037.65 | -3654.33 | -3585.16 | -4253.16

Note: log likelihood is calculated based on @l data, SSR is calculated
based on treatment means.

This approach assumes that mean fecundity follows a Poisson distribution, but
it does not consider the mortality effect on the responses. The copper model and the
mercury model are the best Poisson models among the four models with the highest l1og-
likelihood (-3654.33 for copper and —3585.16 for mercury). The mixture model approach
was based on ZIP model (Lambert, 1992) and the results are presented in Table 3.3. The
model isfitted using an Splus program (Appendix B).

Table 3.3. Summary of ZIP regression models each with single toxicant. by, by, are the
Poisson regression and g, ¢ are for the binary model. Valuesin () are standard errors.

CH cU ME ZI

bo 2.900 2.944 2.960 2.895
(0.0155) (0.0142) (0.0124) (0.0166)

by -0.052 -0.037 -0.060 -0.002
(0.0102) (0.0036) (0.0035) | (0.00060)

@ -2.064 ~1.800 -1.985 -1.310
(0.1658) (0.1231) (0.1496) (0.1529)

% 0.605 0.131 0.222 0.009
(0.0773) (0.0151) (0.0243) (0.0051)
SSR 1604479 | 1304.269 | 1098.168 | 1860.810
log likelihood | -2178.63 | -2107.96 | -2023.39 | -221850

Note: log likelihood is calculated based on all data, SSR is calculated
based on treatment means.



The copper model and the mercury model are the best among the four models
with the highest log-likelihood (- 2107.96 for copper and —2023.39 for mercury, Table
3.3). However, the mixture model has 4 parameters which is 2 more than the Poisson
model. Different hypotheses can be tested based on the likelihood ratio test. One of them
is the hypothesis that the Poisson model is better than the ZIP model. The test statistic
follows an asymptotic chi-square distribution and for the copper (CU) mode
2x(3654.33- 2107.96) = 2x1546.34 = 3092.68 with (4 - 2) = 2 degrees of freedom. Thisis
highly significant and indicates that the ZIP model is better than the regular Poisson
model. In fact, based on the log likelihood, al four model are improved by including the
zero inflated model. The fitted models for copper and mercury are plotted in Figure 3.1
and 3.2 respectively.

[Figure 3.1. Copper Model (PDF, 4K, Fig3-1.pdf) |

Figure 3.2. Mercury Modd (PDF, 4K, Fig3-2.pdf)

Both the Poisson model and mixture model are plotted. The mixture model
involves two different parts, the overall prediction is based on the product of two parts[m
= (1- p)*I' ] where | is the Poisson mean (reproduction) and (1 - p) is the logistic
(survival) probability. The survival probabilities are plotted at the bottom of the graphs
and they show mercury has a greater mortality effect than copper (the survival probability
of mercury drops off faster than that of copper). The plots also show that the mixture
model is very comparable to the Poisson model. However, the overal fits are affected by
the large variation in the observations and the poor design of the experiment. Further
research should investigate the design of experiments for mixture models. This may

improve the fit of the model as well as help to reduce the variation in the data.

A second example of the Ceriodaphnia data includes al four toxicants in the
models at the same time. Furthermore, the interactions and quadratic terms are also
considered. Six different models are investigated, and the estimated coefficients of these
six models are presented in Table 3.4 — Table 3.8. The regular Poisson model results are
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also shown next to the ZIP model results for comparisons. The comparisons are done
based on the log likelihood and are shown in Table 3.9. The terms used in the models are
explained in Table 3.10.

Based on the log likelihood values in Table 3.9, model #5 with 10 parameters
has the highest value (-2859.15) among all the ZIP models. This model has the same
number of parameters as model #6, but its value of log likelihood is (2946.52 — 2859.15 =
87.37) higher than model #6. The toxicant, zinc is dropped in models #4 and #5 because it

was shown to have a very weak toxicant effect in the previous example.

Model #1 and model #2 have the lowest log likelihood (-3188.10 and —
3115.36 respectively) among all the ZIP models. When compared with the Poisson mode,
model #3, 4, 5, 6 of the ZIP model have a higher log likelihood vaues than those of the
Poisson models. The differences in the log likelihood of the Poisson model and the ZIP for
model #3is 94, for model #4 is 188.5, for model #5 is 286.18, and for model #6 is 244.71.
These values are al significant when using the likelihood ratio test. Hence, the Poisson
models are the better models in these cases. On the other hand, model #1 and #2 of
Poisson model have higher log likelihood values than those of #1 and #2 of ZIP models.
The Poisson models fit alittle bit better in these two models.
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Table 3.4. Estimated coefficients for ZIP and Poisson models

Moddl #1 | Modd #1 | Modd #2 | Mode #2
ZIP Poisson ZIP Poisson
Reproduction INT 3.028 3.004 3.056 3.080
(Poisson part (0.0218) (0.0219) (0.0206) (0.0203)
for ZIP) CH 0.105 0.264 -0.023 0.136
(0.0525) (0.0478) (0.0341) (0.0344)
CuU 0.027 0.031 0.006 -0.015
(0.0227) (0.0209) (0.0119) (0.0120)
ME -0.277 -0.330 -0.187 -0.286
(0.0377) (0.0297) (0.0227) (0.0210)
ZI -0.011 -0.015 -0.007 -0.009
(0.0025) (0.0025) (0.0024) (0.0024)
CH*CU 0.003 0.027 -- --
(0.0056) (0.0047)
CH*ME -0.0005 -0.035 -- --
(0.0050) (0.0037)
CH*ZI -0.006 -0.006 -- --
(0.0008) (0.0009)
CU*ME -0.006 -0.010 -- --
(0.0017) (0.0013)
CuU*zI -0.00011 -0.003 -- --
(0.0005) (0.0005)
ME*ZI 0.001 0.001 -- --
(0.0003) (0.0003)
CH*CH -0.004 -0.089 -0.005 -0.093
(0.013) (0.0107) (0.0105) (0.0011)
CuU*CU -0.002 -0.002 -0.001 -0.002
(0.0007) (0.0006) (0.0005) (0.0005)
ME*ME 0.024 0.032 0.015 0.024
(0.0035) (0.0028) (0.0026) (0.0240)
Z1*Z1 0.0003 0.0005 0.0002 0.0002
(0.0001) | (0.000057) | (0.00005) | (0.0005)
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Table 3.5. Estimated coefficients for the mortality part of ZIP models

Moddl #1 Model #2 Model #3
ZIP ZIP ZIP
Mortality INT -4.925 -5.172 -3.887
(logistic part (0.9608) (0.5850) (0.570)
of ZIP) CH -1.202 0.0314 1.016
(0.5318) (0.2983) (0.2126)
CU -0.134 0.301 0.014
(0.2018) (0.1150) (0.0558)
ME 1.623 0.790 0.107
(0.3328) (0.1844) (0.0972)
Zl 0.148 0.117 -0.008
(0.0432) (0.0313) (0.0212)
CH*CU -0.099 -- -0.072
(0.0209) (0.0194)
CH*ME 0.090 -- 0.038
(0.0373) (0.0290)
CH*ZI 0.013 -- -0.007
(0.0082) (0.0075)
CU*ME 0.013 -- 0.007
(0.0064) (0.0060)
CuU*Z| 0.013 -- 0.011
(0.0041) (0.0031)
ME*ZI -0.011 -- -0.001
(0.0034) (0.0021)
CH*CH 0.483 0.185 --
(0.1160) (0.0770)
CU*CU 0.006 -0.006 --
(0.0061) (0.0043)
ME*ME -0.156 -0.068 --
(0.0343) (0.0201)
ZI*Z| -0.003 -0.002 --
(0.0007) (0.0006)
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Table 3.6. Estimated coefficients for ZIP and Poisson models

Modd #3 | Modd #3 | Modd #4 | Moded #4
ZIP Poisson ZIP Poisson
Reproduction INT 3.036 3.033 3.029 3.057
(Poisson part (0.0211) | (0.0210) (0.0187) | (0.0184)
of ZIP) CH 0.046 -0.113 -0.057 -0.149
(0.0229) | (0.0225) (0.0167) | (0.0160)
CuU -0.043 -0.046 -0.025 -0.067
(0.0081) | (0.0079) (0.0048) | (0.0048)
ME -0.033 -0.007 -0.016 0.004
(0.0100) | (0.0100) (0.0077) | (0.0072)
Zl -0.002 0.006 -- --
(0.0014) | (0.0010)
CH*CU 0.015 0.039 0.017 0.034
(0.0055) | (0.0035) (0.0055) | (0.0053)
CH*ME -0.011 -0.0372 -0.011 -0.039
(0.0039) | (0.0008) (0.0037) | (0.0033)
CH*ZI -0.004 -0.0027 -- --
(0.0007) | (0.0016)
CU*ME -0.008 -0.014 -0.008 -0.014
(0.0016) | (0.0003) (0.0017) | (0.0015)
CuU*zI 0.001 -0.002 -- --
(0.0039) | (0.0004)
ME*Z| -0.001 0.0001 -- --
(0.0002) | (0.0002)
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Table 3.7. Estimated coefficients for ZIP and Poisson models

Modd #5 Modd #5 Modd #6 Modd #6
ZIP Poisson ZIP Poisson
Reproduction INT 3.031 3.101 3.049 3.113
(Poisson part (0.0178) (0.0171) (0.0191) (0.0186)
of ZIP) CH -0.032 -0.139 -0.031 -0.136
(0.0105) (0.0100) (0.0111) (0.0106)
CuU -0.015 -0.043 -0.023 -0.063
(0.0036) (0.0034) (0.0034) (0.0033)
ME -0.038 -0.059 -0.055 -0.090
(0.0050) (0.0051) (0.0036) (0.0037)
Zl -- -- -0.00008 0.002
(0.0007) (0.0007)
CU*ME -0.005 -0.009 -- --
(0.0011) (0.0011)

Table 3.8. Estimated coefficients for the mortality part of ZIP models

Mode #4 Modd #5 Modd #6
ZIP ZIP ZIP
Mortality INT -3.598 -3.528 -3.943
(logistic) (0.3688) (0.2788) (0.3566)
CH 0.823 0.649 0.665
(0.1506) (0.0972) (0.1006)
CuU 0.185 0.145 0.136
(0.0259) (0.0224) (0.0179)
ME 0.100 0.187 0.171
(0.0683) (0.0345) (0.0283)
Zl -- -- 0.016
(0.0065)
CH*CU -0.068 -- --
(0.0203)
CH*ME 0.028 -- --
(0.0259)
CU*ME 0.007 -0.004 --
(0.0064) (0.0034)
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Table 3.9. Comparison of ZIP and Poisson model

p | SSR- SSR- Log Log
Models (ZIP)| zIP | Poisson | (likelihood) |(likelihood)
ZIP Poisson
X+ interactions + quadratic (#1)] 30 |385.44]| 474.00 -3188.10 | -2908.88
X+ interactions (#3) 22 |591.00| 1104.51 | -2942.07 | -3036.07
X + quadratic (#2) 18 |561.72] 430.66 | -3115.36 | -3101.69
ICH, CU, ME, CH*CU, CH*ME,| 14 |663.58] 1070.77 | -2876.01 | -3064.51
CU*ME (#4)
CH, CU, ME, CU*ME (#5) 10 |682.59] 861.15 | -2859.15 | -3145.33
X (#6) 10 |1679.80] 379.51 | -2946.52 | -3191.03
Table 3.10. Explanation of the terms in the models
Covariates Terms # of terms
X Chromium (CH), Copper (CU), Mercury (ME), Zinc (Z1) 4
interactions{ CH*CU, CH*ME, CH*ZI, CU*ME, CU*ZI, ME*ZI 6
quedratic CH? CU? ME?, ZI? 4
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3.7 Inhibition Concentrations (ICx) and the Confidence Intervals

The examples in previous section show how the mixture model is compared to
the regular Poisson model. Researchers are often interested in obtaining some kind of
potency estimator to look at the strength of different toxicants. In this section, a potency
estimator, inhibition concentration, is discussed. Since the mixture model involves two

different parts, the overal prediction is based on the product of two parts [m = (1 -

p)* IA]. The Poisson part of the mixture model is | = eXE and the logistic part of the

A 1 . : . . . .
moddl is p = 55 As mentioned in the previous section, 1C 100+ 1S the concentration
l+e =

of the toxicant required to induce a 100* 9% level of reproduction inhibition where 0<g<1.
For the mixture approach, the inhibition concentration can still be calculated using the
regular definition, however, the formulais based on the mixture model. The concentration
of interest is where the mean response is a proportion (1-g) of the mean response of the
control group, which can be represented symbolically as the concentration x such that

1-q = (m/m) (3.10)

and nt is the mean response of the control. Assuming the simplest single covariate

(monotonic  decreasing) model, the  overdll model prediction IS
N e60+61x
m, =1 (1- p) =————_. The control mean is aso needed for caculation of the IC
1+ e¥o+dax

level. This may be estimated directly if sufficient data exist or the model-based estimate

bo
m = ¢ 5, may be used. Hence, in order to obtain the estimate of 1C 10+4, the following
l+e

equation is needed

iy (L+¢eSo)(eP!Con

1-§= AL
g e 1+ego+91|C100q

, where IC 100+ = X. (3.11)

By solving this equation, the estimate of |C,o0-q Can be obtained. However, because of the

complexity of the equation, it has to be solved by iterated root search methods.
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Confidence intervas for the IC concentration can be obtained by using the
bootstrap procedure (Efron and Tibshirani, 1993). There are two different ways of
bootstrapping a regression type model. One is resampling the response and covariate pairs,
and the other is resampling the residuals. Since bootstrapping the response and covariate
pairs is less senditive to the assumptions of the regresson model than bootstrapping
residuals (Efron and Tibshirani, 1993), the bootstrapping response and covariate pairs
method is used.

For demonstration purpose, only the confidence interval of the smplest single
toxicant ZIP models shown in Table 3.3 are calculated. The models in Table 3.3 are each
re-fitted 2000 times aong with the IC concentrations calculation using this bootstrapping
techniques. Each bootstrap observations set is sampled from the original observations. In
order to maintain the design structure of the original experiment, each treatment is re-

sampled with 20 replications as in the origina experiment.

Three IC concentration levels (ICyo, 1 Cso, 1Coo in mg/l) for the two best mixture
models (copper model and mercury model) are obtained by the uniroot function in S-plus
which use the Newton search method. The confidence intervals of the estimated IC levels
are then obtained based on the percentile method of the bootstrap technique using 2000
samples. The bootstrap results are presented in Table 3.5. The 1Cs, for the mercury model
1S 6.307 with 95% ClI (5.897, 6.712) and the I1Cs, for the copper model is 9.959 with 95%
Cl (8.241, 11.579).
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Table 3.11. Estimates and confidence intervals for parameters on inhibition concentrations
based on 2000 bootstrap samples. Confidence intervals are based on the percentile method.

A. Mercury (unit for ICismg/l)
bo b, 03] o] 1C1o 1Cso 1Coo
estimate 2.960 -0.060 -1.985 0.222 1.169 6.307 14.795
(0.0124) (0.0035) (0.1496) (0.0243)

mean 2.969 -0.060 -1.988 0.223 1.172 6.317 14.824
median 2.960 -0.060 -1.979 0.232 1.171 6.311 14.775
variance | 1.962x10™ 1.285x107 2.268x10” 4.627x10* | 1.586x10° | 4.695x1072 6.054x10"

s.d. 1.401x10 3.584x10° 1.506x10™ 2.151x10° | 3.982x10° | 2.167x10* 7.781x10*
95% C.I. |(2.932, 2.989)(-0.067, -0.053)| (-2.335, -1.736) | (0.184, 0.268) |(1.097, 1.249)|(5.897, 6.712)|(13.437, 16.290)
90% C.I. |(2.938, 2.984)(-0.066, -0.054)| (-2.269, -1.773) | (0.189, 0.260) |(1.107, 1.239)|(5.951, 6.671)|(13.567,16.157)
80% C.I. |(2.941, 2.978)(-0.065, -0.055)| (-2.179, -1.803) | (0.195, 0.251) |(1.120, 1.223)|(6.042, 6.597)(13.837,15.828)

B. Copper (unit for IC ismg/l)
bo b, [0 o1 1C1o 1Cso | Coo

estimated 2.944 -0.037 -1.800 0.131 1.826 9.959 23.886
vaue (0.0142) (0.0036) (0.1231) (0.0151)

mean 2.944 -3.699x1072 -1.810 1.350x10" 1.832 9.920 23.762
median 2.943 -3.678x10% 1.350 1.327x10" 1.831 9.889 23.760
variance | 3.734x10* | 2.580x10° 1.774x10° | 4.862x10* | 2.479x10° | 6.998x10* 6.262

s. d. 0.019 0.005 0.133 0.022 0.157 0.837 2.502
95% C.I. |(2.905, 2.984)(-0.047, -0.027)|(-2.086, -1.583)|(0.096, 0.186)|(1.534, 2.181)|(8.241, 11.579)|(18.735, 28.631)
90% C. |.(2.913, 2.978)|(-0.046, -0.029)|(-2.028, -1.609)(0.103, 0.174)|(1.570, 2.114){(8.539, 11.234)(19.573, 27.697)
80% C.I. |(2.921, 2.969)(-0.043, -0.031)|(-1.988, -1.636)|(0.108, 0.165)|(1.645, 2.029)|(8.830, 10.959)|(20.524, 26.937)




3.8 Simulation Study

A simulation study was carried out to compare the ZIP model and Poisson
model. The data were generated using a pseudo random number generator based on the
zero inflated model using predetermined values of parameters. The ssimulation focused on
the comparison of the two models, investigate how different mortality rates affect the
performances of the two models. Hence, the parameters of the logistic portion, g and g,
are varied in order to produce different levels of mortality rate. The value of g, affects the
control mortality probability and the value of g affects the mortality probability with
respect to the toxicant dosage level. In terms of the ZIP model, the higher the g, is, the
higher the mortality probability for the control. The effect of g, is Smilar to the effect of
the dope in the smple linear regression, i.e., the higher the g, is, the mortality probability
increases faster as the dosage increases. Three categories of mortality level were set up
based on different g, they are high (g = -1.5), medium (g = -3.5), low (g = -10.5). The
value of g varies within the range of 0.00 to 0.14 with the increment of 0.01. The
mortality probability also increases within each category as g increases. The mortality rate
of the high mortality category is within the range of 18% (control) to about 80%. The
mortality rate of the medium mortality category is within the range of 3% (control) to
about 70%. The mortality rate of the low mortality category is within the range of 0%
(contral) to about 3%. On the other hand, the parameters of the Poisson portion, b, and
b, are fixed at 3.5 and —0.05 respectively. These will give a average of 28% zero
observations for the Poisson part and a mean control response (reproduction) of about 30
which is a reasonable number for Ceriodaphnia test. Figures 3.3 and 3.4 show how the

responses change with the parameters.

Figure 3.3. The mortality probabilities at different values of g, and g,
(PDE, 5K Fig3-3 pdf)

FFigure 3.4. The mean response of the Poisson part of the ZIP moddl at different values of
by and b;. (PDF, 4K, Fig3-4.pdf)
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The different lines in the figures are corresponding to different treatment level
(dose) and 5 doses are shown in figures 3.3 and 3.4. Under these conditions, the model
produces afair amount of zero observations at high dosage levels and creates the problem

of mixing zeroes asin the red life situations.

The data is then fitted to the zero inflated Poisson model and the regular
Poisson model. The structure of the data is based on the simple toxicant model with 10
replications for each treatment and the dosages are equally divided between 0 and 100.
The simulation is aso designed to have 4 different number of treatment levels 3, 4, 5, 7.
The low number of treatment levelsis quite typical for the Ceriodaphnia test. Each set of
simulations is then run 2000 times, and the mean estimates of the regression coefficients
and the IC levels were recorded along with theirs standard deviation. They are presented
in the tables (Table 3.12 - Table 3.35). The I1Cs, and the difference in the log-likelihood
between the ZIP and the Poisson model of each simulation were also plotted in Figure 3.5
to Figure 3.11.
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Explanation of the table

There are three categories of mortality:

1. High natural mortality: by = 3.5, b; =-0.05, gy=-1.5, ¢ = (0.00 to 0.14) by 0.01

2. Median initia mortality: by = 3.5, b; =-0.05, g =-3.5, g = (0.00 to 0.14) by 0.01

3. Low initial mortality: by = 3.5, b; =-0.05, g=-10.5, g = (0.00 to 0.14) by 0.01

Proportion of Zeroes:

pois: the proportion of the Poisson zeroes generated in that particular run of simulation.
This can be interpreted as the proportion of zero reproduction.

bino: the proportion of the binomial zeroes generated in that particular run of simulation.
This can be interpreted as the proportion of mortality.

Total: the proportion of the total number of zeroesin that particular run of simulation.
This can be interpreted as the proportion of zero observation.

Diff. Ln(like): The difference in the log likelihood between the Poisson model and the

Zero inflated model. (ZIP minus Poisson)

The first entry of the table is the estimate or the true value and the second entry (right

below the first entry) of the table is the standard deviation.

Table 3.12 - Table 3.23 show the estimates of the regression coefficients. Table 3.24 -

Table 3.35 show the estimates of the IC levels (ICy, 1Csp, [Cqo).
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Table 3.12. Smulation Results

Number of treatments = 3

True values: by = 3.5, b; =-0.05, @="-1.5 (high natural mortality),

@ = (0.00 0 0.14) by 0.01

Poisson

ZIP

Proportion of Zeroes

bo

by

bo

by

S

pois.

bino.

Total

Diff.
Ln(like)

0.00

3.27

-0.05

3.49

-0.05

-2.63

0.04

0.29

0.18

0.42

47.87

0.173

0.005

0.065

0.004

2.017

0.034

0.049

0.074

0.071

29.332

0.01

3.27

-0.05

3.49

-0.05

-2.54

0.04

0.29

0.27

0.46

49.04

0.174

0.006

0.065

0.004

2.134

0.039

0.049

0.083

0.071

29.418

0.02

3.27

-0.06

3.49

-0.05

-2.62

0.05

0.29

0.39

0.51

50.46

0.174

0.007

0.065

0.005

2.572

0.049

0.049

0.082

0.069

29.529

0.03

3.27

-0.06

3.49

-0.05

-2.8

0.06

0.29

0.49

0.56

51.68

0.174

0.009

0.065

0.006

2.999

0.058

0.049

0.077

0.066

29.446

0.04

3.28

-0.07

3.49

-0.05

-2.85

0.07

0.29

0.57

0.6

52.51

0.172

0.011

0.065

0.007

3.227

0.064

0.049

0.068

0.061

29.55

0.05

3.27

-0.07

3.49

-0.05

-2.75

0.08

0.29

0.62

0.64

53.28

0.171

0.013

0.065

0.009

3.247

0.064

0.049

0.054

0.053

29.528

0.06

3.27

-0.08

3.5

-0.05

-2.75

0.09

0.29

0.66

0.66

53.32

0.168

0.014

0.065

0.011

3.347

0.067

0.049

0.049

0.049

29.341

0.07

3.27

-0.09

3.5

-0.05

-2.72

0.09

0.29

0.67

0.68

53.79

0.165

0.014

0.064

0.012

3.394

0.068

0.049

0.046

0.046

29.098

0.08

3.29

-0.09

3.5

-0.05

-2.8

0.1

0.29

0.68

0.68

51.18

0.162

0.013

0.063

0.013

3.396

0.067

0.049

0.046

0.045

28.884

0.09

3.3

-0.09

3.5

-0.05

-3.14

0.1

0.29

0.68

0.68

48.92

0.153

0.013

0.063

0.013

3.724

0.074

0.049

0.041

0.04

28.678

0.10

3.29

-0.09

3.5

-0.05

-3.18

011

0.29

0.69

0.69

50.78

0.169

0.013

0.062

0.013

3.839

0.077

0.048

0.043

0.043

30.988

0.11

3.27

-0.09

3.5

-0.05

-2.71

0.1

0.29

0.69

0.69

54.2

0.174

0.012

0.063

0.013

3.452

0.069

0.049

0.045

0.045

30.296

0.12

3.24

-0.09

3.5

-0.05

-2.43

0.09

0.29

0.7

0.7

58.72

0.178

0.012

0.065

0.013

3.294

0.065

0.048

0.046

0.046

30.228

0.13

3.24

-0.09

3.5

-0.05

-2.40

0.09

0.29

0.71

0.71

59.27

0.181

0.012

0.065

0.014

3.291

0.065

0.051

0.042

0.042

30.116

0.14

3.22

-0.09

3.5

-0.05

-2.68

0.1

0.29

0.71

0.71

61.02

0.204

0.012

0.066

0.014

3.722

0.074

0.05

0.05

0.05

35.161
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Table 3.13. Simulation Results
Number of treatments = 4
True values: by = 3.5, b; =-0.05, g = -1.5 (high natural mortality),

@ = (0.00 t0 0.14) by 0.01

o} Poisson ZIP proportion of zeroes | Diff.
b | by | by | by | o o | pois. | bino. | Total |-n(ike)
0.00| 327 | -0.05 | 348 | -0.05 | -2.38 | 0.04 | 0.28 | 0.18 | 041 | 52.24
0.17 | 0.005 | 0.064 | 0.003 | 1.277 | 0.019 | 0.049 | 0.062 | 0.067 [29.778
0.01] 328 | -0.05 ] 349 | -005 | -222 | 0.04 | 028 | 0.27 | 045 | 54.68
0.17 | 0.006 | 0.065 | 0.003 | 1.205 | 0.018 | 0.049 | 0.071 | 0.068 [29.945
0.02| 3.28 | -0.06 | 3.49 | -0.05 | -2.08 | 0.04 | 0.28 | 0.39 | 0.51 |57.47
0.171 | 0.007 | 0.065 | 0.004 | 0.896 | 0.015 | 0.049 | 0.071 | 0.065 |29.873
0.03] 328 | -006 | 3.49 | -0.05| -2 005 ] 028 | 05 | 056 | 604
0.171 | 0.008 | 0.065 | 0.004 | 1.092 | 0.027 | 0.049 | 0.065 | 0.062 |30.022
0.04] 328 | -007 | 3.49 | -0.05 | -2.08 | 0.06 | 0.28 | 0.58 | 0.61 | 62.8
0.17 | 0.01 | 0.065 | 0.005 | 1.672 | 0.047 | 0.049 | 0.063 | 0.057 [30.109
0.05| 328 | -007 | 3.49 | -0.05 | -235| 0.08 | 0.28 | 0.64 | 0.65 | 64.49
0.172 | 0.011 | 0.065 | 0.006 | 2.448 | 0.071 | 0.049 | 0.06 | 0.055 |30.478
0.06] 3.28 | -0.08 | 3.49 | -0.05 | -251 | 0.09 | 0.28 | 0.68 | 0.68 | 65.08
0.173 | 0.013 | 0.065 | 0.006 | 2.841 | 0.085 | 0.049 | 0.052 | 0.049 |30.546
0.07] 328 | -0.08 | 349 | -0.05 | -267 | 0.11 | 028 | 0.71 | 0.71 | 64.82
0.171 | 0.016 | 0.065 | 0.008 | 3.131 | 0.094 | 0.049 | 0.045 | 0.044 |30.555
0.08] 328 | -009| 35 |-0.05]|-268| 012 | 0.28 | 0.73 | 0.73 | 64.54
0.167 | 0.017 | 0.065 | 0.009 | 3.252 | 0.097 | 0.049 | 0.039 | 0.04 |30.146
0.09|] 328 | -0.1 35 | -005|-271| 013 | 028 | 0.74 | 0.74 | 64.05
0.167 | 0.018 | 0.065 | 0.011 | 3.316 | 0.1 | 0.049 | 0.037 | 0.037 |30.237
0.10] 3.27 | -0.1 35 | -005|-268 | 013 | 028 | 0.75 | 0.75 | 64.23
0.17 | 0.018 | 0.065 | 0.011 | 3.365 | 0.102 | 0.049 | 0.035 | 0.035 [30.562
011 328 | -011) 35 | -005|-286| 014 | 028 | 0.76 | 0.76 | 61.99
0.166 | 0.017 | 0.063 | 0.012 | 3.528 | 0.105 | 0.05 | 0.035 | 0.035 | 30.01
0.12] 328 | -0.11 ] 35 | -005 | -278 | 0.14 | 0.28 | 0.76 | 0.76 | 60.76
0.163 | 0.016 | 0.063 | 0.013 | 3.415 | 0.102 | 0.049 | 0.035 | 0.035 |29.428
013 329 | -011) 35 | -005|-313| 016 | 028 | 0.76 | 0.76 | 58.71
0.165 | 0.016 | 0.063 | 0.013 | 3.746 | 0.111 | 0.049 | 0.033 | 0.033 |30.162
014 33 |-011)] 35 | -0.05 -3 0.15 | 0.28 | 0.76 | 0.76 | 58.74
0.154 | 0.015 | 0.062 | 0.014 | 3.606 | 0.107 | 0.049 | 0.03 | 0.03 |29.178
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Table 3.14. Simulation Results
Number of treatments=5

True values: by = 3.5, b; =-0.05, g = -1.5 (high natural mortality),
¢ = (0.00 to 0.14) by 0.01

Poisson

ZIP

ZEY0es

bo

by

bo

by

S

pois.

bino.

Total

Diff.
Ln(like)

0.00

3.28

-0.05

3.48

-0.05

-2.42

0.04

0.27

0.18

0.4

57.9

0.162

0.005

0.063

0.003

0.917

0.013

0.041

0.054

0.058

30.6

0.01

3.28

-0.05

3.48

-0.05

-2.23

0.04

0.27

0.27

0.45

61.59

0.164

0.005

0.064

0.003

0.831

0.013

0.041

0.058

0.057

30.812

0.02

3.28

-0.06

3.49

-0.05

-2.08

0.04

0.27

0.39

0.5

65.99

0.164

0.006

0.064

0.003

0.777

0.013

0.041

0.064

0.057

30.705

0.03

3.29

-0.06

3.49

-0.05

-1.97

0.05

0.27

0.49

0.56

70.21

0.164

0.007

0.064

0.004

0.748

0.014

0.041

0.063

0.055

30.641

0.04

3.29

-0.06

3.49

-0.05

-1.88

0.05

0.27

0.58

0.62

74.39

0.166

0.009

0.064

0.004

0.761

0.018

0.041

0.054

0.051

30.998

0.05

3.29

-0.07

3.49

-0.05

-1.86

0.07

0.27

0.64

0.66

77.21

0.165

0.01

0.065

0.005

1.025

0.034

0.041

0.053

0.05

30.929

0.06

3.29

-0.08

3.49

-0.05

-1.98

0.08

0.27

0.68

0.69

78.87

0.167

0.012

0.065

0.005

1.611

0.062

0.041

0.051

0.048

31.197

0.07

3.29

-0.08

3.49

-0.05

-2.14

0.1

0.27

0.72

0.72

79.96

0.169

0.014

0.065

0.006

2.164

0.085

0.041

0.045

0.044

31.495

0.08

3.29

-0.09

3.5

-0.05

-2.34

0.12

0.27

0.74

0.74

79.86

0.17

0.016

0.065

0.007

2.624

0.104

0.041

0.042

0.041

31.697

0.09

3.28

-0.09

3.49

-0.05

-2.47

0.13

0.27

0.76

0.76

78.78

0.167

0.019

0.065

0.008

2.885

0.115

0.041

0.037

0.037

31.917

0.10

3.29

-0.1

3.5

-0.05

-2.58

0.15

0.27

0.77

0.77

77.57

0.163

0.021

0.064

0.009

3.037

0.121

0.041

0.032

0.032

32.178

0.11

3.28

-0.11

3.5

-0.05

-2.61

0.16

0.27

0.79

0.79

76.48

0.172

0.022

0.065

0.01

3.177

0.127

0.041

0.032

0.032

31.713

0.12

3.28

-0.11

3.5

-0.05

-2.68

0.17

0.27

0.79

0.79

74.9

0.167

0.022

0.065

0.011

3.275

0.132

0.041

0.03

0.03

31.664

0.13

3.27

-0.12

3.5

-0.05

-2.61

0.17

0.27

0.8

0.8

14.77

0.166

0.022

0.064

0.011

3.261

0.133

0.042

0.028

0.028

31.748

0.14

3.27

-0.12

3.5

-0.05

-2.65

0.18

0.27

0.8

0.8

73.65

0.167

0.022

0.064

0.012

3.324

0.134

0.041

0.028

0.028

31.047
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Table 3.15. Simulation Results
Number of treatments =7

True values: by = 3.5, b; =-0.05, g = -1.5 (high natural mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP Proportion of zeroes | Diff.
b | by | by | by | o o | pois. | bino. | Total |-n(ike)
0.00f 328 | -0.05 | 347 | -0.05 | -2.42 | 0.04 | 025 | 0.18 | 0.39 | 70.09
0.148 | 0.004 | 0.059 | 0.003 | 0.758 | 0.011 | 0.036 | 0.046 | 0.049 |32.361
0.01 328 | -005| 348 | -005| -22 | 004 | 025 | 0.27 | 0.44 | 76.49
0.15 | 0.005| 0.06 | 0.003 | 0.678 | 0.01 | 0.036 | 0.054 | 0.05 | 32.8
0.02] 329 | -0.06 | 348 | -0.05 | -2.06 | 0.04 | 025 | 0.39 | 0.5 |83.08
0.151 | 0.005 | 0.06 | 0.003 | 0.634 | 0.01 | 0.036 | 0.054 | 0.049 |33.003
0.03] 329 | -0.06 | 349 | -0.05|-195| 005 | 025 | 05 | 056 | 90.34
0.152 | 0.006 | 0.061 | 0.003 | 0.621 | 0.011 | 0.036 | 0.049 | 0.047 |32.648
0.04] 33 |-0.06| 349 | -0.05|-1.86 | 0.05 | 0.25 | 0.58 | 0.62 | 96.42
0.154 | 0.007 | 0.062 | 0.004 | 0.63 | 0.013 | 0.036 | 0.046 | 0.045 |32.609
0.05] 33 |-0.07| 349 | -005|-1.79 | 0.06 | 0.25 | 0.65 | 0.67 |101.63
0.157 | 0.009 | 0.062 | 0.004 | 0.641 | 0.015 | 0.036 | 0.045 | 0.043 |32.873
0.06] 331 | -0.08 | 349 | -0.05| -1.74 | 0.07 | 025 | 0.69 | 0.7 |105.21
0.157 | 0.01 | 0.063 | 0.005 | 0.619 | 0.017 | 0.036 | 0.04 | 0.039 |32.618
0.07| 331 | -0.08 | 349 | -0.05| -1.72 | 0.08 | 0.25 | 0.73 | 0.73 |107.34
0.157 | 0.011 | 0.064 | 0.005 | 0.688 | 0.025 | 0.036 | 0.038 | 0.038 |32.315
0.08 331 | -0.09 | 349 | -005| -1.74 | 0.09 | 0.25 | 0.75 | 0.76 |108.23
0.157 | 0.013 | 0.064 | 0.006 | 0.897 | 0.044 | 0.036 | 0.036 | 0.036 |32.342
0.09] 331 | -0.09 | 349 | -005|-1.82 | 011 | 025 | 0.77 | 0.78 |108.02
0.161 | 0.015 | 0.064 | 0.007 | 1.162 | 0.064 | 0.036 | 0.036 | 0.036 |32.637
010 33 | -01 | 349 | -005|-195| 013 | 025 | 0.79 | 0.79 |107.48
0.164 | 0.017 | 0.064 | 0.007 | 1.511 | 0.086 | 0.036 | 0.034 | 0.034 |32.619
011 33 | -01 | 349 | -005|-193 | 014 | 025 | 08 0.8 |106.47
0.165 | 0.019 | 0.065 | 0.008 | 1.508 | 0.089 | 0.036 | 0.031 | 0.031 | 32.77
012 33 |-011) 349 | -005| -205| 0.16 | 025 | 0.81 | 0.81 |105.12
0.166 | 0.021 | 0.065 | 0.008 | 1.804 | 0.107 | 0.036 | 0.03 | 0.03 |33.108
013 33 |-012] 349 | -005| -211 | 017 | 0.25 | 0.82 | 0.82 [103.34
0.161 | 0.023 | 0.064 | 0.009 | 1.924 | 0.116 | 0.036 | 0.027 | 0.027 |33.558
0.14] 329 | -012 ] 349 | -0.05|-223 | 019 | 025 | 0.83 | 0.83 | 100.6
0.166 | 0.027 | 0.065 | 0.01 | 2.095 | 0.127 | 0.036 | 0.026 | 0.026 |34.172
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Table 3.16. Simulation Results
Number of treatments = 3

Truevalues: bp = 3.5, b; =-0.05, g=-3.5 (median initial mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP Proportion of zeroes | Diff.
b | by | by | by | o o | pois. | bino. | Total |-n(ike)
0.00f 345 | -0.05] 349 | -005| -52 | 0.07 | 03 | 0.04 | 0.33 | 11.94
0.082 | 0.004 | 0.058 | 0.004 | 2.955 | 0.055 | 0.049 | 0.033 | 0.05 | 15.55
0.01| 345 | -0.05| 349 | -005| -53 | 0.07 | 029 | 0.06 | 0.33 | 11.52
0.082 | 0.004 | 0.059 | 0.004 | 3.121 | 0.058 | 0.05 | 0.039 | 0.051 | 15.42
0.02] 345 | -0.05] 349 | -0.05|-558 | 0.08 | 029 | 01 | 0.34 | 10.74
0.082 | 0.004 | 0.06 | 0.004 | 3.452 | 0.065 | 0.049 | 0.051 | 0.051 |15.178
0.03| 346 | -0.05| 349 | -0.05| -6.06 | 0.09 | 0.29 | 0.18 | 0.37 | 10.62
0.081 | 0.004 | 0.059 | 0.004 | 4.001 | 0.076 | 0.049 | 0.065 | 0.052 |14.965
0.04] 346 | -0.05] 35 | -005|-709| 012 | 029 | 0.28 | 04 |10.75
0.081 | 0.005 | 0.059 | 0.004 | 4.583 | 0.087 | 0.049 | 0.069 | 0.053 | 14.748
0.05] 346 | -0.06 | 35 | -0.05|-811| 015 | 029 | 0.37 | 0.44 | 11.63
0.08 | 0.006 | 0.059 | 0.005 | 4.709 | 0.09 | 0.049 | 0.066 | 0.054 [14.578
0.06| 346 | -0.06 | 35 | -0.05|-839| 016 | 029 | 0.44 | 048 | 12.59
0.08 | 0.007 | 0.059 | 0.005 | 4.411 | 0.085 | 0.049 | 0.063 | 0.054 [14.692
0.07| 346 | -007| 35 |-005|-841| 017 | 029 | 049 | 051 | 134
0.08 | 0.009 | 0.059 | 0.006 | 4.137 | 0.081 | 0.049 | 0.061 | 0.054 |14.818
0.08] 346 | -0.07 | 35 |-005| -83 | 018 | 029 | 054 | 055 | 14.01
0.08 | 0.011 | 0.059 | 0.007 | 4.019 | 0.08 | 0.049 | 0.052 | 0.049 |14.956
0.09] 346 | -0.08 | 35 | -005|-827 | 019 | 029 | 058 | 0.59 | 14.25
0.08 | 0.012 | 0.059 | 0.009 | 4.078 | 0.082 | 0.049 | 0.041 | 0.041 |15.196
0.10| 346 | -0.08 | 35 | -005)|-836| 02 | 029 | 0.61 | 0.61 | 14.03
0.08 | 0.014 | 0.059 | 0.011 | 4.164 | 0.084 | 0.049 | 0.037 | 0.036 |15.265
0.11| 346 | -0.09| 35 | -005| -86 | 021 | 029 | 0.62 | 0.62 | 13.34
0.08 | 0.013 | 0.059 | 0.012 | 4.137 | 0.084 | 0.049 | 0.031 | 0.03 | 15.31
0.12| 347 | -009| 35 |-005|-878 | 021 | 029 | 0.63 | 0.63 | 12.84
0.08 | 0.013 | 0.058 | 0.013 | 4.094 | 0.082 | 0.049 | 0.027 | 0.026 [15.471
0.13| 347 | -0.09] 35 | -005| -92 | 022 | 028 | 0.63 | 0.63 | 11.58
0.078 | 0.013 | 0.058 | 0.013 | 3.856 | 0.079 | 0.049 | 0.02 | 0.02 |15.155
0.14| 346 | -009| 35 | -005|-874| 022 | 029 | 0.64 | 0.64 | 1299
0.081 | 0.012 | 0.056 | 0.014 | 4.112 | 0.084 | 0.048 | 0.02 | 0.02 ]16.138
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Truevalues: bp = 3.5, b; =-0.05, g=-3.5 (median initial mortality),

Table 3.17. Smulation Results
Number of treatments = 4

@ = (0.00 0 0.14) by 0.01

Poisson

ZIP

Proportion of zeroes

bo

by

bo

by

S

pois.

bino.

Total

Diff.
Ln(like)

0.00

3.46

-0.05

3.49

-0.05

-6.38

0.08

0.28

0.03

0.3

8.33

0.078

0.003

0.058

0.003

4.974

0.073

0.049

0.028

0.053

14.727

0.01

3.46

-0.05

3.49

-0.05

-6.12

0.08

0.28

0.05

0.31

8.76

0.078

0.003

0.058

0.003

4.79

0.07

0.049

0.034

0.054

14.85

0.02

3.46

-0.05

3.49

-0.05

-5.83

0.08

0.28

0.09

0.33

941

0.078

0.003

0.058

0.003

4.524

0.067

0.049

0.043

0.055

14.962

0.03

3.46

-0.05

3.49

-0.05

-5.91

0.08

0.28

0.16

0.35

10.61

0.078

0.004

0.059

0.003

4.982

0.074

0.049

0.053

0.054

15.055

0.04

3.47

-0.05

3.49

-0.05

-6.45

0.1

0.28

0.26

0.39

12.37

0.078

0.004

0.059

0.003

6.054

0.09

0.049

0.057

0.053

15.187

0.05

3.47

-0.06

3.49

-0.05

-5.68

0.1

0.28

0.36

0.44

14.56

0.078

0.004

0.059

0.004

4.91

0.076

0.049

0.053

0.052

15.309

0.06

3.47

-0.06

3.49

-0.05

-5.46

0.1

0.28

0.43

0.48

17

0.078

0.005

0.059

0.004

4.495

0.08

0.049

0.057

0.051

15.441

0.07

3.47

-0.06

3.5

-0.05

-5.51

0.12

0.28

0.5

0.52

19.59

0.078

0.006

0.059

0.004

4.09

0.096

0.049

0.052

0.048

15.425

0.08

3.47

-0.07

3.5

-0.05

-6.29

0.16

0.28

0.54

0.56

21.81

0.078

0.007

0.059

0.005

4.396

0.121

0.049

0.05

0.047

15.407

0.09

3.47

-0.07

3.5

-0.05

-6.86

0.19

0.28

0.58

0.59

23.79

0.078

0.008

0.059

0.005

4.406

0.129

0.049

0.047

0.045

15.478

0.10

3.47

-0.07

3.5

-0.05

-7.55

0.22

0.28

0.61

0.61

25.15

0.079

0.01

0.059

0.006

4.38

0.129

0.049

0.049

0.046

15.459

0.11

3.47

-0.08

3.5

-0.05

-7.96

0.24

0.28

0.63

0.64

26.11

0.079

0.011

0.059

0.006

4.243

0.126

0.049

0.043

0.042

15.528

0.12

3.47

-0.08

3.5

-0.05

-8.16

0.26

0.28

0.66

0.66

26.4

0.079

0.013

0.059

0.007

4.111

0.124

0.049

0.039

0.038

15.667

0.13

3.46

-0.09

3.5

-0.05

-8.06

0.27

0.28

0.68

0.68

26.1

0.08

0.016

0.059

0.008

4.144

0.127

0.049

0.034

0.034

16.39

0.14

3.46

-0.1

3.5

-0.05

-8.23

0.28

0.28

0.7

0.7

25.5

0.08

0.016

0.059

0.01

4.151

0.124

0.049

0.031

0.031

16.051
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Table 3.18. Simulation Results
Number of treatments =5

Truevalues: bp = 3.5, b; =-0.05, g=-3.5 (median initial mortality),
¢ = (0.00 to 0.14) by 0.01

Poisson

ZIP

Proportion of zeroes

bo

by

bo

by

S

pois.

bino.

Total

Diff.
Ln(like)

0.00

3.46

-0.05

3.48

-0.05

-6.31

0.08

0.27

0.03

0.29

8.56

0.075

0.003

0.057

0.003

4.928

0.065

0.041

0.027

0.046

15.107

0.01

3.46

-0.05

3.48

-0.05

-5.79

0.08

0.27

0.05

0.3

9.31

0.075

0.003

0.057

0.003

4.039

0.053

0.041

0.032

0.047

15.189

0.02

3.46

-0.05

3.49

-0.05

-5.63

0.08

0.27

0.09

0.32

10.2

0.076

0.003

0.058

0.003

4.215

0.057

0.041

0.038

0.047

15.405

0.03

3.47

-0.05

3.49

-0.05

-5.42

0.08

0.27

0.16

0.34

11.77

0.076

0.003

0.058

0.003

4.152

0.056

0.041

0.047

0.047

15.584

0.04

3.47

-0.05

3.49

-0.05

-5.02

0.08

0.27

0.25

0.39

14.32

0.076

0.003

0.058

0.003

3.096

0.045

0.041

0.05

0.047

15.862

0.05

3.48

-0.06

3.49

-0.05

-4.96

0.08

0.27

0.35

0.43

17.31

0.076

0.004

0.058

0.003

3.387

0.055

0.041

0.052

0.045

16.001

0.06

3.48

-0.06

3.49

-0.05

-5.52

011

0.27

0.43

0.48

21.01

0.077

0.004

0.058

0.003

4.959

0.095

0.041

0.046

0.043

16.301

0.07

3.49

-0.06

3.5

-0.05

-5.02

0.11

0.27

0.5

0.52

24.53

0.076

0.005

0.058

0.004

4.016

0.08

0.041

0.045

0.044

16.496

0.08

3.49

-0.06

3.5

-0.05

0.12

0.27

0.55

0.56

27.97

0.077

0.006

0.058

0.004

0.089

0.041

0.045

0.043

16.653

0.09

3.49

-0.07

3.5

-0.05

0.13

0.27

0.59

0.59

31.13

0.076

0.006

0.059

0.004

0.102

0.041

0.045

0.043

16.489

0.10

3.49

-0.07

3.5

-0.05

0.15

0.27

0.62

0.62

33.95

0.076

0.007

0.059

0.005

0.124

0.041

0.04

0.039

16.487

0.11

3.49

-0.07

3.5

-0.05

0.19

0.27

0.64

0.64

35.97

0.076

0.008

0.059

0.005

0.155

0.041

0.039

0.039

16.366

0.12

3.48

-0.08

3.5

-0.05

0.23

0.27

0.66

0.66

38.09

0.077

0.009

0.059

0.006

0.171

0.041

0.038

0.038

16.57

0.13

3.48

-0.08

3.5

-0.05

0.26

0.27

0.68

0.68

39.46

0.077

0.011

0.059

0.006

0.176

0.042

0.039

0.038

16.912

0.14

3.48

-0.09

3.5

-0.05

0.31

0.27

0.7

0.7

40.05

0.078

0.013

0.059

0.006

0.176

0.041

0.037

0.037

16.32




Table 3.19. Simulation Results
Number of treatments =7

Truevalues: bp = 3.5, b; =-0.05, g=-3.5 (median initial mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP Proportion of zeroes | Diff.
b | by | by | by | o o | pois. | bino. | Total |-n(ike)
0.00| 346 | -0.05 | 347 | -0.05 | -557 | 0.07 | 025 | 0.03 | 0.27 | 9.19
0.07 | 0.003 | 0.054 | 0.002 | 1.828 | 0.024 | 0.036 | 0.022 | 0.04 [15.957
0.01| 346 | -0.05| 348 | -0.05 | -527 | 0.07 | 0.25 | 0.05 | 0.29 | 10.38
0.071 | 0.003 | 0.054 | 0.002 | 1.648 | 0.022 | 0.036 | 0.027 | 0.04 | 16.27
0.02] 346 | -0.05| 348 | -0.05 | -503 | 0.07 | 025 | 0.09 | 03 |11.93
0.071 | 0.003 | 0.054 | 0.002 | 1.58 | 0.021 | 0.036 | 0.033 | 0.04 |16.418
0.03| 347 | -005| 348 | -005| -481 | 007 | 025 | 016 | 0.33 | 1417
0.071 | 0.003 | 0.054 | 0.002 | 1.551 | 0.022 | 0.036 | 0.04 | 0.04 |16.667
0.04] 348 | -0.05| 348 | -005| -46 | 007 | 025 | 0.25 | 0.38 | 17.87
0.072 | 0.003 | 0.055 | 0.003 | 1.287 | 0.019 | 0.036 | 0.043 | 0.039 |17.193
0.05] 349 | -0.06 | 349 | -0.05 | -453 | 0.08 | 025 | 0.35 | 043 | 22.29
0.072 | 0.003 | 0.055 | 0.003 | 1.577 | 0.025 | 0.036 | 0.043 | 0.037 |17.329
0.06| 349 | -0.06 | 349 | -0.05 | -437 | 0.08 | 025 | 043 | 048 | 279
0.073 | 0.004 | 0.056 | 0.003 | 1.401 | 0.025 | 0.036 | 0.041 | 0.038 |17.892
0.07] 35 |-0.06]| 349 | -005|-425| 009 | 025 | 05 | 052 | 33.36
0.073 | 0.004 | 0.056 | 0.003 | 1.482 | 0.029 | 0.036 | 0.039 | 0.038 |18.316
0.08] 351 | -0.07 | 349 | -005|-421| 01 | 025 | 055 | 0.56 | 38.54
0.074 | 0.005 | 0.056 | 0.004 | 1.768 | 0.039 | 0.036 | 0.039 | 0.036 |18.649
0.09] 351 | -0.07| 35 | -005)|-443| 012 | 025 | 059 | 0.6 |43.65
0.075 | 0.005 | 0.057 | 0.004 | 2.867 | 0.076 | 0.036 | 0.034 | 0.033 |18.586
0.10f 351 | -0.07 | 35 | -005)|-416 | 012 | 025 | 0.63 | 0.63 | 48.06
0.074 | 0.005 | 0.057 | 0.004 | 1.928 | 0.054 | 0.036 | 0.032 | 0.031 | 18.553
0.11| 352 | -0.08 | 35 | -0.05|-433| 014 | 025 | 0.65 | 0.66 | 5137
0.075 | 0.006 | 0.057 | 0.005 | 2.392 | 0.071 | 0.036 | 0.032 | 0.032 |18.584
0.12] 352 | -0.08 | 35 | -005)|-432| 015 | 025 | 0.68 | 0.68 | 54.38
0.075 | 0.007 | 0.058 | 0.005 | 2.428 | 0.08 | 0.036 | 0.032 | 0.032 |18.511
0.13] 352 | -0.08 | 35 |-005|-441| 016 | 025 | 069 | 0.7 |56.82
0.075 | 0.008 | 0.058 | 0.005 | 2.56 | 0.095 | 0.036 | 0.033 | 0.033 |18.342
014 352 | -009| 35 |-005|-444| 018 | 025 | 0.71 | 0.71 | 58.78
0.075 | 0.008 | 0.058 | 0.005 | 2.529 | 0.1 | 0.036 | 0.03 | 0.03 ]18.068
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Truevaues: by = 3.5, b; =-0.05, =

Table 3.20. S mulation Results
Number of treatments= 3

@ = (0.00 0 0.14) by 0.01

-10.5 (low natural mortality),

Poisson

ZIP

Proportion of Zeroes

bo

by

bo

by

S

pois.

bino.

Total

Diff.
Ln(like)

0.00

3.5

-0.05

3.5

-0.05

-6.53

0.09

0.31

0

0.31

-0.85

0.056

0.004

0.056

0.004

3.158

0.062

0.045

0.045

1.534

0.01

3.5

-0.05

3.5

-0.05

-6.53

0.09

0.31

0.31

-0.85

0.056

0.004

0.056

0.004

3.158

0.062

0.045

0.045

1.534

0.02

3.5

-0.05

3.5

-0.05

-6.53

0.09

0.31

0.31

-0.85

0.056

0.004

0.056

0.004

3.158

0.062

0.045

0.045

1.534

0.03

3.5

-0.05

3.5

-0.05

-6.53

0.09

0.31

0
0
0
0
0
0

0.31

-0.85

0.056

0.004

0.056

0.004

3.158

0.062

0.045

0.003

0.045

1.534

0.04

3.5

-0.05

3.5

-0.05

-6.54

0.09

0.31

0

0.31

-0.85

0.055

0.004

0.056

0.004

3.171

0.062

0.045

0.004

0.045

1.537

0.05

3.5

-0.05

3.5

-0.05

-6.56

0.09

0.31

0

0.31

-0.84

0.055

0.004

0.056

0.004

3.197

0.063

0.045

0.007

0.045

1.541

0.06

3.5

-0.05

3.5

-0.05

-6.58

0.09

0.31

0

0.31

-0.83

0.055

0.004

0.056

0.004

3.224

0.063

0.045

0.011

0.045

1.544

0.07

3.5

-0.05

3.5

-0.05

-6.63

0.09

0.31

0.01

0.31

-0.79

0.055

0.004

0.056

0.004

3.254

0.064

0.045

0.019

0.045

1.555

0.08

3.5

-0.05

3.5

-0.05

-6.84

0.1

0.31

0.03

0.32

-0.68

0.055

0.004

0.056

0.004

3.424

0.067

0.045

0.03

0.044

1.603

0.09

3.5

-0.05

3.5

-0.05

-1.24

0.1

0.31

0.06

0.32

-0.51

0.055

0.004

0.055

0.004

3.714

0.073

0.045

0.043

0.042

1.648

0.10

3.5

-0.05

3.5

-0.05

-8.16

0.12

0.31

0.13

0.34

-0.09

0.055

0.004

0.055

0.004

4.21

0.083

0.046

0.051

0.038

1.723

0.11

3.5

-0.05

3.5

-0.05

-10.11

0.16

0.31

0.21

0.35

0.59

0.055

0.004

0.056

0.004

4.684

0.093

0.046

0.052

0.034

1.749

0.12

3.5

-0.05

3.5

-0.05

-12.24

0.21

0.31

0.28

0.37

1.28

0.055

0.004

0.056

0.004

4.296

0.085

0.047

0.044

0.029

1.663

0.13

3.5

-0.05

3.5

-0.05

-13.73

0.24

0.3

0.32

0.38

1.75

0.054

0.004

0.055

0.004

3.327

0.065

0.048

0.036

0.025

1.489

0.14

3.5

-0.05

3.5

-0.05

-14.44

0.25

0.3

0.34

0.38

1.99

0.056

0.004

0.056

0.004

2.282

0.042

0.048

0.028

0.025

1.343
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Table 3.21. Smulation Results
Number of treatments = 4

Truevalues: bp = 3.5, b; =-0.05, g=-10.5 (low natural mortality),
¢ = (0.00 to 0.14) by 0.01

Poisson

ZIP

Proportion of zeroes

bo

by

bo

by

S

pois.

bino.

Total

Diff.
Ln(like)

0.00

3.5

-0.05

3.49

-0.05

-8.39

0.11

0.28

0

0.28

-1.58

0.057

0.003

0.058

0.003

5.789

0.087

0.049

0

0.049

1.938

0.01

3.5

-0.05

3.49

-0.05

-8.39

011

0.28

0

0.28

-1.58

0.057

0.003

0.058

0.003

5.789

0.087

0.049

0.001

0.049

1.938

0.02

3.5

-0.05

3.49

-0.05

-8.39

011

0.28

0

0.28

-1.58

0.057

0.003

0.058

0.003

5.789

0.087

0.049

0.002

0.049

1.938

0.03

3.5

-0.05

3.49

-0.05

-8.39

011

0.28

0

0.28

-1.58

0.057

0.003

0.058

0.003

5.788

0.087

0.049

0.002

0.049

1.938

0.04

3.5

-0.05

3.49

-0.05

-8.39

011

0.28

0

0.28

-1.58

0.057

0.003

0.058

0.003

5.789

0.087

0.049

0.003

0.049

1.937

0.05

3.5

-0.05

3.49

-0.05

-8.38

0.11

0.28

0

0.28

-1.57

0.057

0.003

0.058

0.003

5.783

0.087

0.049

0.006

0.049

1.942

0.06

3.5

-0.05

3.49

-0.05

-8.44

011

0.28

0

0.28

-1.56

0.057

0.003

0.058

0.003

5.848

0.088

0.049

0.009

0.048

1.948

0.07

3.5

-0.05

3.49

-0.05

-8.56

0.11

0.28

0.01

0.28

-1.52

0.057

0.003

0.058

0.003

5.966

0.089

0.049

0.014

0.049

1.964

0.08

3.5

-0.05

3.49

-0.05

-8.76

0.12

0.28

0.02

0.29

-141

0.057

0.003

0.058

0.003

6.147

0.092

0.049

0.022

0.048

1.981

0.09

3.5

-0.05

3.49

-0.05

-9.33

0.12

0.28

0.05

0.29

-1.2

0.057

0.003

0.057

0.003

6.598

0.099

0.049

0.03

0.047

2.008

0.10

3.5

-0.05

3.49

-0.05

-11.05

0.15

0.28

0.1

0.3

-0.68

0.057

0.003

0.058

0.003

7.736

0.116

0.049

0.039

0.045

2.07

0.11

3.5

-0.05

3.49

-0.05

-14.29

0.2

0.28

0.16

0.32

0.15

0.056

0.003

0.058

0.003

8.783

0.131

0.049

0.041

0.043

2.095

0.12

3.5

-0.05

3.49

-0.05

-17.71

0.26

0.28

0.22

0.33

0.99

0.056

0.003

0.058

0.003

8.569

0.127

0.049

0.036

0.042

1.949

0.13

3.51

-0.05

3.49

-0.05

-20.1

0.29

0.28

0.26

0.35

1.65

0.057

0.003

0.058

0.003

7.205

0.106

0.048

0.037

0.042

1.825

0.14

3.51

-0.05

3.49

-0.05

-20.99

0.31

0.28

0.3

0.37

2.18

0.056

0.003

0.058

0.003

6.202

0.094

0.049

0.039

0.042

1.913
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Table 3.22. Smulation Results
Number of treatments=5

True values: by = 3.5, b; =-0.05, g=-10.5 (low natural mortality),
¢ = (0.00 to 0.14) by 0.01

Poisson

ZIP

proportion of zeroes

bo

by

bo

by

S

pois.

bino.

Total

Diff.
Ln(like)

0.00

3.5

-0.05

3.48

-0.05

-8.67

0.11

0.27

0

0.27

-2.15

0.056

0.002

0.057

0.003

6.662

0.089

0.041

0.001

0.041

1.823

0.01

3.5

-0.05

3.48

-0.05

-8.67

011

0.27

0

0.27

-2.15

0.056

0.002

0.057

0.003

6.662

0.089

0.041

0.001

0.041

1.823

0.02

3.5

-0.05

3.48

-0.05

-8.67

011

0.27

0

0.27

-2.15

0.056

0.002

0.057

0.003

6.662

0.089

0.041

0.002

0.041

1.823

0.03

3.5

-0.05

3.48

-0.05

-8.67

011

0.27

0

0.27

-2.15

0.056

0.002

0.057

0.003

6.662

0.089

0.041

0.002

0.041

1.823

0.04

3.5

-0.05

3.48

-0.05

-8.67

011

0.27

0

0.27

-2.14

0.056

0.002

0.057

0.003

6.663

0.089

0.041

0.002

0.041

1.825

0.05

3.5

-0.05

3.48

-0.05

-8.66

0.11

0.27

0

0.27

-2.14

0.056

0.002

0.057

0.003

6.636

0.089

0.041

0.004

0.041

1.824

0.06

3.5

-0.05

3.48

-0.05

-8.69

011

0.27

0

0.27

-2.12

0.056

0.002

0.057

0.003

6.687

0.089

0.041

0.007

0.041

1.825

0.07

3.5

-0.05

3.48

-0.05

-8.79

0.11

0.27

0.01

0.27

-2.07

0.055

0.002

0.057

0.003

6.847

0.092

0.041

0.012

0.041

1.853

0.08

3.5

-0.05

3.48

-0.05

-9.04

0.12

0.27

0.02

0.27

-1.96

0.055

0.002

0.057

0.003

7.192

0.096

0.041

0.016

0.041

1.881

0.09

3.5

-0.05

3.48

-0.05

-9.7

0.13

0.27

0.04

0.28

-1.68

0.056

0.002

0.057

0.003

8.024

0.107

0.041

0.024

0.04

1.959

0.10

3.5

-0.05

3.49

-0.05

-11.09

0.15

0.27

0.08

0.29

-1.15

0.056

0.003

0.057

0.003

9.472

0.126

0.041

0.032

0.039

2.033

0.11

3.5

-0.05

3.49

-0.05

-13.8

0.18

0.27

0.14

0.3

-0.21

0.055

0.003

0.057

0.003

11.909

0.163

0.041

0.034

0.038

2.186

0.12

3.51

-0.05

3.49

-0.05

-16.29

0.22

0.27

0.2

0.32

0.73

0.055

0.003

0.057

0.003

12.885

0.174

0.041

0.033

0.036

2.159

0.13

3.51

-0.05

3.49

-0.05

-18.38

0.26

0.27

0.25

0.34

1.85

0.055

0.003

0.057

0.003

14.547

0.206

0.042

0.031

0.034

2.165

0.14

3.52

-0.05

3.49

-0.05

-19.88

0.29

0.27

0.3

0.36

3.05

0.055

0.003

0.057

0.003

16.614

0.244

0.042

0.032

0.032

2.367
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Table 3.23. Simulation Results
Number of treatments =7

True values: by = 3.5, b; =-0.05, g = -10.5 (low natural mortality),
¢ = (0.00 to 0.14) by 0.01

Poisson

ZIP

Proportion of zeroes

bo

by

bo

by

S

pois.

bino.

Total

Diff.
Ln(like)

0.00

3.49

-0.05

3.47

-0.05

-7.33

0.09

0.25

0

0.25

-3.35

0.052

0.002

0.053

0.002

2.392

0.03

0.036

0.001

0.036

2.021

0.01

3.49

-0.05

3.47

-0.05

-7.34

0.09

0.25

0

0.25

-3.36

0.052

0.002

0.053

0.002

2.275

0.029

0.036

0

0.036

1.993

0.02

3.49

-0.05

3.47

-0.05

-7.33

0.09

0.25

0

0.25

-3.35

0.052

0.002

0.053

0.002

2.391

0.03

0.036

0.001

0.036

2.021

0.03

3.49

-0.05

3.47

-0.05

-7.33

0.09

0.25

0

0.25

-3.35

0.052

0.002

0.053

0.002

2.393

0.03

0.036

0.002

0.036

2.022

0.04

3.49

-0.05

3.47

-0.05

-7.33

0.09

0.25

0

0.25

-3.35

0.052

0.002

0.053

0.002

2.393

0.03

0.036

0.003

0.036

2.023

0.05

3.49

-0.05

3.47

-0.05

-7.33

0.09

0.25

0

0.25

-3.35

0.052

0.002

0.053

0.002

2.393

0.03

0.036

0.002

0.036

2.022

0.06

3.49

-0.05

3.47

-0.05

-7.35

0.09

0.25

0

0.25

-3.32

0.052

0.002

0.053

0.002

2.279

0.029

0.036

0.006

0.036

2.009

0.07

3.49

-0.05

3.47

-0.05

-7.37

0.09

0.25

0.01

0.25

-3.28

0.052

0.002

0.053

0.002

2.296

0.03

0.036

0.009

0.036

2.037

0.08

3.5

-0.05

3.48

-0.05

-7.46

0.09

0.25

0.01

0.26

-3.15

0.052

0.002

0.053

0.002

2.306

0.03

0.036

0.014

0.036

2.08

0.09

3.5

-0.05

3.48

-0.05

-7.58

0.1

0.25

0.03

0.26

-2.86

0.052

0.002

0.053

0.002

2.07

0.027

0.036

0.022

0.035

2.125

0.10

3.5

-0.05

3.48

-0.05

-8.07

0.1

0.25

0.07

0.27

-2.2

0.052

0.002

0.053

0.002

2.913

0.038

0.036

0.026

0.034

2.299

0.11

3.5

-0.05

3.48

-0.05

-8.76

0.12

0.25

0.13

0.29

-1.16

0.052

0.002

0.054

0.002

3.564

0.047

0.036

0.03

0.033

2.382

0.12

3.51

-0.05

3.48

-0.05

-9.97

0.14

0.25

0.19

0.31

0.36

0.052

0.002

0.054

0.002

5.112

0.073

0.036

0.034

0.032

2.605

0.13

3.51

-0.05

3.49

-0.05

-11.76

0.17

0.25

0.24

0.33

2.01

0.052

0.002

0.054

0.002

7.687

0.112

0.036

0.033

0.03

2.789

0.14

3.52

-0.05

3.49

-0.05

-13.33

0.2

0.25

0.29

0.35

3.76

0.052

0.002

0.054

0.003

9.137

0.136

0.036

0.029

0.029

2.913
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Table 3.24. Simulation Results
Number of treatments = 3
Truevalues: bp = 3.5, b; =-0.05, g="-1.5 (high natural mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

000 | 46.85 | 141 | 214 | 4335 | 1363 | 2.09 | 46.05 | 1386 | 211
5.15 1.55 0.24 3.66 1.16 0.18

0.01 | 4475 | 1347 | 2.05 | 42.07 | 1333 | 205 | 4412 | 1335 | 2.03
5.3 159 | 024 | 374 | 123 | 0.19

002 | 41.78 | 1258 | 191 | 402 | 129 | 199 | 4178 | 1282 | 196
541 | 163 | 025 | 391 | 134 | 0.21

003 | 3862 | 1163 | 1.77 | 3822 | 1246 | 193 | 392 | 123 | 1.89
5.55 1.67 0.25 4.15 1.5 0.23

004 | 3513 | 1057 | 161 | 3616 | 12 1.87 | 3658 | 11.78 | 1.83
5.5 166 | 025 | 451 | 174 | 0.27

005 | 3191 | 961 146 | 3406 | 1151 | 1.81 | 3408 | 11.28 | 1.77
5.12 1.54 0.23 4.76 1.93 0.3

006 | 2921 | 879 | 134 | 3223 | 1107 | 1.75 | 3176 | 10.79 | 1.72
4.87 1.47 0.22 5.1 2.19 0.35

007 | 27.79 | 837 | 127 | 3124 | 10.83 | 1.72 | 29.65 | 1033 | 1.66
452 | 136 | 0.21 5.2 2.35 | 0.37

0.08 | 26.59 8 122 | 3051 | 1069 | 1.71 | 27.75 | 9.89 | 161
3.99 1.2 018 | 515 | 243 | 0.39

009 | 2604 | 784 | 119 | 3045 | 10.77 | 172 | 26.05 | 947 | 156
3.75 1.13 0.17 5.3 2.65 0.42

010 | 2578 | 7.76 | 118 | 3026 | 10.72 | 1.71 | 2452 | 9.08 | 152
3.66 1.1 017 | 538 | 283 | 045

011 | 2581 | 7.77 1.18 | 29.79 | 1049 | 167 | 2314 | 8.72 1.47
3.45 1.04 0.16 5.1 2.61 0.42

012 | 2558 | 7.7 117 | 2922 | 102 | 163 | 219 | 837 | 143
324 | 097 | 015 | 495 | 241 | 0.39

013 | 2525 | 76 116 | 28.87 | 10.06 | 161 | 20.78 | 805 | 1.39
344 | 103 | 0.16 4.9 2.4 0.39

014 | 2528 | 7.61 1.16 29.1 | 1012 | 161 | 19.77 | 7.75 1.36
3.3 099 | 015 | 507 | 256 | 041
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Table 3.25. Simulation Results
Number of treatments =4
Truevalues: bp = 3.5, b; =-0.05, g="-1.5 (high natural mortality),
¢ = (0.00 to 0.14) by 0.01

(o] Poisson ZIP True
IC90 | IC50 | IC10 | IC90 | IC50 | I1C10 | IC90 | IC50 | IC10

000 | 4692 | 1412 | 215 | 4336 | 1364 | 21 | 4605 | 1386 | 211
5 151 | 023 | 305 | 097 | 0.15

001 | 4488 | 1351 | 2.05 | 4203 | 13.32 | 205 | 4412 | 1335 | 2.03
5 151 | 023 | 308 | 099 | 0.15

002 | 4217 | 1269 | 1.93 | 4006 | 1288 | 199 | 41.78 | 12.82 | 1.96
513 | 155 | 023 | 311 | 1.02 | 0.16

003 | 39.06 | 11.76 | 1.79 | 37.73 | 1236 | 193 | 392 | 123 | 1.89
516 | 155 | 024 | 3.22 1.1 0.17

004 | 3613 | 1088 | 165 | 3537 | 11.88 | 1.87 | 3658 | 11.78 | 1.83
5.2 157 | 024 | 339 | 124 0.2

005 | 333 | 1002 | 152 | 3319 | 1147 | 181 | 3408 | 11.28 | 1.77
505 | 152 | 023 | 348 | 144 | 0.22

0.06 | 30.68 | 9.24 14 | 3126|1108 | 176 | 3176 | 10.79 | 1.72
504 | 152 | 023 | 342 1.6 0.25

007 | 2813 | 847 | 129 | 2938 | 1069 | 1.72 | 29.65 | 10.33 | 1.66
489 | 147 | 022 | 359 | 181 | 0.28

008 | 2584 | 778 | 118 | 27.78 | 103 | 167 | 2775 | 989 | 161
451 | 136 | 021 | 358 | 196 | 0.31

009 | 2436 | 733 | 111 | 2658 | 1003 | 164 | 26.05 | 947 | 156
434 | 131 0.2 355 | 214 | 0.34

010 | 2336 | 703 | 1.07 | 259 | 984 | 161 | 2452 | 9.08 | 152
406 | 122 | 019 | 344 | 224 | 0.36

011 | 2228 | 671 | 1.02 | 251 | 9.73 16 | 2314 | 872 | 147
369 | 111 | 0.17 3.4 2.45 0.4

012 | 2161 | 651 | 099 | 2462 | 958 | 159 | 219 | 837 | 143
329 | 099 | 015 [ 329 | 243 0.4

013 | 2128 | 641 | 097 | 2453 | 976 | 161 | 20.78 | 805 | 1.39
311 | 094 | 014 | 336 | 273 | 044

014 | 21.08 | 635 | 096 | 2428 | 961 16 | 1977 | 775 | 136
292 | 088 | 013 | 317 | 262 | 0.42
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Table 3.26. Simulation Results
Number of treatments =5
Truevalues: bp = 3.5, b; =-0.05, g="-1.5 (high natural mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP
IC90 | IC50 | IC10 | IC90 | IC50 | IC10 | IC90 | IC50 | IC10

0.00 | 4695 | 1413 | 215 | 4336 | 1365 | 21 | 46.05| 1386 | 211
474 | 143 | 022 | 261 | 083 | 0.13

0.01 | 4492 | 1352 | 2.06 | 42.04 | 1334 | 2.06 | 4412 | 13.35 | 2.03
473 | 142 | 022 | 268 | 086 | 0.13

002 | 4226 | 12.72 | 1.93 | 40.14 | 129 2 41.78 | 12.82 | 1.96
475 | 143 | 0.22 2.7 0.89 | 0.14

003 | 3938 | 1185 | 18 [ 3795|1241 | 193 | 392 | 123 | 1.89
487 | 147 | 0.22 2.8 094 | 0.15

0.04 | 36.39 | 1096 | 1.67 | 3556 | 11.89 | 1.87 | 36.58 | 11.78 | 1.83
475 | 143 | 022 | 2.89 1 0.16

005 | 3373 | 1015 | 154 | 3323 | 11.39 | 181 | 3408 | 11.28 | 1.77
4.77 144 | 0.22 3.07 1.1 0.18

006 | 31.36 | 9.44 1.44 311 | 1099 | 176 | 31.76 | 10.79 | 1.72
479 | 144 | 022 | 332 | 127 | 0.21

007 | 2912 | 877 | 133 | 29.16 | 106 | 1.72 | 29.65 | 10.33 | 1.66
462 | 139 | 021 | 336 | 146 | 0.24

008 | 2717 | 818 | 124 | 2749 | 1028 | 168 | 27.75 | 9.89 | 161
473 | 142 | 022 | 342 | 165 | 0.27

009 | 2523 | 76 115 [ 2591 | 994 | 164 | 26.05 | 947 | 156
459 | 138 | 0.21 3.5 1.83 0.3

010 | 2356 | 7.09 | 1.08 | 2449 | 9.62 16 | 2452 | 9.08 | 152
438 | 1.32 0.2 338 | 196 | 0.32

0.11 | 21.89 | 6.59 1 2325 | 929 | 156 | 2314 | 872 | 147
411 | 124 | 019 | 326 | 211 | 0.35

012 | 2086 | 628 | 0.95 | 2238 | 9.07 | 153 | 219 | 837 | 143
396 | 1.19 | 018 | 3.07 2.2 0.37

013 | 2012 | 606 | 092 | 219 | 891 | 152 | 20.78 | 8.05 | 1.39
371 | 112 | 017 | 297 | 221 | 0.40

014 | 1944 | 585 | 089 | 21.32 | 8.75 149 | 19.77 | 1.75 1.36
353 | 1.06 | 016 | 289 | 229 | 041
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Table 3.27. Smulation Results
Number of treatments =7
Truevalues: bp = 3.5, b; =-0.05, g="-1.5 (high natural mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP
IC90 | IC50 | IC10 | IC90 | IC50 | IC10 | IC90 | IC50 | IC10

0.00 | 46.77 | 14.08 | 214 | 4333 | 1363 | 21 | 46.05 | 1386 | 211
424 | 128 | 019 | 229 | 0.73 | 0.11

0.01 | 4462 | 1343 | 2.04 | 4193 | 1329 | 205 | 4412 | 13.35 | 2.03
417 | 126 | 019 | 236 | 0.76 | 0.12

0.02 | 4199 | 1264 | 1.92 | 40.06 | 1285 | 1.99 | 41.78 | 12.82 | 1.96
4 1.2 018 | 231 | 0.78 | 0.12

003 | 3894 | 11.72 | 178 | 37.74 | 1233 | 1.92 | 39.2 | 123 | 1.89
392 | 118 | 018 | 231 | 081 | 0.13

0.04 | 36.09 | 10.86 | 1.65 | 3547 | 11.83 | 1.86 | 36.58 | 11.78 | 1.83
3.98 1.2 018 | 234 | 085 | 0.14

0.05 | 3339 | 10.05 | 153 | 3318 | 11.31 | 1.79 | 3408 | 11.28 | 1.77
3.98 1.2 018 | 251 | 092 | 0.15

0.06 | 31.07 | 935 | 142 | 31.08 | 1083 | 1.74 | 3176 | 10.79 | 1.72
3.9 117 | 018 | 255 | 096 | 0.16

0.07 | 2899 | 873 | 133 | 29.09 | 10.38 | 1.68 | 29.65 | 10.33 | 1.66
392 | 118 | 048 | 272 | 1.02 | 0.18

008 | 2714 | 817 | 124 [ 2729 | 996 | 164 | 2775 | 9.89 | 161
383 | 115 | 018 | 2.85 | 1.09 0.2

009 | 25653 | 769 | 117 | 2562 | 9.6 16 | 26.05 | 947 | 156
392 | 118 | 048 | 311 | 118 | 0.23

010 | 2398 | 7.22 11 | 2398 | 926 | 157 | 2452 | 9.08 | 1.52
381 | 115 | 0.17 3.2 131 | 0.26

011 | 2269 | 683 | 1.04 | 2278 | 892 | 153 | 2314 | 872 | 147
3.75 1.13 0.17 3.12 1.31 0.27

012 | 2154 | 648 | 099 | 2164 | 867 | 151 | 219 | 837 | 143
3.78 1.14 | 0.17 3.15 1.41 0.31

013 | 2047 | 616 | 094 | 20.7 | 842 | 148 | 20.78 | 8.05 | 1.39
375 | 113 | 017 | 3.08 | 1.44 | 0.33

0.14 | 19.27 5.8 088 | 1953 | 815 146 | 19.77 | 1.75 1.36
3.79 1.14 | 0.17 3.16 1.59 0.37
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Table 3.28. Simulation Results
Number of treatments = 3
Truevalues: bp = 3.5, b; =-0.05, g=-3.5 (median initial mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

0.00 | 46.22 | 1391 | 211 | 4614 | 1443 | 221 | 46.05 | 1386 | 211
363 | 1.09 | 0.17 3.3 1.08 | 0.16

0.01 | 4585 | 138 2.1 4597 | 14.39 2.2 45.71 | 13.78 | 2.09
3.6 1.08 | 016 | 331 | 1.08 | 0.17

0.02 | 4515 | 1359 | 207 | 456 | 1431 | 219 | 4521 | 1368 | 2.08
357 | 107 | 016 | 331 | 109 | 0.17

003 | 4401 | 1325 | 201 | 4489 | 1416 | 217 | 4448 | 1357 | 2.07
363 | 109 | 017 | 336 | 113 | 0.17

004 | 4247 | 1278 | 1.94 44 1398 | 214 | 4347 | 1345 | 2.06
3.79 1.14 0.17 3.49 1.21 0.18

0.05 | 4059 | 1222 | 1.86 43 | 1382 | 212 | 422 | 1332 | 2.04
403 | 121 | 018 | 353 | 1.33 0.2

006 | 383 | 1153 | 1.75 | 41.83 | 1365 | 2.09 | 40.69 | 1317 | 2.03
429 | 129 0.2 3.75 | 152 | 0.23

0.07 | 3586 | 108 | 1.64 | 40.71 | 1354 | 208 | 39.03 | 13.010 | 2.02
4.5 1.35 0.21 4.04 1.75 0.26

008 | 3295 | 992 | 151 | 3933 | 1338 | 206 | 37.29 | 1284 | 201
463 | 139 | 021 | 444 | 206 | 0.31

0.09 | 30.17 | 9.08 | 1.38 | 3797 | 1322 | 204 | 3556 | 12.66 | 1.99
4.4 1.32 0.2 487 | 249 | 0.37

010 | 27.76 | 836 | 127 | 36.68 | 13.02 | 201 | 3388 | 1246 | 1.98
425 | 128 | 019 | 537 | 286 | 0.43

011 | 265 | 798 | 121 | 36.2 13 201 | 3227 | 12.26 | 1.97
3.99 1.2 0.18 | 543 | 3.08 | 0.46

012 | 2547 | 7.67 1.17 35.7 | 12.95 2 30.77 | 12.05 | 1.95
363 | 1.09 | 017 | 563 | 3.33 0.5

013 | 2516 | 757 | 115 | 36.05 | 1321 | 204 | 2936 | 1183 | 1.94
3.4 1.02 | 016 | 533 | 343 | 0.52

014 | 24.78 | 7.46 1.13 | 3531 | 12.95 2 28.05 | 11.61 | 1.93
329 | 099 | 015 | 551 3.5 0.53




Table 3.29. Simulation Results
Number of treatments =4
Truevaues. by=3.5, b; =-0.05, g="-3.5(median initial mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

0.00 | 46.39 | 1397 | 212 | 4651 | 1447 | 221 | 46.05 | 1386 | 211
3.01 0.9 014 | 296 | 092 | 0.14

0.01 | 46.02 | 13.85 | 211 | 4621 | 1442 | 22 | 4571 | 13.78 | 2.09
301 | 091 | 014 | 295 | 092 | 0.14

002 | 454 | 1367 | 208 | 45.73 | 1433 | 219 | 4521 | 1368 | 2.08
303 | 091 | 014 | 297 | 093 | 0.14

003 | 4436 | 1335 | 203 | 4496 | 1417 | 217 | 4448 | 1357 | 2.07
3.04 | 091 | 0.14 3 095 | 0.14

004 | 4287 | 129 | 196 | 439 | 1396 | 214 | 4347 | 1345 | 2.06
308 | 093 | 014 | 317 | 098 | 0.15

0.05 | 41.05 | 1236 | 188 | 4237 | 13.73 | 211 | 422 | 1332 | 2.04
313 | 094 | 014 | 327 | 104 | 0.16

006 | 39.21 | 118 | 1.79 | 40.65 | 1351 | 2.09 | 40.69 | 13.17 | 2.03
329 | 099 | 015 | 343 | 113 | 0.17

007 | 37.35 | 11.24 | 1.71 | 38.69 | 1334 | 207 | 39.03 | 13.010 | 2.02
339 | 102 | 016 | 333 | 121 | 0.19

0.08 | 3559 | 10.71 | 1.63 | 36.82 | 1323 | 205 | 3729 | 1284 | 201
363 | 1.09 | 017 | 318 | 135 0.2

0.09 | 3369 | 10.14 | 154 | 3508 | 1311 | 204 | 3556 | 12.66 | 1.99
373 | 112 | 017 | 282 | 151 | 0.22

010 | 3192 | 961 | 146 | 33.71 | 13.09 | 203 | 3388 | 1246 | 1.98
3.95 1.19 0.18 2.71 1.72 0.25

011 | 30.02 | 9.04 | 137 | 3249 | 1307 | 203 | 3227 | 1226 | 197
407 | 122 | 019 | 252 | 189 | 0.27

012 | 2801 | 843 | 128 | 31.37 | 1299 | 202 | 30.77 | 1205 | 1.95
409 | 123 | 019 | 251 | 212 | 0.31

013 | 26.07 | 785 | 119 | 3037 | 1279 | 199 | 2936 | 1183 | 1.94
406 | 122 | 019 | 258 | 229 | 0.33

014 | 2413 | 7.26 11 | 2922 | 127 | 199 | 28.05 | 1161 | 193
378 | 114 | 017 | 293 | 269 | 0.39
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Table 3.30. Smulation Results
Number of treatment = 5,
True values. by = 3.5, by =-0.05, @ = -3.5 (median initial mortality)
o = (0.00t0 0.10) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

0.00 | 46.48 | 13.99 | 213 | 46,63 | 145 | 222 | 46.05 | 1386 | 211
2.66 0.8 012 | 253 | 0.79 | 0.12

0.01 | 46.09 | 13.87 | 211 | 46.28 | 1444 | 221 | 4571 | 13.78 | 2.09
273 | 082 | 012 | 254 0.8 0.12

002 | 455 | 137 | 208 | 4582 | 1435 | 219 | 4521 | 1368 | 2.08
273 | 082 | 012 | 253 | 081 | 0.12

0.03 | 4448 | 13.39 | 2.04 45 14.2 217 | 4448 | 1357 | 2.07
276 | 083 | 013 | 256 | 0.82 | 0.13

004 | 4297 | 1293 | 1.97 | 438 | 1399 | 215 | 4347 | 1345 | 2.06
273 | 082 | 012 | 263 | 0.86 | 0.13

005 | 41.25 | 1242 | 189 | 4239 | 1376 | 212 | 422 | 1332 | 2.04
276 | 083 | 013 | 269 | 091 | 0.14

006 | 39.38 | 1186 | 1.8 | 4092 | 1355 | 2.09 | 40.69 | 13.17 | 2.03
278 | 084 | 013 | 279 | 097 | 0.15

0.07 | 3751 | 11.29 | 1.72 | 39.13 | 1333 | 2.07 | 39.03 | 13.010 | 2.02
285 | 086 | 013 | 288 | 1.04 | 0.16

008 | 3578 | 10.77 | 164 | 3741 | 1312 | 205 | 3729 | 1284 | 201
2.99 0.9 0.14 3.14 1.11 0.17

009 | 341 | 1026 | 156 | 3551 | 1295 | 2.03 | 3556 | 12.66 | 1.99
316 | 095 | 014 | 336 | 122 | 0.19

010 | 3254 | 979 | 149 | 3353 | 128 | 202 | 3388 | 1246 | 1.98
317 | 095 | 014 | 341 | 132 | 0.21

011 | 3122 | 94 143 | 3178 | 1273 | 202 | 3227 | 1226 | 197
334 | 101 | 015 | 352 | 149 | 0.23

012 | 29.77 | 896 | 136 | 30.08 | 12.66 | 201 | 30.77 | 1205 | 1.95
339 | 102 | 015 | 331 | 163 | 0.24

013 | 286 | 861 | 131 | 2894 | 1263 | 201 | 2936 | 1183 | 1.94
358 | 108 | 016 | 318 | 177 | 0.26

014 | 2711 | 816 124 | 2745 | 1271 | 2.02 | 28.05 | 11.61 | 193
3.7 111 | 017 | 287 | 2.02 0.3
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Table 3.31. Smulation Results
Number of treatment = 7,
True values. by = 3.5, by =-0.05, @ = -3.5 (median initial mortality)
o = (0.00t0 0.10) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

0.00 | 46.35 | 1395 | 212 | 4654 | 1448 | 221 | 46.05 | 1386 | 211
243 | 073 | 011 | 231 | 0.72 | 0.11

0.01 | 4597 | 13.84 2.1 46.19 | 1441 2.2 45.71 | 13.78 | 2.09
244 | 0.73 | 0.11 2.3 0.72 | 0.11

0.02 | 4536 | 13.65 | 2.08 | 45.69 | 1432 | 219 | 4521 | 1368 | 2.08
245 | 074 | 011 | 229 | 0.72 | 0.11

0.03 | 4431 | 13.34 | 2.03 | 44.86 | 1416 | 217 | 4448 | 1357 | 2.07
2.44 0.73 0.11 2.27 0.74 0.11

004 | 42.78 | 12.88 | 1.96 | 43.66 | 13.95 | 214 | 4347 | 1345 | 2.06
239 | 072 | 011 | 226 | 0.77 | 0.12

005 | 4097 | 1233 | 187 | 422 | 1371 | 211 | 422 | 1332 | 2.04
237 | 071 | 011 | 2.28 0.8 0.12

0.06 39 | 1174 | 178 | 4052 | 1345 | 2.08 | 40.69 | 13.17 | 2.03
2.34 0.7 011 | 232 | 085 | 0.13

007 | 3712 | 1118 | 1.7 | 3881 | 1322 | 205 | 39.03 | 13.010 | 2.02
238 | 0.72 | 011 | 233 0.9 0.14

0.08 | 3538 | 1065 | 1.62 | 371 | 1301 | 203 | 37.29 | 1284 | 2.01
243 | 073 | 011 | 235 | 097 | 0.15

0.09 | 3368 | 1014 | 154 | 3536 | 1282 | 2.01 | 3556 | 12.66 | 1.99
238 | 072 | 011 | 229 | 1.04 | 0.16

0.10 | 3209 | 966 | 147 | 3366 | 126 2 3388 | 1246 | 1.98
2.33 0.7 011 | 225 | 1.09 | 0.17

011 | 30.71 | 924 | 141 | 3213 | 1242 | 198 | 3227 | 1226 | 197
242 | 073 | 011 | 238 | 116 | 0.19

012 | 2941 | 885 | 135 | 3064 | 1221 | 197 | 30.77 | 1205 | 1.95
252 | 0.76 | 012 | 256 | 1.23 0.2

013 | 2822 | 85 129 | 2921 | 12.03 | 196 | 2936 | 11.83 | 1.94
2.65 0.8 012 | 2.79 1.3 0.22

0.14 27 8.13 124 | 27.74 | 1181 | 195 | 28.05 | 1161 | 193
255 | 077 | 012 | 277 | 135 | 0.23
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Table 3.32. Simulation Results
Number of treatments = 3
Truevalues. by=3.5, b;=-0.05 g=-10.5 (low initia mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

0.00 | 4518 | 136 | 2.07 | 46.82 | 1455 | 222 | 46.05 | 1386 | 211
322 | 097 | 015 | 326 | 111 | 0.17

001 | 4518 | 136 | 2.07 | 46.82 | 1455 | 222 | 46.05 | 1386 | 211
322 | 097 | 015 | 326 | 111 | 0.17

002 | 4518 | 13.6 | 2.07 | 46.82 | 1455 | 222 | 46.05 | 1386 | 211
322 | 097 | 015 | 326 | 111 | 0.17

003 | 4518 | 136 | 2.07 | 46.82 | 1455 | 222 | 46.05 | 1386 | 211
322 | 097 | 015 | 326 | 111 | 0.17

004 | 4518 | 136 | 2.07 | 46.82 | 1455 | 222 | 46.05 | 1386 | 211
322 | 097 | 015 | 326 | 111 | 0.17

005 | 4517 | 136 207 | 4681 | 1455 | 222 | 46.05 | 1386 | 211
322 | 097 | 015 | 326 | 111 | 0.17

0.06 | 4515 | 1359 | 2.07 | 468 | 1455 | 222 | 46.04 | 1386 | 211
3.2 0.96 0.15 3.24 1.1 0.17

0.07 | 45.090 | 1357 | 2.06 | 46.76 | 1454 | 222 | 46.04 | 1386 | 211
3.2 0.96 0.15 3.24 1.1 0.17

0.08 | 4493 | 1353 | 2.06 | 46.65 | 1451 | 221 | 46.03 | 1386 | 211
3.18 0.96 0.15 3.23 1.11 0.17

0.09 | 4468 | 1345 | 2.04 | 4648 | 1446 | 221 | 46.02 | 1386 | 211
317 | 095 | 014 | 322 | 112 | 0.17

010 | 4422 | 1331 | 202 | 462 | 1438 | 219 46 | 1386 | 211
3.06 0.92 0.14 3.15 1.12 0.17

011 | 4358 | 1312 | 199 | 4587 | 1426 | 217 | 4597 | 1386 | 211
2.99 0.9 014 | 3.07 | 113 | 0.17

012 | 43.04 | 1296 | 197 | 4564 | 1417 | 216 | 4592 | 1386 | 211
2.9 087 | 013 | 299 | 114 | 0.17

013 | 4285 | 129 196 | 4564 | 1417 | 216 | 4584 | 1386 | 211
286 | 086 | 013 | 295 | 117 | 0.18

0.14 426 | 1282 | 195 | 4555 | 1414 | 215 | 4572 | 1386 | 211
288 | 087 | 013 | 291 | 116 | 0.18
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Table 3.33. Simulation Results
Number of treatments =4
True values: by = 3.5, b; =-0.05, g = -10.5 (low initial mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

000 | 46.2 | 1391 | 211 | 4751 | 1465 | 223 | 46.05 | 1386 | 211
271 | 082 | 012 | 28 | 091 | 0.14

0.01 46.2 | 1391 | 211 | 4751 | 1465 | 223 | 46.05 | 1386 | 211
271 | 082 | 012 | 28 | 091 | 0.14

002 | 462 | 1391 | 211 | 4751 | 1465 | 223 | 46.05 | 1386 | 211
271 | 082 | 012 | 28 | 091 | 0.14

003 | 46.2 | 1391 | 211 | 4751 | 1465 | 223 | 46.05 | 1386 | 211
271 | 082 | 012 | 28 | 091 | 0.14

004 | 462 | 1391 | 211 | 475 | 1465 | 223 | 46.05 | 1386 | 211
271 | 082 | 012 | 284 | 091 | 0.14

005 | 46.19 | 139 | 211 | 475 | 1465 | 223 | 46.05 | 1386 | 211
271 | 082 | 012 | 284 | 091 | 0.14

006 | 46.18 | 139 | 211 | 4749 | 1465 | 223 | 46.04 | 1386 | 211
271 | 082 | 012 | 284 | 091 | 0.14

0.07 | 46.14 | 13.89 | 211 | 4748 | 1464 | 223 | 46.04 | 1386 | 211
271 | 081 | 012 | 28 | 091 | 0.14

0.08 | 46.04 | 13.86 | 211 | 4743 | 1463 | 223 | 46.03 | 1386 | 211
269 | 081 | 012 | 28 | 091 | 0.14

0.09 | 4585 | 138 21 | 4736 | 1459 | 222 | 46.02 | 1386 | 211
2.67 0.8 012 | 286 | 091 | 0.14

0.10 | 4546 | 13.68 | 2.08 | 4725 | 1453 | 221 46 | 1386 | 211
263 | 079 | 012 | 289 | 091 | 0.14

011 | 4495 | 1353 | 2.06 472 | 1446 2.2 4597 | 1386 | 211
257 | 077 | 012 | 297 | 092 | 0.14

012 | 4442 | 1337 | 2.03 | 4716 | 1438 | 219 | 4592 | 1386 | 211
255 | 077 | 012 | 3.07 | 093 | 0.14

0.13 | 4395 | 1323 | 2.01 | 4721 | 1434 | 218 | 4584 | 1386 | 211
247 | 074 | 011 | 3.09 | 092 | 0.14

014 | 4328 | 13.03 | 1.98 | 46.97 | 1425 | 217 | 4572 | 1386 | 211
252 | 0.76 | 012 | 323 | 097 | 0.15
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Table 3.34. Simulation Results
Number of treatments =5
True values. by = 3.5, b; =-0.05, g=-10.5 (low initia mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

0.00 | 46.31 | 1394 | 212 | 4767 | 1467 | 224 | 46.05 | 1386 | 211
2.27 | 0.68 0.1 2.4 0.77 | 0.12

001 | 46.31 | 1394 | 212 | 4767 | 1467 | 224 | 46.05 | 1386 | 211
2.27 | 0.68 0.1 2.4 0.77 | 0.12

002 | 46.31 | 1394 | 212 | 47.67 | 1467 | 224 | 46.05 | 1386 | 211
2.27 | 0.68 0.1 2.4 0.77 | 0.12

0.03 | 46.31 | 1394 | 212 | 4767 | 1467 | 224 | 46.05 | 1386 | 211
2.27 | 0.68 0.1 2.4 0.77 | 0.12

004 | 46.31 | 1394 | 212 | 4767 | 1467 | 224 | 46.05 | 1386 | 211
2.27 | 0.68 0.1 2.4 0.77 | 0.12

0.05 | 46.31 | 1394 | 212 | 4766 | 1467 | 223 | 46.05 | 1386 | 211
2.27 | 0.68 0.1 2.4 0.77 | 0.12

0.06 | 46.29 | 1393 | 212 | 4765 | 1467 | 223 | 46.04 | 1386 | 211
2.27 | 0.68 0.1 241 | 0.78 | 0.12

0.07 | 46.25 | 1392 | 212 | 4764 | 1466 | 223 | 46.04 | 1386 | 211
2.27 | 0.68 0.1 241 | 0.78 | 0.12

008 | 46.18 | 139 | 211 | 4761 | 1465 | 223 | 46.03 | 1386 | 211
2.27 | 0.68 0.1 242 | 0.78 | 0.12

009 | 4598 | 1384 | 21 | 4753 | 1462 | 223 | 46.02 | 1386 | 211
2.26 | 0.68 0.1 243 | 0.78 | 0.12

0.10 | 4564 | 13.74 | 2.09 | 4739 | 1457 | 222 46 | 1386 | 211
2.26 | 0.68 0.1 245 | 0.79 | 0.12

011 | 4514 | 1359 | 207 | 4723 | 145 221 | 4597 | 1386 | 211
2.2 0.66 0.1 2.49 0.8 0.12

012 | 4459 | 1342 | 204 | 4701 | 1442 | 219 | 4592 | 1386 | 211
2.16 | 0.65 0.1 2.52 0.8 0.12

0.13 | 4397 | 1324 | 2.01 | 46.77 | 1436 | 218 | 4584 | 1386 | 211
212 | 0.64 0.1 254 | 0.82 | 0.13

014 | 4324 | 13.02 | 198 | 4642 | 1427 | 217 | 4572 | 1386 | 211
209 | 063 | 010 | 262 | 0.85 | 0.13
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Table 3.35. Simulation Results
Number of treatments =7
Truevalues: bp = 3.5, b; =-0.05, g»=-10.5 (low initia mortality),
¢ = (0.00 to 0.14) by 0.01

o} Poisson ZIP True values
IC90 | IC50 | I1C10 | I1C90 | IC50 | IC10 | 1C90 | IC50 | IC10

0.00 | 46.23 | 1392 | 212 | 4757 | 1464 | 223 | 46.05 | 1386 | 211
211 | 0.64 0.1 2.21 0.7 0.11

001 | 46.24 | 1392 | 212 | 4758 | 1464 | 223 | 46.05 | 1386 | 211
2.1 0.63 0.1 218 | 069 | 0.11

0.02 | 46.23 | 1392 | 212 | 4757 | 1464 | 223 | 46.05 | 1386 | 211
211 | 0.64 0.1 2.21 0.7 0.11

0.03 | 46.23 | 1392 | 212 | 4756 | 1464 | 223 | 46.05 | 1386 | 211
211 | 0.64 0.1 2.21 0.7 0.11

004 | 46.22 | 1392 | 212 | 4756 | 1464 | 223 | 46.05 | 1386 | 211
211 | 0.64 0.1 2.21 0.7 0.11

0.05 | 46.23 | 1392 | 212 | 4756 | 1464 | 223 | 46.05 | 1386 | 211
211 | 0.64 0.1 2.21 0.7 0.11

006 | 46.22 | 1391 | 211 | 4757 | 1464 | 223 | 46.04 | 1386 | 211
2.09 | 0.63 0.1 217 | 069 | 0.11

0.07 | 46.19 | 139 211 | 4755 | 1464 | 223 | 46.04 | 1386 | 211
2.09 | 0.63 0.1 217 | 069 | 0.11

0.08 | 46.11 | 13.88 | 211 | 4752 | 1462 | 223 | 46.03 | 1386 | 211
2.08 | 0.63 0.1 217 | 069 | 0.11

0.09 | 4593 | 1383 | 21 | 4743 | 1459 | 222 | 46.02 | 1386 | 211
208 | 062 | 009 | 218 | 0.69 | 0.11

0.10 | 4561 | 13.73 | 2.09 | 4729 | 1454 | 221 46 | 1386 | 211
207 | 062 | 009 | 223 | 0.71 | 0.11

011 | 4511 | 1358 | 2.06 | 47.08 | 1447 2.2 4597 | 1386 | 211
204 | 061 | 009 | 224 | 0.72 | 0.11

012 | 4448 | 13.39 | 2.04 | 46.85 | 1438 | 219 | 4592 | 1386 | 211
201 | 061 | 009 | 227 | 0.73 | 0.11

013 | 43.83 | 132 | 2.01 | 46.62 | 1431 | 218 | 4584 | 1386 | 211
192 | 058 | 0.09 | 226 | 072 | 0.11

014 | 43.03 | 1295 | 197 | 4621 | 142 216 | 45.72 | 1386 | 2.11
194 | 058 | 0.09 | 238 | 0.76 | 0.12
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3.9 Results of Simulation Study

In the low mortality category (g = -10.5), the Poisson model has a higher log
likelihood for g, < 0.14 than the ZIP model., however the differences are relatively small
(Figure 3.5). In this category, the mortality probability is almost zero, hence one should

expect the ZIP model to be not as good as the Poisson model.

Figure 3.5. Difference in the log(likelihood) of ZIP and Poisson model at low mortality
(PDF, 4K, Fig3-5.pdf).

In the medium mortality category (¢ = -3.5), the difference in the log
likelihood is larger for higher values of g (Figure 3.6). The higher the treatment level the
simulation has, the bigger the difference in the log likelihood between the two models.
This makes sense because the mortality probability at the higher g is dmost the same asin
the high mortality group. However, this is not true for lower values of ¢ (g < 0.03). In
this range, the 3 treatment level smulation produced a larger difference in the log
likelihood than the 4, 5, 7 treatment level groups (Figure 3.6).

Figure 3.6. Difference in the log(likelihood) of ZIP and Poisson model at medium
mortality (PDF, 4K, Fig3-6.pdf)

In the high natura mortality category (g = -1.5), the Poisson model
underestimates the intercept terms in the range of 3.22 - 3.3 (true vaue = 3.5). From
Figure 3.7, it can be seen that the ZIP model is better than the Poisson model based on the
difference in the log likelihood, especially at higher treatment levels (7 treatments)
simulation. For the higher treatment level simulation (4, 5, 7), the difference of the log
likelihood peaked at arange of 0.05 < g, < 0.08 at then went back down at higher range of
& (g > 0.08). However, for the 3 treatment levels simulation, the difference of log
likelihood reached a local maximum at g,= 0.07, and then went down and up before it
peaked at gi= 0.15. At this value (.= 0.15), the ZIP model has some convergence
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problem because of the high mortality probability. The ZIP model seems to have the best
performance among all the runs at 7 treatment levels and g.= 0.09, because the log
likelihood difference (108.23) is the largest.

Figure 3.7. Difference in the log(likelihood) of ZIP and Poisson model at high mortality
(PDF, 4K, Fig3-7.pdf)

The estimates of the IC levels for the Poisson model are in genera more
conservative than the ZIP models. The ZIP models give relatively higher 1C levels than the
Poisson model in all cases except at the low range of @ (o < 0.02) in the high mortality
category (please refer to Table 3.17-Table 3.28 for the comparison of 1Cyg, 1Csg, and 1Cq,
and please refer to Figure 3.8-10 for only 1Cso with only 3 treatment levels). In the low
initid mortality (g = -10.5) category, the Poisson model’s IC estimates is closer to the
true value at the low range of g (0 < g < 0.08) than at the high range 0.08 < ¢ < 0.14. In
medium mortality category, the ZIP model does much better than the Poisson model for g
> 0.02. The ICsy estimation of the Poisson model sharply moved below the true ICso vaue

in this range.

Figure 3.8. 1Cs of the ZIP and Poisson model at low mortality(PDF, 3K, Fig3-8.pdf)

[Figure 3.9. ICs, of the ZIP and Poisson model at medium mortality(PDF, 4K, Fig3-9.pdf) |

Figure 3.10. 1Cs of the ZIP and Poisson model at high mortality(PDF, 4K, Fig3-10.pdf)

In general, the Poisson part of the ZIP model does relatively well in estimating
the regression coefficients in all cases. On the other hand, the logistic part of the ZIP
models does not perform as well as the Poisson part of the model, but it does improve
dightly as the number of treatment levels and sample size increases. Due to the high zero
proportion in certain runs of the simulation, the logistic part of the ZIP model does have
some problems in converging or getting a significant result and this highly affects the

performance of the logistic part of the ZIP model.
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Based on the results of the simulation study, one should use the regular
Poisson model at very low mortality where mortality probability is below 0.3 (i.e. about 3
out of 10 subject died per treatment). On the other hand, one should use the ZIP model at
high and medium mortality categories where the mortality probabilities is in the range of
0.3 to 0.8. Even though the simulation study does not cover where the mortality
probability is over 0.8, | would suggest one uses the mixture model with caution. It is
because the logistic part of the mixture model may not converge due to the high mortality.
Improving the experimental designs of the toxicity tests may solve the convergence
problem. This can be done by placing more design points within the range of the toxicant
concentrations that produce mortality probabilities around 0.9. However, as mentioned in
the previous section, if the information about mortality is ignored in the experiment, there
may be a problem in knowing how many subject died during the experiment. Since the
underlying assumption of the model states that the extra zeroes are due to mortality, one
can aways apply some preliminary test on the sample distribution of the datato see if the

Poisson assumption holds.

3.10 Conclusion

The traditional potency estimation method for chronic bioassays do not take
into account mortality which may occur during the experiment. Standard estimation may
be inappropriate and highly biased if many deaths occur during the experiment. The
mixture model presented here is able to incorporate the extra zeroes due to mortality.
Likelihood ratio tests indicate that the mixture model does describe the data better than
the regular Poisson model in several example data sets. A ssimulation study was carried out
to compare the ZIP model and Poisson model. The study not only looks at a comparison
of the two models, but also looks at how different mortality rates affect the performances
of the two models. The differences in the log likelihood of the two models were calculated
together with the IC levels. The difference in the log likelihood between the ZIP and
Poisson model increases as the number of treatments increases; this is because the total

number of observations also increases as the number of treatment increases. The ZIP
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model has a higher log-likelihood than the regular Poisson model in al cases except in the
low mortality category at the range of g, 0 < g < 0.11. However, the differences in the
log likelihood in the low mortality category are very small. The estimation of the
regression coefficients of both the Poisson part of the ZIP model and the regular Poisson
model are very close to the true values in the low mortality category. In other cases, the
ZIP model is better than the Poisson model. In genera, the ZIP models have a better
overall performance than the regular Poisson models. Especialy in medium and high
mortality category, the ZIP model really outperformed the Poisson model.

In this chapter, the same covariates are used in both the Poisson part and the
logistic part of the ZIP models. Since reproduction and mortality may be affected
differently by different toxicants, it seems sensible to use different covariates in the two
different parts of the ZIP models. In addition to comparing the different models based on
the likelihood, this chapter also considers the calculation of the IC levels and their
confidence intervals for only the simplest single regressor model. This can be extended to
the more complicated models involving more than one toxicant and even interactions, but
the calculation and interpretation will be more difficult. Also, this chapter discusses a
mixture model using zeroes and discrete (Poisson) distribution. It can be extended to other
studies which involve continuous data. By using different distributional assumptions, it can

be applied in a number of situations.

75



