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environmental and management factors that are associated with coccidiosis were studied

using [ield data.
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De algemeen aanvaarde mening dat in nat strooisel odcysten van Eimeria spp. beter

sporuleren dan in droog strooisel, wordt in onderhavig onderzoek niet bevestigd.

(Dit proefschrift)

Het risico op coccidiose in een mestronde van vieeskuikens is 2 tot 11 keer vergroot,
wanneer in de vorige mestronde coccidiose is opgetreden. Een schoon begin is dus

minstens het halve werk. (Dir proefschrift)

Stelling 2 impliceert dat minstens de helft van het geheim van het onder controle
houden van coccidiose een goede hygiéne betreft. Wanneer een maximale hygiéne niet

haalbaar is, bestaat het andere deel uit een optimaal infectieniveau.  (Dit proefschrift)

Wanneer de immuuncompetentie van het vleeskuiken verminderd is, kan bij een zeer
lage infectiedruk van Eimeria acervulina een betere weerstand tegen de parasiet worden

opgebouwd dan bij een "normale" immuunstatus. {Dit proefschrift)

Het is onmogelijk efficiént modelmatig onderzoek uit te voeren zonder een stevige basis

in experimenteel werk.
Beleidsmatige beslissingen zouden meer wetenschappelijk ondersteund moeten worden
in plaats van genomen te worden op basis van publieke opinie of consumentengedrag

alleen.

Zowel voor het bereiden van een maaltijd als het uitvoeren van een experiment is een

goed recept geen garantie voor succes.

Het in eerste instantie afleiden van de mate van volwassenheid van iemands lengte,

heeft reeds veel mensen doen krimpen.
Een bad is heilzaam voor het lichaam, een soap voor de geest.

De maatschappelijke druk tot afschaffing van neusringen in de vechouderiy ljkt

ongegrond gezien de populariteit van piercings.

Stellingen beborend bif bet proefschrift:

"Epidemiology of Eimeria acervulina infections in broilers: an integrated approach’.
EAM. Graat

Wageningen, 13 december 1996
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General Introduction

COCCIDIOSIS: A PROBLEM?

Poultry coccidia cause problems all over the world. Coccidiosis is an infectious
disease caused by protozoa of the species Fimeria and has negative effects on the growth
and feed efficiency of commercially reared broilers. The infection in the chicken starts with
the intake of sporulated oocysts. After being ingested, excystation takes place and
sporozoites are released from the sporocysts before invading intestinal cells. Subsequently,
asexual and sexual multiplication results in excretion of oocysts with faeces. Qutside the
host, sporogony occurs, resulting in infectious oocysts and a new host can be infected
(Current et al., 1990). The oocysts of the parasite are very resistant to environmental
influences and difficult to destroy with disinfectants. They can remain infectious for long
periods of time, at least long enough to be carried on to the next flock cycle (Horton-Smith
et al., 1940; Reyna et al., 1983). Even in especially designed isolation facilities coccidiosis
outbreaks occur (Ovington et af., 1995).

To prevent economic losses due to negative effects on production, anticoccidial
drugs are used continuously. World wide sale of anticoccidials for broilers only is estimated
at around $300 million dollars annually (McDougald, 1990), indicating the economic
importance of coccidiosis. Despite standard use of anticoccidial drugs in the chicken’s diet,
losses due to coccidiosis in intensively reared chickens are enormous and are approximately
2.2% of slaughter value (Braunius, 1987). Current losses are estimated at 1,000,000,000 (one
billion) dollars annually in the world (Danforth & Augustine, 1990). This is, amongst
others, caused by parasite resistance to anticoccidial drugs (Chapman, 1993).

However, even without occurrence of drug resistance there might be problems.
These problems occur during the withdrawal period before slaughter, which can be up to
10 days. During this time period, coccidial infection in chickens may occur and results in
damage which cannot be compensated for in the remaining time. These problems may be
especially serious in case of very effective anticoccidial drugs because they do not allow
development of protective immunity, which might be necessary in the withdrawal period.
In broiler breeding or in replacement egg-laying flocks anticoccidials are used at suboptimal
(less than recommended) levels to stimulate immunity formation without losses in
production. This can also be done with usage of "older” less-effective drugs, or with
application of step-down programmes in which the dosage of the drug is decreased
gradually during the rearing period (Shirley et al,, 1995). This is done to allow protective
immunity to build up. The degree of immunity after exposure to primary infections varies

between different Eimeria species. Most immunogenic are the species E. maxima and E.
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brunetti. E. acervulina, E. mitis, and E. praecox are moderately immunogenic, and E. tenella
and E. necatrix are the least immunogenic (Ovington et al., 1995). So, problems arise in
determining the right dosage of an anticoccidial for a good balance between infection and
build up of protective immunity against all species (Shirley et al., 1995). This strategy is
even more difficult in broilers due to the short life span, which is e.g. 5 to 6 weeks in The
Netherlands.

CONTROL OF COCCIDIOSIS

Development of new drugs is very costly and therefore hinders such development
(Aycardi, 1989). Also, the human population becomes more and more repulsive to the
continuous use of drugs in diets of animals kept for human consumption, because of
possible residues in the animal products (Aycardi, 1989; Tarbin et af., 1993). Much research
is focused on attempts to induce protective immunity and to understand mechanisms of it,
and with that trying to develop an effective vaccine {Lillehoj & Trout, 1993). Protective
immune responses can be activated with virulent or attenuated parasites. Critical point with
virulent vaccines is the risk of severe infection (Shirley, 1992). This is especially valid for
broiler production, in which effects of severe infection cannot be completely compensated
for in the short life-span of the animals. Use of attenuated lines results in low oocyst
reproduction and virulence, but it stimulates protective immune response (Liliehoj & Trout,
1993). This is very costly, because attenuated oocysts have to be produced in a large
number of live animals. Moreover, it is very difficult to give birds the adequate dose,
especially when it is administered through drinking water. Until now it is proved to be
only cost-effective in broiler breeder flocks, not in broiler preduction.

Maternal immunisation is possible, but, it only may be effective the first 3 weeks
at maximum (Smith et al., 1994). When infection occurs at or after that moment in a flock
cycle, the negative effects of production can not be compensated before the end of the
grow-out in broilers (Voeten er 4l., 1988).

There is some evidence of difference in susceptibility for coccidiosis between breeds
and of a significant influence of the host genetic background on the development of
protective immunity in young chickens (Mathis et 4/, 1984; Lillehoj, 1988; Lilleho) &
Trout, 1993). So, selection for resistant hosts is another possibility. However, resistance to
one disease might lead to 2 higher susceptibility for other diseases and might be negatively
correlated with production traits (Pinard, 1992).

Today, the diets of chickens consist generally of well grinded ingredients and are
high in energy and low in fibre. This may attribute to atrophy and malfunctioning of the
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gizzard and probably to a worse first defense to coccidiosis (Cumming, 1992). The
malfunctioning digestive organs also might play a role in other diseases, which also may
interact with coccidiosis. Changing diets can lead towards a decrease in negative effects of
coccidiosis as shown by Allen er al. (1996).

Housing systems in which contact with faeces is not possible (for example wired
floors) might be helpful in controlling the coccidiosis problem. However, considering

animal welfare and regulations concerning housing systems, this is not a true solution.

STUDY OBJECTIVE

After summarising the problems with coccidiosis in current control strategies, and
lack of information and limitations of alternative strategies, it can be concluded that there
is a need for a way to control the negative effects of coccidiosis infection instead of
eradication of the parasite. Therefore, knowledge about factors influencing introduction,
course and spread of coccidiosis is needed. This refers 1o epidemiology which is the study
of the natural occurrence of disease. The occurrence of an infectious disease is dependent
on factors and processes that affect transmission and maintenance of disease agents. Both,
host and parasites are influenced by a variety of factors (Scott, 1994). Mathematical models
might be helpful in determining important influencing factors before doing costly
experimental work.

Considering the problems in the control of coccidiosis, a research project was started
to model Eimeria acervalina infections in broilers. The objective was to increase
understanding of factors which influence the dynamics and mechanisms of an Eimeria
infection in broilers and its effect on production, with combined theoretical, and
experimental and field work. This was done according to the cycle of a modelling process
(Figure 1) described by Kettenis (1990). First, a model was developed. Through
experimentation with the model it was determined which experiments had to be done with
the system (i.e. E. acervulina infection in broilers) to validate principles and phenomena
found in simulation results. The main objective of the research project described in this
thesis was focused on (qualitative) validation of the simulation model. Ideally, the project
should contribute in the possibility to evaluate and/or support management decision

strategies with regard to controlling coccidiosis and determination of their effects.
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problem
model
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{ - 1
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adjust model

0o / sufficient yes
- \ confidence

Figure 1. Cycle of modelling process (After: Kettenis, 1990).

THESIS OUTLINE

This thesis consists of 3 parts. The research done in Part I, formulating and using
a computer simulation model, gave rise to hypotheses to be tested in experimental and
observational work, which 1s described in Parts 11 and 1IL

Part I describes the simulation model, especially the population dynamics of the
parasite Eimeria acervulina (Chapter 1.1), and effects of the parasite on broiler production
(Chaprer 1.2). Furthermore, a sensitivity analysis was done to observe parameters to which
the model 15 sensitive (Chapter 1.3).

Most emphasis was placed on Part I, which deals with experimental validation of
the model. This regards validation of parameters and phenomena which are regarded as
very impaortant according to expert’s opinion (Chapter 2.1) or which were missing or less

known when building the model and which turned out to be important in the sensitivity
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analysis. Part II further describes qualitative validation of the model as a whole (Chapter
2.2) and of parts of the model (Chapter 2.3 to 2.5). This approach suits well in
demonstrating principles or phenomena. Demonstration of these principles forms the
leading theme of part IL.

Furthermore, in the simulation model it was assumed that infection with Eimeria
acervnlina occurs in every flock. Data from poultry practice were analysed to investigate
what the actual prevalence is and which factors influence the occurrence in a flock cycle
(Chapter 3).

In the General Discussion the results are discussed with respect to the initial

objective. Aspects for further research are considered.
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CHAPTER 1.1

Description of a simulation model for the population
dynamics of Eimeria acervulina infection in broilers

AM. Henken, HW. Ploeger, E.AM. Graat, T.E. Carpenter
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Reproduced with permission of Cambridge University Press



Description of a simulation model for the population
dynamics of Eimeria acervulina infection in broilers

A M. Henken', HW. Ploeger', E.AM. Graat, T.E. Carpenter’

'Department of Animal Husbandry, Agricultural University,
P.QO. Box 338, 6700 AH, Wageningen, The Netherlands
Department of Epidemiology and Preventive Medicine, School of Veterinary Medicine,
University of California, Davis 95616, U.S.A.

ABSTRACT

A simulation model for the population dynamics of Eimeria acervulina infection in
broilers is presented. The model describes the development of the numbers of parasites in
the various life stages during the growing period of broilers and the empty house period
between grow-outs. The model includes assumptions with respect to development of
immunity to E. acervulina infection and effects of application of anticoccidial drugs. The
model consists of a set of difference equations that are solved numerically at 1 h intervals.
Under constant conditions, an equilibrium level was reached after a few grow-outs during
which infection always peaked around the 2Ist day in the growing period. Within a
growing period, infection peaked earlier {later) than the 21st day in case initial numbers of

sporulated oocysts were higher (lower) than the equilibrium number.

Key words:  simulation, Eimeria acervulina, coccidiosis, anticoccidial drug efficacy, host

immunity, broilers

INTRODUCTION

Coccidiosis is an infectious disease caused by protozoa of various Eimeria species.
Five Eimeria species have been found in broilers, Eimeria acervulina (Tyzzer, 1929), alone
or in mixed infection with E. maxima (Tyzzer, 1929) and/or E. tenella (Railliet & Lucet,
1891), being the most prevalent one (McDougald et al., 1986; Braunius, 1987; Voeten, 1987).
The disease became a significant problem when poultry meat production was intensified
(Reid, 1990). Coccidiosis is combated preventatively by continuous application of drugs in
the feed. Because of this application, clinical coccidiosis does mot occur frequently.
However, subclinical coccidiosis is present in almost every flock. Effects of subclinical

coccidiosis are decreased rate of body weight gain and increased feed to gain ratio. There-
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fore, in spite of advances in chemotherapy, management, nutrition and genetics, coccidiosis
remains one of the most expensive and common diseases of poultry production
{(McDougald & Reid, 1991). Identification of factors affecting economic loss due to cocct-
diosis would require much experimentation and observation. Such research is costly and
time consuming because many factors may be involved. A modelling approach might, there-
fore, be advantageous (Dijkhuizen, 1988; Serensen & Enevoldsen, 1992). A model could be
useful in identifying factors possibly involved and thus might reduce the amount of experi-
mental and {ield research required. The basic model to which such factors could be added
would have to cover three areas: (1) the population dynamics of the parasite; (2) the
production characteristics of the host; (3) a financial summary of flock production allowing
decision-making with respect to management practices in the next cycle. In this paper a
simulation model for the population dynamics of E. acervalina is described. This species

was chosen as it is the most prevalent cause of subclinical coccidiosis in broilers in practice.

MATERIAL AND METHOCDS

General

In The Netherlands, broilers are raised from hatching to slaughter weight in 44 days
at maximum. Between successive flock cycles (grow-outs), a broiler house is empty for
about 1-3 weeks. This empty period may arbitrarily be subdivided into a *dirty’ and a
*clean’ period of about 2 and 11 days, respectively. The dirty empty period is the period
immediately following delivery of the flock to the slaughter house. In this period, litter and
equipment are taken out of the house. The next period, defined as the clean empty period,
is the period wherein the house is thoroughly cleaned, disinfected, littered with fresh
material, equipped and further prepared to receive chicks for the next flock cycle. In order
to describe the population dynamics of an Eimeria infection each of the three periods
mentioned, ie clean empty period, flock cycle, and dirty empty period, respectively,
should be dealt with.

Although E. acervulina is a protozoon and therefore considered to be a
microparasite, it is modelled as macroparasite because of the nature of its life-cycle and
because of the quantitative relation between degree of infection and level of production of
the host (Braunius, 1987; Anderson & May, 1991; McDougald & Reid, 1991).

Clean empty period

The only parasite stages present in the clean empty period will be oocysts that

remained after removal of litter and equipment during the preceeding dirty empty period.
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Chapter 1.1

These oocysts will all be sporulated and thus infective because all have been excreted at
least 48 h earlier. Representing the dynamics mathematically gives the following equation

for the number of sporulated oocysts at each point in time during the clean empty period
(sece Table 1 for symbols used):

SO(I) = (1 - My - 61) x SO(H) (1)

Thus, the number of sporulated oocysts at time t (SO) is estimated by taking the
number present at a previous point in time, represented by t-1, and subtracting those oo-
cysts that died between the time points t-1 and t because of normal biological reasons {u,)

or because of measures intentionally taken by the farmer to decrease their numbers ().

Table 1. Explanation of symbols used in equations,

Symbol used Explanation

SOy Number of sporulated oocysts per broiler present at time t
& Number of trophozoites per broiler present at time t

SCHIL, Number of first-generation schizonts per broiler present at time t

SCHII, Number of second-generation schizonts per broiler present at time t

0O0C Number of cocysts 1o be excreted per broiler present at time t

NSOy, Number of unsporulated cocysts per broiler present at time t

w Mortality coefficient of parasite stage i* due vo normal biological processes

8 Mortality coefficient of parasite stage i* due to additional measures 1aken at the farm

& Proportion of sperulated and unsporulated cocysts present that is ingested at time t
Sporulation coeffient for not yet sporulated oacysts

m; Mulugplication factor when going from stage i* - 1 to stage 1

n Residence time in number of t units in each of the internal host parasite stages, ie. as TR,
SCHI, SCHII and OOC, respectively

AC, Efficacy of anticoccidial at time t at each of the four internal host transitions (from SO to TR,
from TR to SCHI, from SCHI to SCHI, and from SCHII to OOC, respectively)

Iy Immunity at time t preventing development of the next parasite stage at the four internal host
parasite stages

r Proportion of sporulated and unsporulated oocysts in the house removed with litter ac end
of dirty empty period

“im1, SOy during the clean empty period; i=2, SOy, during the flock cycle and dirty empty period; i-3,
TRy i=4, SCHI; i=5, SCHIL; i=6, OOC; and i=7, NSOy, during flock cycle and dirty empry period.

Flock cyde

The life-cycle of the parasite used in the model when broilers are present, is shown
in Figure 1. The equations {2-7) to calculate the numbers of each stage at each point in time
are presented in Table 2. All parasite stages were expressed in terms of numbers of
sporulated cocysts ingested. A description of the coccidian life-cycle is given by, among
others, Kheysin (1972) and Fayer & Reid (1982).
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Oulside bost Tuside Bost

Sporulated oocysts
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Trophozaites

A

First-generation schizonts

h

—

Second-generation schizonts

Oocysts

Unsporulated oocysts

Figure 1. The life-cycle of Eimeria acervulina as used for modelling purposes.

Broilers ingest oocysts from a pool of sporulated cocysts in the house. After
ingestion, the 8 sporozoites present in an oocyst (4 sporocysts with 2 sporozoites each) are
released and penetrate intestinal epithelial cells and develop into trophozoites. Then, a
phase of asexual multiplication (schizogony) begins wherein trophozoites develop into
schizonts of the first-generation from which large numbers of first-generation merozoites
are released. These first-generation merozoites penetrate new intestinal epithelial cells and
develop into schizonts of the second-generation from which large numbers of second-
generation merozoites are released. The phase of asexual multiplication might subsequently
proceed for several more generations depending among others on the Eimerta species and
strain involved. For modelling purposes, however, it is assumed that two schizomt
generations will suffice to represent asexual multiplication. Then, the merozoites of the
second, and last, generation invade new cells wherein they develop into micro- or

macrogametocytes entering a phase of sexual multiplication (gametogony) which ends with
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the formation of zygotes that develop into cocysts to be excreted. At excretion, oocysts

enter the pool of unsporulated cocysts from which they sporulate to enter the pool of

sporulated cocysts. To allow the lifecycle to be completed, the host must be in contact

with its excreta as is the case in broiler production.

Table 2. Equations (2) to (7) for calculation of the numbers of the various parasite stages
(SO(t), TR{I), SCI'H(,}, SCI_HI([), OOC([), and NSO(t), respectivcly) present at each POil’lt in

time during a flock cycle (see Table 1 for symbols)".

Life stage  Staying in Entering new from Leaving to next
aLtime U same stage previous stage stage
80y {1-p8) x fi x NSO, oy X SOy
50¢y
TR(() (1-#3-63} X m; X {I-I(t_“) x (1'AC(|1)) X (1'#3'63)" X my X (I'I([,(n‘,]))) x
TRy gy X SOy (1-ACqary) %
%geny X SOppany
SCHI,, (1-p ) x my % (1L x (1LAC,) x (18" % my X (1-Lgg.q) %
SCHI, (1-psd)" x m, x (-ACp gy x (158" x m; x
(Vg X (1FACeq.y) X (1 gaeny) X (1FAC a0y ¥
ety X SOpqpary Fgnaty X SOggauny
SCHIL, {1-psd) x my x (1-dgg) % (-AC ) x (Lpsdel % my x (1Lgary) %
SCHIL, (1-pe8)" x m, x (1FAC o) % (L-pd)" x my X
(-legany) % (FACeq, ) x (Mgpary) % (1-AC g y) %
{1-ps8y)" x my x (1-p3-8)" x my x
(I legary) % (1-ACegaem) X (L) % (1-ACes0en)
Hpgaety X Spgasy Ynety X SOqgarsy
00C, (1-p8) x m, X (EI. x (1-AC,,) x (1-pebe)® x mg X (1-Tggany) ¥
O0C,, (L-p5-8)° x my (1-AC o) x (E-us8:)” x ms X
(1lggay) X (-ACeg, g X (1-lpgoe1y) X (TACq 0.y X
(1-p5)" x mg x (1-p-8) x m, X
{1‘I(t{zn+|))) % (FAC oy X (L paeny) * (1'AC(I-(}n+1]]) X
{l-py-8y)" x my % {1-p56;)" x my x
(1'1(@:“))) X (1-AC(I-(31HI)J) X (1‘I(v(4n+1)l) % (1-ACqgnrmy) %
Cpaeny X (t0n+1) Qfegnsl)y X 50(.44“1))
NSO, (1-p,-6; my X (1-peBy)" x mg X i x NSOy
- f-!(n)) X (I'Ik-(nﬂ])) x (I'Actl-(n+1))) x
NSOy, (1-p5-8)° x ms x

(l-I(l-{ln~1))) x (1'Ack{2n+l)}) x
(1-pe-8)" x my x

(Hggnen) X (-ACip0.m) ¥
(1-p05)" x my X

(1'I(t{4n+l)l) X (1-ACqu0 ) X
Opfpnar X lha v 1)

*Each row of cells corresponds to one equation, going from equation {2) for SO to equation {7} for NSOy,
Within each row, numbers are calculated as columa 2 plus column 3 minus column 4.
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Simulating E. acervulina infection

The numbers of parasites in the various life stages present at a certain time is
determined by: (1) the flow rate occurring in the cycle, whether this rate is constant or
discontinuous due to time lags; (2} the multiplication factors between adjacent stages; (3)
the prevention or reduction of flow between stages due to anticoccidials used; (4) the
prevention of flow between stages due to immune responsiveness of the host; (5) mortality
due to normal biological processes or due to measures intentionally taken by the farmer
and not included in the former points. The numbers of parasites in a certain stage (Table
2, column 1) are quantified by taking the numbers that will stay in that stage {Table 2,
column 2), adding those that newly enter that stage from the previous stage (Table 2,
column 3} and subtracting those that continue to the next stage (Table 2, column 4).

Dirty empty period
During the dirty empty period alter delivery of the broilers to slaughter, only
sporulated and unsporulated cocysts remain. Mathematically these can be represented as (see

Table 1 for symbols used):

NSO,
ol

(1-py- 8- B) x NSOy (8)
(1-p,-8 + 8) x NSOy ©)

As soon as time has advanced to the end of the dirty empty period, the numbers of
sporulated and unsporulated oocysts are calculated as (see Table 1 for symbols used):

NSO({-Q(\J} -t (1 = I’) X (1 - !Jq - 67 - 6) X NSO({-(&HEH.)) (10)
SO(t,,md) = (1 - l') X (1 - M- 62 + 6) X NSO[[-(md-l}) (11)

The estimate of remaining number of sporulated cocysts using equation (11)
functions as initial environmental contamination level for the subsequent clean empty
period {see equation 1) assuming that all unsporulated aocysts have sporulated or that those

remaining are very small in number relative to the number of sporulated oocyets.

Parameter estimation
The parameter values adopted are summarized in Table 3.

Mortalities (u; and 8). Oocysts are well protected by their cell wall and may survive for long

periods: survival periods of several months have been reported. Normal biological life
expectancy of oocysts is estimated at 60 days (Braunius, 1987). The biological mortality rate
used was therefore p, =1/(60x 24) =0.0007/h. Because of measures intentionally taken at a

farm to decrease survival of cocysts, total mortality presumably will be at least twice the
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Chapter 1.1

normal biological mortality. Therefore, 6, was also set at 0.0007/h. During a flock cycle
and during a dircy empty period life-expectancy of oocysts is considerably reduced in
comparison to that in clean environments. Anaerobic conditions and ammonia production
in litter with excreta are causes for this effect {Long & Rowell, 1975; Reyna et al., 1983;
Mathis et al., 1984). In the model, normal biological mortality rate during the flock cycle
and dirty empty period is assumed to be 5 times higher than in clean environments and
similar for all parasite stages (p;.;=0.0035 {=5xu,)}. Also, in these conditions, additional
mortality due to measures and/or specific farm conditions is assumed at least to equal
normal biological mortality (u; . =5;.,).

‘Table 3. Parameter values adopted in equations (1) to {11).

Parameter Value adopted

#, and 8, 0.0007 per capita morrality/h

gy and 8;-6; 0.0035 per eapita mortality/h

8 0.0588 per eapita sporulation/h

m, 8 wrophozoites/oocyst ingested

m, 1 first-generation schizont/trophozoite

m, 210 second-generation schizonts/fi rst-generation schizonts

m, 105 oocysts to be excreted/second-generation schizont

m, 1 excreted unsporulated cocyst/oacyst to be excreted

n 24 h residence in each of TR, SCHI, SCHII and OOC stage

r in the dirty empty period 90% of the oocysts are removed with the litter and equipment
(r=0.9)

e 0.0008 to 0.008 per capita ingestion rate

AGy, 0 (in withdrawal period) to 75% prevention of upcoming of IR, SCHI, SCHII and QOC
due to anticoccidial efficacy

Iy 5 (natural resistance) to 90% (maximal total immunity} prevention of upcoming of TR,

SCHI, SCHII and QOC

Sporulation (B). Unsporulated cocysts are considered to sporulate at a rate of 0.0588/h
which is based on an average sporulation time of 17 h (McDougald & Reid, 1991).

Multiplication factors (m). The reproduction index for E. acervulina amounts to 72000
(Brackett & Bliznick, 1952). This indicates that after correction for mortality of parasite
stages and for effects of natural resistance of the host, about 72000 oocysts should be
excreted per cocyst ingested in case no anticoccidials are used (AC=0; see equations in
Table 2). The specific m; can then be derived as follows: 1 cocyst will give rise to 8
trophozoites (m;=8). Each trophozoite turns into one schizont (m,=1). Each zygote turns
into one oocyst {m,=1). Moreover, the prepatent period for E. acervulina is 97 h. The level
of natural resistance in a host, i.e. aspecific resistance in a host that never experienced an
E. acervulina infection before, is set at .05 on a scale of zero to 1, the latter representing
full protection. Then, 8x 1xm;xm,x 1x(1-0.0035-0.0035)” x (1-0.05)* = 72000. Assuming first-

and second-generation schizonts are equally productive and m,=0.5x ms, because m, is the
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Simulating E. acervulina infection

result of the combination of one macrogamete and at least one microgamete, then m; is
about 210 and my about 105 (m,=V/(72000/(2x 8 x 0.5056 x 0.8145)})). The numbers for m
and m are high, because the number of schizont generations was restricted to 2 while using
the normal reproduction index of 72000/ cocyst ingested.

Residence time in the various parasite stages (n). The pre-patent period for E. acervulina is
reported to be 97 h. Assuming this period to be equally divided over the TR, SCHI, SCHII
and OOC stage, then n is approximately 24 h.

Litter removal efficdency (r). It is assumed that with the litter the major proportion of

sporulated and unsporulated cocysts will be removed from the broiler house. The constant

r is therefore arbitrarily set at 0.9 on a scale from zero to 1, the latter meaning that all
oocysts are removed with the litter.

Oecyst ingestion {ay). A certain proportion of the sporulated and unsporulated oocysts in
the environment will be ingested by a host probably along with litter. This proportion is
represented by a and is assumed to be related to feed intake as an indicator for foraging

activity:
= ¢ x FI(,), (12)
where, ay = proportion of oocysts ingested at time t,

¢ = amount of oocyst intake/g of feed intake,

FI, = feed intake at time t.

It can be expected that o is small and laborious to estimate. It 15, however, an
important variable in the population dynamics of coccidiosis. In our companion paper on
effects of coccidiosis on production characteristics (Henken et «f., 1994), it is shown that
feed intake at a given time can be estimated from feed requirements for maintenance and
body weight gain. These requirements for maintenance and body weight gain can be
determined when body weight at a given time is known. Estimation of body weight in
relation to age was done using a Gompertz growth curve (Ricker, 1979; Ricklefs, 1985,
Zoons et al., 1991). Feed intake was calculated to vary from about 0.52 g/h at young age
to about 5.2 ¢ towards the end of a 44 day grow-out period. Average daily gain would then
be about 40 g with a feed to gain ratio of about 1.85. With a ¢ value set at 0.0015, &,
would vary from about 0.0008 to about 0.008/h and be within the range given by Parry
et al. (1992). The latter are the only authors in the literature who reported a value for
oocyst ingestion rate.

Anticoccidial efficacy (ACg). Fxcept for an obligatory pre-slaughter withdrawal period for

some drugs, a broiler feed will always contain an anticoccidial drug under current intensive
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management systems {McDougald, 1982). These drugs, however, do not often totally
prevent development of intermediate parasite stages, since it was shown that immunity to
ingested Eimeria species can develop despite drug usage. This phenomenon provides some
protection during the drug withdrawal period towards the moment of delivery to the
slaughter house. The mode of action is not known for all drugs. In the model it is assumed
that anticoccidials are equally efficacious at each of the four internal parasive transitions,
i.e. from oocyst ingested to trophozoite, from trophozoite to first-generation schizont, from
first- to second-generation schizont, and from second-generation schizont to cocyst to be
excreted. An anticoccidial efficacy of 75% was assumed, which means that at each of the
four transitions only 25% of the potential number of the next stage evolves. Furthermore,
it was assumed that after withdrawal of the anticoccidial from the feed, anticoccidial
efficacy will continue to remain in full effect for 48 h more, after which it abruptly is set
at zero, Withdrawal of anticoccidials was assumed to begin 5 days before slaughter.

Natural and acquired vesistance (y). At the start of a flock cycle, chicks are immunologically
unprotected to Eimeria infection except probably for some innate, natural, resistance level.
Maternal immunity with respect to coccidiosis is considered to be unimportant in practice.
Following Eimeria infection, specific disease resistance will develop dependent on the level
of infection in time (Joyner & Norton, 1976). It is, however, assumed that in broilers this
immunity will never reach the 100% level, meaning that full protection by immunity alone
is not possible. It is also assumed that there will be no loss of immunity once it starts to
develop or has developed. Although this may not be entirely true for all chickens (Rose,
1978, 1982) it seems to be a reasonable assumption for broilers because they are slaughtered
at the relatively young age of about 44 days and exposure 1o Eimeria parasites in practice
probably will be more or less continuous. Although not all internal host parasite stages
may be equally immunogenic, the model uses at each point in time the summation of the
cumulative numbers of new TR (=SCHI), SCHII and OOC as a measure of the amount
of immunogen encountered (defined as CUMIM). Immunity was assumed to develop accor-

ding to a growth function similar to the Gompertz equation for body weight development:

Iy = Lo x explIn{l,../1) x explky x t)], (13)
where, Ly = immunity at age t with an initial value I,
Loax maximum attainable level of immunity as a proportion on a
scale from zero to 1, the latter meaning total protection,
I, = innate, natural, level of resistance,
kg = rate of attainment of 1.
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'The rate parameter kg in equation (14) can vary from k;, to k,, depending on
CUMIM, the amount of immunogen encountered. When no infection occurs, specific
immunity does not develop. In this case immunity will remain at the I, level. Then, if I,
is assumed not to change with age as such, k., can be set at zero. It is assurned that k,
1s reached when CUMIM reaches a certain level. Beyond that CUMIM level, stimulation
of immunity remains maximal at k,,,,. Then, the equation for k;, becomes:

k(l) = kmax X (CUMIM([_hg)/CUMIM(k_km“J), (14)
where, kg = rate of attainment of [ at age t, with the restriction that
knin < ky = ko
krmx - k-value When CUMIN[HI&) = CUMIN(k_kmu},

CUMIM,,, = summation of the cumulative numbers of TR (=SCHI),
SCHII and OOC a age tlag. If CUMIM,, >
CUMIMO_km) then CUMIM(I_'IJQ - CUMIMU‘_km],

lag = time delay between occurrence of parasite stage and its effect
on k(l),
CUMIM{ypy = the cumulative amount of internal host parasite stages at

which kg, becomes k,,.

The time lag between contact with immunogen and resulting effect on ky, was
assumed to be 5 days. The cumulative amount of internal host parasite stages at which kg,
becomes maximal was set at 20000. Other assumptions made were: I,=0.05, I, =~0.9 and
k. =0.0065.

Initial conditions and calculations

At the start of simulation, the number of sporulated oocysts present in the house
per broiler to be placed in the subsequent grow-out (S5O.g) and the number of cycles 10
be simulated {CYCLES} must be provided. In the model, a ¢cycle comprises an 11 day clean
empty period, a 44 day flock cycle (grow-out), and a 2 day dirty empty period. The model
solves the equations numerically at 1 h intervals proceeding from the beginning of the first
clean empty period (t=0) to the end of the last dirty empty period (t=CYCLES x
(11+44+2) x 24 h). The model was written in Turbo Pascal 6.0 (Borland International,
Scotts Valley, CA, USA) on a IBM compatible computer.

To demonstrate the model, three levels of SO, were simulated. The choice of
these levels was based on results of preliminary runs of the model over more than one

cycle. These preliminary simulations showed that after a few cycles the number of SO with
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which each subsequent cycle within the same run would start off with became constatn.
This happended irrespective of the initial SOy provided to each simulation run, and is
to be expected given that all conditions were kept constant for each flock cycle to be
simulated within one run and enhanced by the fact that so far no stochastic processes are
involved. The value of that resulting constant number of SO for each subsequent cycle was
taken as the ’equilibrium’ initial contamination number of oocysts provided to the model
(8O¢.y=17). This number was used as the basis to describe the results by providing it to
the model and simulating one cycle and repeating this for a 100 times higher and a 100
times lower SO;_g. In practice, changes will occur and decisions will be made from one
cycle to the next. Consequently, it will be rare to find between subsequent flock cycles a
constant initial contamination level, Therefore, we only show results for one flock cycle
within each simulation run to demonstrate model behaviour in temporal numbers of

parasite life-stages in dependence of the initial contamination level.
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Figure 2. No. of sporulated oocysts per broiler to be placed in the next flock cycle during
clean empty periods at the equilibrium (o), high (a), and low () initial contamination level.

RESULTS

During the clean empty period the number of sporulated oocysts declined due to
natural () and additional {8,) mortality. After 11 days, 69.1% of the original 5O.q4
remained which corresponds to (1-0.0007-0.0007)11%2 x 100% (Figure 2).
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During the flock cycle, broilers ingested oocysts at a rate «. At the equilibrium
initial contamination level, the number of sporulated oocysts in the environment peaked
at Day 21 of the flock cycle with a value of 100321 (Figure 3). For the high and low initial
contamination levels the peak days with respect to number of sporulated oocysts were Day
13 and Day 27, respectively, with peak values of 117524 and 99676 (Figures 4 & 5).
Numbers of unsporulated oocysts (NSO) peaked about 1.5 days before numbers of
sporulated oocysts did (peak NSO numbers for equilibrium, high and low initial
contamination levels were 31691, 39147, 36857, respectively). Numbers of SO and NSO at
the high initial contamination level remained high for a longer period of time than those
at the other contamination levels (Figure 4 os. Figures 3 & 5). The ococyst ingestion rate
increased over time except for a short period of time where growth rate and feed intake,
were reduced by the Eimeria infection (Figure 6, equation 13). From the innate, natural
resistance level, immunity increased sigmoidally (Figure 7). At the high iniuial
contamination level, the amount of immunogen encountered rose more sharply than at the
other initial contamination levels (Figure 4 os. Figures 3 & 5). At this high level, immunity

status developed according to the maximum rate from a relatively young age onwards.

Life stages ("log(ao.+1))

o p I i i L L rl rl
0 7 14 21 28 35 42

Time of flock cycle (days)

Figure 3. No. of sporulated { ) and unsporulated ( - -} cocysts, and cumulative
number {- - —-) of new trophozoites, second-generation schizonts and oocysts to be
excreted (CUMIM = new (TR.; + SCHIIL,_; + OOC._;), i =start, end} per broiler during
the flock cycle at the equilibrium initial contamination level (50,_y=17).
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Life stages (*"log(no.+1))

0 M . ) L L ;
0 7 14 21 28 35 42
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Figure 4. No. of sporulated ( ) and unsporulated ( - -) oocysts, and cumulative
number (~— - —) of new trophozoites, second-generation schizonts and oocysts to be
excreted (CUMIM = new (TR, + SCHII, + OOC,_;), i=start, end) per broiler during
the flock cycle at the high initial contamination level (SO;.q=1700).

At the beginning of the dirty empty period, sporulated as well as unsporulated
oocysts remained in the house (Figure 8). Their numbers decreased over time, with a 90%

drop at the end associated with removal of litter and equipment.

DISCUSSION

In the model it is assurmed that sporulated oocysts always will be present in a broiler
house. Their numbers, however, may vary with management practice. When broiler houses
are cleaned and disinfected between cycles, as is done in The Netherlands, the initial
number of oocysts probably will be low compared to situations where such management
practices are not in use. There have been few quantitative studies of oocyst numbers in
broiler house litter (Chapman & Johnson, 1992). Maximum oocyst numbers usually occur
at 4-5 weeks of age in commercial broiler flocks followed by a decline {Long & Rowell,
1975; Reyna et al., 1983). Time of peak numbers of cocysts may vary between Eimeria
species. Qocyst numbers of E. acervulina peaked on average at Day 23 of the flock cycle,
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of E. maxima and mixed infections at Day 26, and of E. tenella at Day 29, using data from
Dutch broiler farms (Braunius, 1987). The initial number of cocysts present will probably
affect the chance of ingestion and thereby determine the timing of peak infection. This
timing is important with respect to the amount of production depression (decreased body
weight and worsened feed conversion), and thus economic loss, to be expected {(Voeten,
1987). When the intention is to take advantage of the immune responsiveness of the host
to combat the negative effects of coccidiosis, it may be advisable not to disinfect the
environment to facilitate early exposure to the parasite (Fayer & Reid, 1982; Voeten, 1987;
Reid, 1990). The advice to use less effective anticoccidial drugs at the beginning of a flock
cycle is in line with this (Braem & Suls, 1992). Tt might, however, be that at early infection
age may limit immune reactivity of the host (see Figure 7). As probably early infection is
correlated with relatively heavy infection, decreased hygienic measures in the empty period
may not be the advisable way to facilitate exposure, not even mentioning the risk of other

disease outbreaks as well.
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Figure 5. No. of sporulated ( ) and unsporulated { - -) oocysts, and cumulative

number (- —— -} of new trophozoites, second-generation schizonts and oocysts to be
excreted (CUMIM = new (TR, + SCHII, ., + QOC,_;), i=start, end) per broiler during
the flock cycle at the low initial contamination level (SO _q=0.17).

The oocyst ingestion rate increased in time during a flock cycle because feed intake
increased. When infection reached a certain level, defined by Henken er al. (1994) as the
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production effect threshold level, feed intake fell temporarily to a lower level and, as a
consequence oocyst ingestion decreased too. In practice, this may happen also at the end
of a flock cycle in case long withdrawal periods are applied. Peak values of infection
occurred because hosts mounted an immune response agatnst the parasites. According to
Long et al. (1975), three factors may contribute to a decrease in cocyst numbers in the litter
of older birds: decreased excretion of oocysts due to development of immunity; increased
mortality of cocysts due bacterial action and ammonia production; and suppression of
cocyst production due 1o the effect of drugs. In our model, only immunity was varied in
time while parasite mortalities, whether due to normal biological reasons, anticoccidial
efficacy or additional measures, remained constant. It can be shown that at constant
conditions, drug efficacy as such cannot be a reason for occurrence of peak oocyst presence:
infection would steadily decrease or increase av constant immunity and mortality, In
contrast to what is assumed in the model, cocyst mortality may increase with time due to
changing ratio of excreta to litter as the birds grow older. Although anticoccidial efficacy
as such may not cause a peak in infection, the balance between anticoccidial efficacy and
immune potential (I, and rate of attainment of [, see equation 14} is probably very
important. When irregularities in one or both occur, the infection ray increase
uncontrollably (Graat et 2., submitted).
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Figure 6. Oocyst ingestion rate during flock cycles at the equilibrium (o), high (s), and low
() initial contamination level.
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Figure 7. Immunity status of hosts during flock cycles at the equilibrium (o), high (a), and
low (%) initial contamination level.

During the dirty empty period, model output for the low initial contamination level
was somewhat above, and for the high initial contamination level, somewhat below that
of the equilibrium level. When run over more cycles, the low and the high level would
stabilize at the equilibrium level. Therefore, these imitial deviations are considered to be
caused by overcompensation en route towards equilibrium.

The present model was developed to serve as research tool. Models as such can be
very effective in developing understanding of the ecology and population dynamics of
parasite populations {see for example Anderson & May, 1991). Although the model
presented does not, for instance include stochastic elements with respect to oocyst ingestion
or immune reactivity, it will help focus future experimental and observational research on
missing or less known important quantitative aspects of the life-cycle of the parasite (see
Graat et al., 1994) and its effects on production. As such, deterministic models are useful
for determining the sensitivity of a system’s behaviour to changes in certain parameters
(Hurd & Kaneene, 1993). A sensitivity analysis of the present model to parameters related
to the population dynamics of E. acervulina infection in broilers will be presented by Graat
et al. (subrmitted).
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Figure 8. No. of sporulated (open symbols) and unsporulated {closed symbols) oocysts per
broiler grown in the previous flock cycle during the dirty empty period at the equilibrium
(0), high (), and low (¥) initial contamination level.
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ABSTRACT

A simulation model for effects of Eimeria acervulina infection on technical and
economic characteristics in broiler production is presented. The model describes
development over time of the growth depression, feed intake reduction, and decrease in
feed efficiency associated with infection. The model also shows a phase of compensatory
growth during which earlier negative effects are counterbalanced, at least partly. Major as-
sumptions made were: infection with E. acervuiina occurs in each flock; production is affec-
ted in each flock; compensatory growth takes place because immunity develops and cell re-
generation occurs. The results show that the pattern of development of the production
characteristics during a flock cycle depends on the initial contamination level. Both, a high
and low initial contamination level results in a lower average daily gain, a worse feed to

gain ratio, and a reduced net revenue compared to an intermediate contamination level.

Key words: simulation, Eimeria acervulina, coccidiosis, production characteristics, net

revenue, broilers

INTRODUCTION

Coccidiosis is an infectious disease caused by protozoa of various Eimeria species.
Eimeria acervulina (Tyzzer, 1929), alone or in mixed infection with E. maxima (Tyzzer,
1929) and/or E. tenella (Railliet & Lucet, 1891) is the most prevalent agent causing
coccidiosis in broilers (McDougald et @/, 1986; Braunius, 1987; Voeten, 1987). Because of
continuous application of drugs, clinical coccidiosis no longer occurs frequently. However,
subclinical coccidiosis is present in almost all broiler flocks. In 2 companion paper {(Henken
et al., 1994) a simulation model for the population dynamics of an E. acervulina infection

in broilers was described.
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Effects of E. acervulina infection

Occurrence of subclinical coccidiosis in broilers has large effects on production.
Voeten (1987) reported that subclinical coccidiosis decreased net revenue per broiler, on
average, by DFL 0.06 to 0.07 (1 DFL = 0.56 US$), mainly due to a decreased rate of gain
and worsened feed to gain ratic. Subclinical coccidiosis may increase the {eed to gain ratio
by 0.1 kg of feed/kg of body weight gain and may reduce body weight at the time of
slaughter by 100 g (Voeten, 1989). Comparison of measures to combat subclinical
coccidiosis should be based on the efficacy of those measures to reduce loss of production
or, in economic terms, to reduce loss in net revenue. Ideally, such a comparison of efficacy
should be done before a specific measure is chosen. To allow a priori comparison, the
relation between the population dynamics of the parasite and its effect on the host should
be known. In the present paper a theoretical model is presented that simulates the effects

of an E. acervizlina infection on production characteristics and net revenue.

MATERIAL AND METHODS

General

In The Netherlands, broilers are raised from hatching (about 40 g) to slaughter
weight (about 1800 g) in 44 days at maximum with a feed to gain ratio of about 1.85.
Between flock cycles (grow-outs), a broiler house is empty for about 1 to 3 weeks. The
population dynamics of the parasite during grow-outs and empty periods were described
by Henken ez 2. (1994), who assumed subclinical coccidiosis always to be present. A major
assumption in the present paper is that beyond a certain level (threshold) of infection,
production will be negatively affected. Moreover, beyond that level, the negative effect will
be greater at higher infections. The production characteristics to be dealt with are: body
weight development, feed intake, feed to gain ravio, and host mortality.

Body weight development
The development of body weight of broilers over time may be described by a
Gompertz equation (Ricker, 1979; Ricklefs, 1985; Zoons et al., 1991). This equation was

rewritten to:

BW(y = BW(_g x exp[RGyy x (1 - exp(rg x 1))}, (M
where, BWy =  body weight at age 1,
RGgy =  rate of attainment of mature weight,

rg =  instantaneous rate of growth at the inflection point.
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Parameter rg was found by dividing absolute daily body weight gain at the
inflection point (about 60 g/d) by body weight at that time (about 1400 g){rg ~ 0.043/day).
Parameter RGy was calculated as:

RGy = RG' x (1/(1 + € x (DCgy - DCypreshaid)) e
where, RG(t) = rate of attainment of mature weight,
RG’ = rate of attainment of mature weight without infection,
€ = effect of one DC on RG’ above DCy 145
DC(I) = number of damaged cells at time t,
DC. eshold = threshold level of DC beyond which growth rate will
be reduced.

Equation (2) was used in case DCyy was greater than DCypy egholgs otherwise RG
was used for RGy. Parameter RG” can be estimated as exp(rg x t,) where t, represents the
age of broilers at which the inflection point in the growth curve cccurs (about 5 weeks).
Consequently, a value of 4.5 was adopted for RG’ . The parameter DCyy was estimated by
using the cumulative number of new evolving internal host-parasite stages, assuming that
each new stage damages one cell (except when proceeding from trophozoites to first-
generation schizonts), corrected for cell regeneration. By definition, without regeneration
correction, this parameter is identical to CUMIM (cumulative amount of immunogen
encountered) as used by Henken ez 4l (1994). So, DCyy can be calculated as:

DCy = (1-7) x DCyyy + NEW,, (3)
where, DCy = number of damaged cells at time 1,

v = regeneration rate of DC,

NEW, = new evolving damaged cells at t.

The parameter NEW, was obtained from the model that simulates the population
dynamics of E. acervulina (Henken et al., 1994). The constant y was set at 0.004/h,
assuming that restoration of cell function takes about 1C days counted from the moment
the specific cell was invaded by a parasitic life-stage. The constants DCyy, .14 and € were
arbitrarily set at 1000 and 3x 107, respectively.

Feed intake and feed to gain ratio
Feed intake can be expressed as a function of metabolic body weight (BW7), as
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