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The dynamics of parasite–host systems can be complicated if the parasite life cycle contains an obligatory

environmental stage and if the hosts’ immunity increases upon re-infection. The dynamics then greatly

depend on the relation between infection history and parasite uptake and excretion of individual hosts. In an

effort to better understand such systems, westudyEimeria spp. in chickens as our model. In this paper we take

a first step and study the within-host dynamics of Eimeria spp., transmitted through oocysts in the

environment, with a mathematical model for the parasite life cycle in discrete time, interacting with a single

variable describing the immune response. The model can explain various types of oocyst input–output

behaviour as described inprevious experiments, inparticular the characteristic crowding effect, whichcauses

a decreasing oocyst production with increasing single dose oocyst uptake. Oocyst excretion during constant

oocyst uptake (trickle infection) and the immunizing effect of single and trickle infections also appears in

accordance with published experiments. The model seems a good description of oocyst input–output

behaviour in individual hosts; it provides a solid basis for the study of between-host dynamics, where

individuals interact in acommon environment, therebyaffecting their own andeach other’s infection pattern.
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1. INTRODUCTION
A large class of infectious disease systems is characterized

by essential environmental stages in the parasite life cycle,

which causes heterogeneity in exposure to infection in

time and space and in parasite load and infectivity of

hosts (e.g. Roberts et al. 1995). Complexity can even

increase, as many of these parasites induce an acquired

immune response, which becomes stronger upon re-

infection and reduces the excretion of infectious material

(e.g. Anderson 1998). As a consequence, these parasites

both give rise to and experience a very heterogeneous

host population with respect to immune response

capability. In previous work, a model was studied for

such a host–parasite system, where a very simple but non-

trivial description of within-host dynamics was combined

with between-host spread (Roberts & Heesterbeek 1998).

This work showed that the dynamics of the system as a

whole become complex and the outcome of control

measures unpredictable. Obtaining insight into the

dynamics of such host–parasite systems is essential for

planning and evaluating control strategies. To this end we

started a project in which experiments are combined with

mathematical modelling to investigate the full cycle of

within- and between-host parasite dynamics of a

protozoan parasite. Here we report on a first step in

this larger study. We address here the relation between

infection history, uptake of parasites and excretion of

parasites at the individual host level.

As a model system, we consider infection of chickens by

protozoans of the genus Eimeria, causing coccidiosis. The

disease is endemic to the poultry industry worldwide and
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it mainly reduces production, although it can cause severe

intestinal damage (Allen & Fetterer 2002). In chickens,

seven species of Eimeria are known that differ in their

location in the gut and that do not seem to induce cross-

immunity. Eimeria is capable of eliciting an effective

acquired immune response in chickens, which can reduce

epithelial lesions, growth reduction and oocyst

production upon challenge infections (Lillehoj & Lillehoj

2000; Yun et al. 2000; Allen & Fetterer 2002).

In this paper, we study oocyst uptake and excretion in

relation to the acquired immune response, by means of a

mathematical model. A specific feature of protozoan

infections is that parasite load increases both by multipli-

cation within the host and by reinfection, whereas

microparasites mainly use multiplication and macropar-

asites re-infection. Therefore, studying the dynamics of

protozoan infections requires an approach that combines

both mechanisms. In the model, the parasite life cycle

within the chicken is described with both mechanisms

separately interacting with a simple immune response

variable. Since many experiments have been conducted in

which known quantities of oocysts were fed in one or more

doses and oocyst excretion was measured, we use those to

validate the model qualitatively and to estimate some of

the parameters.
2. THE MODEL
(a) The Eimeria cycle

Figure 1 shows the development of Eimeria spp. inside the

host: a process with distinct, successive developmental

stages (Allen & Fetterer 2002). After uptake of oocysts by

the bird, sporozoites are released, which enter the

gut epithelial cells and form first-generation schizonts
q 2005 The Royal Society
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Figure 1. Schematic of the Eimeria cycle and the interaction with immunity. The outer ring of boxes and dashed arrows is
the complete cycle as described in the text, and includes the model equation (2.1). The inner ring of large boxes and bold
arrows is the reduced cycle of model equation (2.2), interacting with immunity through stimulation (dotted lines with open
arrows) and inhibition (dotted lines with large dots).
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the second day after infection. In the schizonts,

asexual proliferation takes place, resulting in the release

of first-generation merozoites into the intestinal lumen on

the third day. The merozoites infect new epithelial cells,

thereby forming second-generation schizonts the fourth

day after infection, which may be followed by third or

fourth generation schizonts depending on the Eimeria

species. Cells infected by the last generation merozoites

will harbour gamonts, in which sexual reproduction cells

are produced. From male gamonts, microgametocytes are

released to fertilize the female macrogametes. The result-

ing zygote turns into an unsporulated oocyst, which is shed

by the chicken on the eighth day after infection. In the

outside environment, the oocyst sporulates in 2 days and

can be ingested by a bird to complete the cycle. All times

are approximations and may be different for each Eimeria

species, for example, oocyst excretion after a single

infection may be observed 4–15 days after infection

(Williams 2001; Allen & Fetterer 2002).

We use a discrete-time model with a time unit of 1 day

for the description of Eimeria development. The variable

wt is the number of oocysts ingested (at day t), xð1Þt and xð2Þt

are the numbers of first- and second-generation schizonts,

uð1Þt and uð2Þt are the numbers of first- and second-

generation merozoites, and zt is the number of shed

oocysts. The parameters a1–a5 are the coefficients of the

assumed linear relations between the subsequent stages of

the Eimeria cycle; l1Za2a3 and l2Za4a5, so l1 and l2 are

the number of second-generation schizonts per first-

generation schizont, and the number of shed oocysts per

second-generation schizont, respectively. Without inter-

action with the immune system, the model reads:

xð1ÞtC2 Z a1wt

uð1ÞtC3 Z a2x
ð1Þ
tC2 Z a1a2wt

xð2ÞtC4 Z a3u
ð1Þ
tC3 Z a1a2a3wt Z a1l1wt

uð2ÞtC5 Z a4x
ð2Þ
tC4

ztC8 Z a5u
ð2Þ
tC5 Z a4a5x

ð2Þ
tC4 Z l2x

ð2Þ
tC4

(2.1)

The linearity of the model allows us to omit the merozoite

stages u(1) and u(2) and use the model as depicted in

figure 1 in the rest of the paper.

The fecundity of Eimeria, in the model equal to a1l1l2,
Proc. R. Soc. B (2005)
is in the range of 103–106 oocysts excreted per oocyst

(Williams 1973; Joyner & Norton 1976; Norton & Joyner

1986; Williams 2001), whereas a1 is maximally eight,

because each oocyst contains up to eight sporozoites. For

the only two Eimeria species for which there is some

evidence, Eimeria tenella and Eimeria necatrix, it has been

reported that the numbers of merozoites are approxi-

mately equal in the first two schizont generations, and

smaller in the third generation (McDonald & Elaine Rose

1987); therefore, in the model we will assume l1Zl2.
(b) The immune response

Eimeria infections cause species-specific immune

responses (Lillehoj & Lillehoj 2000; Allen & Fetterer

2002). Although humoral as well as cellular immune

responses have been observed, the major actors of the

immune system in the control ofEimeria infections seem to

be the CD8C T cells. These cytotoxic T lymphocytes

(CTLs) are often observed around infected epithelial cells

and proliferate upon the encounter of antigen in vitro.

CTLs act against the intracellular stages of Eimeria by lysis

of infected cells, and thus reduce the production of

merozoites or gametes (Lillehoj & Lillehoj 2000; Allen &

Fetterer 2002). Therefore, immunity is incorporated into

the model by reducing the numbers of merozoites per

schizont, depending on the force of an immunity variable yt.

The model with immune response becomes (figure 1):

xð1ÞtC2 Z a1wt

xð2ÞtC4 Z a1l1wt f ð ytC2Þ

ztC8 Z l2x
ð2Þ
tC4 f ð ytC4Þ

ytC4 Z gð ytC2; x
ð1Þ
tC2 Cxð2ÞtC2Þ

(2.2)

The function f(yt) is the fraction of successful schizonts,

and gð yt ; x
ð1Þ
t Cxð2Þt Þ describes the development of the

immune response. Because an increase of the numbers of

T cells in the gut was observed 4 days after infection

(Vervelde 1995), we chose the immune variable yt to react

to schizonts with a delay of 2 days to have a similar timing

to the primary response.

The behaviour of the model can be studied by only

regarding xð2Þt and yt in relation to wt. The excretion

variable zt does not determine the model’s behaviour, but
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is interesting to study because of the relation to

experimental data. Changing the time unit to t 0Z2t

(time is now measured in units of 2 days), dropping the

accent and the superscript (2) yields the model:

xtC2 Z a1l1wt f ð ytC1Þ

ytC2 Z gð ytC1; a1wt CxtC1Þ

ztC2 Z l2xt f ð ytÞ

(2.3)

(c) The functions f and g

The inhibition function f(y) describes the relation between

the amount of immunity y and the fraction of schizonts

developing into merozoites. Because absence of immunity

should result in uninhibited schizont development and

increasing immunity should lead to decreasing schizont

development, two conditions for f(y) are: f(0)Z1 and

f 0(y)%0c{yjyR0}. We considered two simple functions, a

negative exponential and a hyperbolic, and let the

experimental data decide, resulting in the hyperbolic

relation (see §3a):

f ð yÞZ 1=ð1CymÞ: (2.4)

If mZ1, f(y) describes an inverse linear relation between y

and the development of schizonts. The case mO1 reflects

a situation in which immune cells enhance each other’s

effectiveness, for instance by releasing cytokines to attract

more T cells to infected sites in the gut. If m!1, the

immune cells would be inhibited in the presence of many

cells.

The function g describes the new amount of specific

immunity y as a function of the previous y and the number

of schizonts present. Conditions for g are that naive

immune cells should be stimulated by antigen, that

specific immune cells should proliferate upon the encoun-

ter of antigen, and that immunity should decrease in

absence of schizonts. The most simple function fulfilling

these three conditions has linear growth and decline and

has interaction based on a law of mass action encounter

rate between host immune cells and schizonts:

gð y; a1wCxÞZayCbða1wCxÞCgyða1wCxÞ (2.5)

That is, we let y increase linearly with the number of

schizonts reflecting stimulation of naı̈ve cells, determined

by b (bR0), and with additional growth driven by an

interaction of present immunity and schizonts reflecting

proliferation of specific cells, determined by g (gR0).

Finally, a fraction a (0%a%1) of y will survive to the next

time step.
3. MODEL ANALYSIS
We analysed the model by studying three types of model

experiments that were related to published empirical

experiments. In the first type of experiment, the relation

between a single oocyst uptake w0 and oocyst excretion z4

was studied assuming x0Zy0Z0. The results were

compared with cumulative oocyst excretion data for

naive chickens that were given different single oocyst

doses (Brackett & Bliznick 1952; Williams 1973, 2001;

Johnston et al. 2001). The experiments indicated a so-

called crowding effect, where high doses give rise to lower

excretion than intermediate doses (see figure 2, data from

Williams (2001)).
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In the second type of experiment, a constant oocyst

uptake �w per time unit was assumed, and the resulting

model behaviour was analysed. The results should agree

with experiments on chickens that were given small oocyst

doses at regular time-intervals (Joyner & Norton 1976;

Norton & Joyner 1986; Galmes et al. 1991; Parry et al.

1992; Stiff & Bafundo 1993; Graat 1996; Graat et al.

1997). All data showed that these so-called trickle

infections lead to cessation of oocyst excretion, with

doses ranging from 1 oocyst per day to 28 000 twice per

week.

In the third type of experiment, administration of a

single oocyst dose ws or 10 consecutive doses ws/10 were

compared with respect to the resulting duration of

protection against challenge infection. The results should

agree with experiments on chickens that were immunized

with a single dose or with the same amount of oocysts in

multiple small doses at regular time-intervals (trickle

immunization; Joyner & Norton 1976; Norton & Joyner

1986; Galmes et al. 1991; Nakai et al. 1992). The

experiments showed that trickle immunization reduces

oocyst excretion upon a challenge infection much better

than single immunization.
(a) Single oocyst doses

Oocyst excretion after a single oocyst dose is described by

z4ðw0ÞZ
a1l1l2w0

1C ðba1w0Þ
m

(3.1)

if x0Zy0Z0, for primary infections. On log–log scale, the

oocyst input–output relation

log z4 Z log w0 Cp1 K logð1C10mðp2Clog w0ÞÞ; (3.2)

with p1Zlog(a1l1l2) and p2Zlog(ba1), is depicted in

figure 3a for the parameters a1Z4; l1Z100; l2Z100;

bZ0.001; and mZ1.2. The graph starts with a linear

increase, then saturates to reach a maximum oocyst

output, and from that decreases linearly.

In the first linear part, ba1w0z0, resulting in the

relation:

log z4 Z log w0 Cp1: (3.3)

The slope of the line is 1, because a small w0 results in

an excretion of a1l1l2 oocysts per ingested oocyst.

In the second linear part, ba1w0[0, resulting in the

relation:

log z4 Z ð1KmÞlog w0 Cp1 Cmp2: (3.4)

The slope of the line is 1Km, which indicates that a

decreasing oocyst production with high w0, as observed in

many experiments, requires a nonlinear inhibition func-

tion f, with mO1. If the immune effector function f were a

negative exponential instead of a hyperbolic function, the

graph would decrease much faster, which is not supported

by experimental data (Brackett & Bliznick 1952; Johnston

et al. 2001; Williams 2001).

The data of Williams (2001) were used to estimate the

parameters p1, p2, and m by least-squares on the log scale.

The resulting curves are shown in figure 2, with the

original data. By bootstrapping the residuals (BZ10 000

replications), 95% percentile intervals were obtained

(Efron & Tibshirani 1993). From table 1, showing the
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Figure 2. Relation between oocyst uptake and excretion for all seven Eimeria species. The points are the data from Williams
(2001); the lines are the model fits.
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parameter estimates for all seven Eimeria species, it

appears that the fecundity (Za1l1l2) of most Eimeria

species is around 104.5, ranging from w103 to w105.3.

When assuming that a1Z4, half of its maximum, b ranges

from w10K5.0 to w10K2.3.
(b) Model behaviour during trickle infections

In the second type of experiment, model behaviour

resulting from a constant oocyst uptake �w was analysed.

Possible equilibria �y are solutions to the equation

�ymð �yð1KcÞKbÞC �yð1KcKcl1ÞKbKbl1 Z 0; (3.5)

with

bZ
ba1 �w

1Ka
; cZ

ga1 �w

1Ka

The model (equations (2.3)–(2.5)) determines the

corresponding equilibria �x and �z.

The quantity b can be interpreted as the amount

of immunity owing to all previous first generations of

schizonts and produced independently of present immu-

nity. The quantity c has a similar interpretation, only that it

is the production per unit of immunity in the equilibrium.

Hence the equilibrium amount of immunity owing to all

previous first generations of schizonts is bCc �y. The

dynamic behaviour depends on the value of the quantity c.

For cR1, it is easy to see that there exists no equilibrium

�y, because the total amount of immunity in the equilibrium

�y should be larger than or equal to the immunity owing to

the first generations of schizonts. If cR1, then gð y; a1 �wC
xÞOy for all y, which means that the decay of immunity

(1Ka)y is smaller than the induction of immunity by the



Table 1. Least-squares estimates (LSEs) and 95% bootstrap percentile intervals (PIs) for the three parameters of the single dose
input–output relation (3.2), for all seven Eimeria species.
(Data from Williams (2001).)

Eimeria species p1Zlog(a1l1l2) p2Zlog(ba1) m

LSE 95% PI LSE 95% PI LSE 95% PI

E. acervulina 2.97 (2.63; 3.36) K4.43 (K5.24; K3.00) 1.14 (0.65; 2.00)
E. brunetti 5.34 (4.91; 6.18) K1.82 (K2.29; K1.01) 1.40 (1.27; 1.53)
E. maxima 3.93 (3.79; 4.12) K2.28 (K2.56; K1.96) 0.97 (0.91; 1.04)
E. mitis 4.60 (4.35; 4.78) K2.63 (K2.99; K2.21) 1.16 (1.05; 1.29)
E. necatrix 4.38 (4.04; 4.96) K1.69 (K2.28; K0.59) 0.89 (0.78; 1.02)
E. praecox 4.43 (4.20; 4.76) K2.43 (K2.85; K1.90) 1.08 (0.98; 1.20)
E. tenella 4.59 (4.47; 4.75) K3.21 (K3.46; K2.96) 1.51 (1.31; 1.72)
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Figure 4. Relations between constant oocyst uptake �w and
excretion �z for the full model (thick black curves) and three
reduced models: gZ0 and mZ1 (dash–dot–dot curves),
bZ0 and mZ1 (dashed curves), mZ1 (grey curves). Each
of the panels shows a different combination of (a, g), except
when gZ0. Parameter values: a1Z4, l1Zl2Z100,
bZ0.001, mZ1.2.
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first-generation schizonts ðbCg �yÞa1 �w. As a result, y grows

infinitely large, and x as well as z decrease to 0, so trickle

immunization leads to a complete cessation of oocyst

excretion, as in the experiments.

If c!1, it can be proven that there exists a single

equilibrium �y (Electronic Appendix A), which is

always stable if m(1Ka)!1 (Electronic Appendix B). If

m(1Ka)O1, oscillations of x, y, and z can occur for certain

�w,dependingonthevaluesof theotherparameters(e.g.with

the values a1Z4, l1Zl2Z100, bZgZ0.001, aZ0.05,

mZ1.5, �wZ50). Hence instability can occur with a highly

nonlinear inhibition of schizont development by immunity

(high m) or with a high immunity turnover (low a).

To determine how the parameters of the immune

response affect the equilibrium excretion if c!1, we study

the equilibrium excretion in three reduced models: one

with gZ0, one with bZ0, and all three with mZ1. For

these models, we could explicitly derive relations between

�w and the resulting equilibria �x, �y and �z. Figure 4 shows the

logð �zÞ as a function of logð �wÞ for the reduced models and the

full model, with default parameters within the range of the

estimates of table 1: a1Z4; l1Z100; l2Z100; bZ0.001;

mZ1.2, and with two values for g (0.0001; 0.001) and two

values for a (0.5; 0.9), as no estimates were available.
(i)
Proc.
Case 1: gZ0, mZ1, so immunity grows proportion-

ally only to the number of schizonts. Since c!1
R. Soc. B (2005)
and m(1Ka)!1, the equilibrium �yZ ðbK1Cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðbC1Þ2C4bl1

p
Þ=2 always exists and is stable.

If �w/N, then �y/b, and �z/a1l1l2 �w=b
2f1= �w, so

with high �w, the oocyst production will be minimized.

Figure 4, however, shows that with intermediate �w
(w103), oocyst excretion is still rather high

( �zw103–105, depending on a). Apparently, an

immunity-dependent growth term (gO0) is needed

in g for realistic excretion levels with trickle infections.
(ii)
 Case 2: bZ0, mZ1, so immunity grows proportion-

ally to the product of the number of schizonts and

the amount of present immunity only. This model

has two equilibria, viz. the trivial equilibrium �yZ0,

and �yZ ðcl1CcK1Þ=ð1KcÞ. If c!1/(1Cl1), the

trivial equilibrium �yZ0 is stable, because then the

maximum number of schizonts a1 �wð1Cl1Þ cannot

induce enough immunity to compensate for the

decay of (1Ka)y each time step. The positive

equilibrium �y only exists if 1/(1Cl1)!c!1, and is

always stable since m(1Ka)!1. A high oocyst

excretion is only observed with low values of �w and

a low value of g and/or a (figure 4). These results

suggest that aO0.9 and gO0.001.
(iii)
 Case 3:mZ1. This model has the positive equilibrium

�yZðbCcCcl1K1C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðbC1KcKcl1Þ

2C4bl1

p
Þ=ð2K2cÞ,

which exists if c!1, and is stable since m(1Ka)!1.

Figure 4 shows a reduced maximum equilibrium

excretion compared with the second case (bZ0),

especially if gZ0.0001. When comparing the third

case with the full model, hardly any difference is seen,

which suggests that the precise value of m (within the

range of the estimates in table 1) is of minor

importance for the equilibrium value. With exper-

imental results showing that oocyst excretion also

ceases with low values of �w, g and a should not be too

small, that is, gO0.001 and aO0.9 with the default

parameter values used for figure 4.
Because the reduced models indicate that aO0.9, and

because m is not larger than 2 (table 1), the stability

condition m(1Ka)!1 will certainly be met, so unstable

equilibria will not occur with realistic parameter values.
(c) Trickle and single immunization

Trickle and single immunization were compared by

simulation with the full model, with the default para-

meters of §3b, and various combinations of a and g. Single
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immunization was simulated with w0Zws, wtZ0 (tO0);

trickle immunization was simulated with w0Zw1Z/Z
w9Zws/10, wtZ0 (tO9). Subsequently it was determined

during which time-interval the value of y was large enough

to give an oocyst excretion ztC4!1 after an oocyst uptake

wtZ10. These ‘protection intervals’ are depicted in figure

5 as a function of ws.

Figure 5 shows that trickle immunization is better than

single immunization for most combinations of a and g and

for most immunization doses. Single immunization is only

better if gZ0.0001 and the infection dose is relatively

small. Increasing a improves both immunization methods

by making the protection intervals longer, and is more

beneficial to single than to trickle immunization. Increas-

ing g improves both immunization methods by reducing

the minimum dose required for protection, and is more

beneficial to trickle than to single immunization. The

effects of changing a and g could be explained by the

following different mechanisms.
(i)
Proc.
Increase of a gives the immunity y a longer half-life,

extending the protection interval. This mechanism

equally improves both single and trickle

immunization.
(ii)
 Increase of a leads to a larger immunity y during

trickle infection. As a result, less second generation

schizonts will develop, which will reduce a further

increase of y. This mechanism only reduces the

effectiveness of trickle immunization, but figure 5

shows that the positive effect of mechanism (i) is

larger than this negative effect.
(iii)
 Increase of g enhances the immunity growth stimu-

lated by existing immunity, which is more beneficial
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to trickle infections. However, single immunization

also improves, as immunity induced by the first

generation of schizonts enhances immunity growth

owing to the second generation of schizonts, even

within one Eimeria cycle.
(iv)
 Consider the simulations with small g (gZ0.0001),

in which single immunization is sometimes better

than trickle immunization. If g is small, the maxi-

mum amount of immunity that is produced is

approximately ymaxZb(a1wsCa1l1ws). Upon single

immunization, most of ymax is produced at once,

owing to the second-generation schizonts x2Za1l1ws.

With trickle immunization, however, production is

divided over 10 time-points. Because immunity

decays during the trickle infection, and because the

developing immunity reduces development of

second-generation schizonts, the immunity level at

the end of the trickle infection will be smaller than

ymax. Therefore, if g is small, single immunization

can be more effective than trickle immunization,

which is seen for some values of ws in figure 5.

However, if gy becomes large enough owing to larger

ws, trickle immunization will again lead to higher

immunity levels and longer protection against chal-

lenge infections.
4. DISCUSSION
We have presented a model for the dynamics of Eimeria

spp. within the chicken. The model, with a linear

description of the parasite life cycle and a nonlinear

interaction with a single immunity variable, was able to

explain various types of oocyst input–output behaviour as

observed in published experiments. All aspects of the

immunity model appeared essential in showing this

behaviour: bO0 and ms1, that is, growth of immunity

independent of immunity present (naive growth) and

nonlinear effectiveness of the immune response (e.g.

cytokines), were needed for the oocyst input–output

relation of equation (3.2), and gO0, that is, growth of

immunity dependent on immunity present (booster

response), was necessary for the equilibrium oocyst

output and the effectiveness of trickle immunization.

(a) Biological implications

The most remarkable result is the striking similarity

between the model-derived graph in figure 3a and the

results as published by Williams (2001), but also shown by

others (Brackett and Bliznick 1952; Johnston et al. 2001),

who observed a crowding effect with increasing oocyst

dose (figure 2). Two possible mechanisms have been

suggested to cause the crowding effect: reduction in the

availability of epithelial cells and acquired immunity

(Williams 1998; Johnston et al. 2001). While Johnston

et al. (2001) could not explain the crowding effect with

their model of host cell availability, we are able to observe a

crowding relation with our model of acquired immunity.

The essential ingredient of the model, responsible for

the characteristic figure 3a, is the cross-immunity to both

schizont generations, which affects the parasite develop-

ment of a single oocyst dose. Cross-immunity between the

first and second schizont generation has been shown

experimentally, but may be limited owing to a large
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antigenic variation (McDonald et al. 1988; Tomley 1994).

However, as schizonts of the second, third, and fourth

generation possibly do not differ too much, the essential

cross-immunity may have its effect in those generations,

resulting in a similar input–output relation.

Two immune effector functions f were considered, and

the hyperbolic function follows the experimental obser-

vations better than the negative exponential. The two

functions mostly differ in their tail: the hyperbolic decreases

slower, thus showing incomplete protection even with high

immunity. This confirms the idea of gradually increasing

immunity upon re-infection which is typical of macropar-

asitic and protozoal infections, so our model suggests that

the effectiveness rather than the induction of immunity

might be responsible for this behaviour.

The data of Williams (2001) were used to estimate m,

measuring nonlinear effects and two (compound) model

parameters, p1Zlog(a1l1l2) as a measure of oocyst

production per ingested oocyst, p2Zlog(ba1) as a measure

of naive immune growth (table 1). Because both p1 and p2

contain the model parameter a1, the number of released

sporozoites per oocyst, a positive relation between the two

might be expected if the value of a1 differs between

species. The results suggest that this is not the case, with

the exception of Eimeria acervulina, for which both the

values of p1 and p2 are considerably smaller than for the

other six species; the value of a1 might be 10 times as

small, suggesting a low sporozoite release or an ineffective

infection of epithelial cells by sporozoites.

The parameter m was estimated significantly larger

than 1, indicative of mutual stimulation of immune

effector cells, for example, by the release of cytokines,

for only three species, Eimeria brunetti, Eimeria mitis and

E. tenella. These three species cause the most distally

located infections, close to or in the caecum. As the caecal

tonsils contain most of the lymph nodes of the gut-

associated lymphatic tissue (Yun et al. 2000), it might be

that the proximity of lymph increases the nonlinearity of

the immune response.

Information on the parameters a and g could only be

obtained through the equilibrium excretion and trickle

immunization experiments (figures 4 and 5). Comparing

the results for several parameter combinations to empirical

results led to the conclusion that a and g should exceed

0.9 and 0.001, respectively (with the other parameters at

their default values). This suggests that some immuno-

logical memory is indeed present, and that the presence of

immunity considerably stimulates its growth.

(b) The model

Unlike most models describing within-host dynamics of

pathogens with simple immunity functions (e.g. Anderson

1998; Molineaux & Dietz 1999; Nowak & May 2000), our

model is in discrete time. The parasite life cycle, with

distinct successive developmental stages, made a descrip-

tion in discrete time more appropriate. This is consistent

with the conclusion of Molineaux & Dietz (1999), who

reviewed within-host models of malaria, also a protozoan

infection with alternating intracellular and extracellular

stages. They stated that a discrete-time model is probably

more realistic than the usual continuous-time approach. A

second argument for using a discrete-time model with

successive developmental stages for protozoan infections
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is that it enables a clear separation of the two mechanisms

of increase in parasite load, multiplication within the host

and re-infection. Because of that, both multiplication in

the single dose experiments and re-infection in the trickle

experiments could be studied.

A conceptual problem, however, may be that the

immune variable y goes to 0 without re-infections (if

immunity survival fraction a!1, that is), and that y

increases to infinity if immunity grows faster than it is

broken down (cO1), there is no saturation of the immune

response. An alternative function gs, with saturation, may

be formulated as

gsðy; a1wCxÞZ
ayCbða1wCxÞCgyða1wCxÞ

1CwyCzða1wCxÞ
(4.1)

In gs, a determines the maintenance of immunity, so it can

take any positive value. With gs instead of g, absence of re-

infection will cause the system to settle at the stable

equilibrium ð �x; �y; �zÞZ ð0; ðaK1Þ=w; 0Þ, if aO1. Moreover,

the growth of immunity will decrease with many schizonts

or large y, so that y will not increase to infinity.

The use of gs, however, does change the oocyst input–

output relation of equation (3.2). The new relation is

shown in figure 3b for the default parameters and

zZ10K6. Compared with figure 3a, a third linear part

has come up, which can be described by the function

log z4Zlog w0Cp1Cm(p3Kp2), provided that p3!p2,

with p1 and p2 as in equations (3.3) and (3.4), and with

p3Zlog(za1). The increase in excretion with very high

dose is caused by the saturation of the immune response

with high schizont numbers. If the third linear part is a

realistic phenomenon, the doses administered by Williams

(2001) may have been too small to reveal it, or the

required doses too high to keep the chickens alive. In this

case, z is very small compared with b, so the number of

schizonts will hardly saturate the increase of y.

Although the absence of saturation may be unrealistic,

it will not cause practical problems for studying oocyst

uptake and excretion in a natural environment, since

reinfections will make loss of immunity very unlikely, and

the difference between a large y and a very large y is not

relevant when it concerns oocyst excretion.
5. CONCLUSIONS
Our model of within-host dynamics of Eimeria spp. in

chickens can explain various experimental results. An

immune response with cross-immunity against two

schizont generations may well be responsible for the

crowding effect as observed in many experiments,

without taking host cell availability into account. Non-

linear immune effectiveness (mO1) is required to

explain the decrease owing to the crowding effect,

which points to mutual stimulation of immune cells, for

instance through cytokine release. Since the model is a

good description of input–output behaviour, regarding

single infections, trickle infections and immunization, it

will be a solid basis for studying between-host

dynamics, where individuals interact in a common

environment, thereby affecting their own and each

other’s infection pattern.
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