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MATURAL RESOURCE MODELING
Volume §, Number 4, Fafl 1981

A MODEL OF THE ENZOOTIOLOGY
OF LYME DISEASE IN THE ATLANTIC
NORTHEAST OF THE UNITED STATES

TRAVIS C. PORCO
Department of Biophysics
181 Donner Laboratory
University of California, Berkeley
Berkeley, CA 94720, USA

ABSTRACT. A mathematical model is presented for the
dynamics of the rate of infection of the Lyme disease vec
tor tick Irodes dawomnind (Acarl: Ixodidae) by the spirochete
Borrelia burgdorfers, in the Atlantic Northeast of the United
States. Accordiug to this model, moderate reductions in ihe
abundance of white-tailed deer Odocoileus virgimianus way e
ther decrease or increase the spirochets infection rate in ticks,
provided the deer are not reservoir hosts for Lyme disease.
Expressions for the basic reproductive rate of the disesse are
computed analytically for special cases, and it is shown that as
the basic reproductive rate increases, a proportional reduction
in the tick population produces a smaller proportional reduc-
tion in the infection rate, so that vector control is pifective
far above the threshold. The moded also shows that control
of the mouse reservoir hosts Peromgscues leucopus could re-
dnce the infection rate if the survivorship of juvenile stapes
of ticks were reduced as a consequence, If the survivership
of juvenile stages does not decline as the rodent popuiation
is reduced, then rodent reduction can increase the spirochete
infection rate in the ticks.

1. Introduction. FLyme disease has become the most frecquently
diagnosed vector-borne disease in the United States, acccunting for
roughly half of the diagnoses of vector-borne disease in 1983-87 (Anony-
mous [19891). Lyme disease is due to infection hy the spirochete Hor
relia burgdorfers (Burgdorfer et al. [1982], Steere et al. [1983], Johnson
et al. [1984]). Recently, the enzootiology of Lyme disease has been
extensively reviewed (Spielman [1988]; Lane, Piesman, and Burgdorfer
[1991]). The Lyme disease spirochete primarily oceurs in wild animals
and in the hard ticks of the genus frodes which parasitize them, Man
becomes infected when he enters or resides in an area where trans-
mission is ocenrring naturaily and is bitten by infected ticks. To help
understand the factors which lead to the spread and persistence of the
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470 1.0 PORCO

disease, 1 develop in this paper a simplified stage-structured transmis-
sion model of the dynamics of the spirochete infection rate of Jrodes
domenind in the Atlantic Northeast of the United States,

2. Lyme disease enzootiology, The deer tick Irodes dammini
(Spietman, Clifford, Piesman and Corwin) is the main vector of Lyme
disease in the northeastern United States, Like other bard ticks, rodes
damiind undergoes a life cyele consisting of egg, larva, nymph, and
adult (Figure 1), In the larval, nymph, and adult stages, the ticks seek
hosts, attach to them, draw a blood meal, detach to digest this blood
meal, and then molt to the next stage. Fully engorged females drop
off of the bost animal after feeding, and oviposit. ITrodes dammini is
therefore a three-host tick.  Tredes dammind parasitizes many hosts,
mcluding mammals and birds (for a summary of host animals, see
Anderson {1988]).

Different stages of Jrodes dommint are active at different times of the
vear, and the life cyele normally takes two vears to complete. Larval
ticks emerge and feed in the late summer, their peak activity being in
Aungust-teptember. Nymphs feed in the late spring and early summer

(day-June), and adults have a bimodal feeding pattern, some feeding
i late fall (November) and some in early spring (April) {Yuval and
Spietman [1990]). Thus therve is roughly a three month interval between
the questing of nymphs, larvae, and the fall peak of adults {Godsey et
al. [T987), Plesman and Spielman {1979]. Schulze et sl [1985]}.

The seasonal pattern of activity of Ivodes darmmind is important in the
enzooticlogy of Lyvine disease. Because nyinphs and larvae parasitize
the same host animals, especially the white-footed mouse, Peramyscus
lcucopus, infected nymphs transmit the disease to host mammals which
will be fed upon later in the season by larvae of the next generation.
Thus, some of these larvae will become infecied and maintain the
mfection transstadially for the next year (Habicht, Beck and Benach
1987, Piesman [1989], Yuval and Spielman [1990]).

The white-footed mouse, Peromyscus leucopus Rafinesque, is believed
to be the main reservoir host for B. hurgdorferi {Levine, Wilson and
Spielman {19851 Spielman [1988]; Donahue, Piesman and Spielman
7ii Bpielman et al. [1985]; Piesman and Spielman [1979]). Because
abundance of this mouse, it is numerically the most important
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host for juvenile stages of Irodes dammini, though they feed on other
mammals as well {Lane, Piesman and Burgdorfer [19915 Piesman
and Spielman [1979]). Also, according to Spielman [1988], the white-
footed mouse displays immunotolerance for repeated feeding by Irodes

dammini.

The white-tailed deer Is, however, believed o be the principal host
for adult Izodes demmini {Anderson [1988]), though some adulis feed
on medinm-sized mammals (Lane, Plestnan and Burgdorfer {1991))
It has been suggested that the presence of € virginienus is one of
the most important factors in determining the presence or absence of
Irodes darnmini. The white-tailed deer has been suspected of heing &
reservoir host for Lyme borreliosis, but this has been challenged {(see
Lane, Plesman and Burgdorfer [1991]). For the purposes of the model
below, it will be assumed that deer are not a reservoir host.

The factors which determine the abundance of Irodes dommini are
not well understood. The presence of white-tatled deer is Important,
as mentioned above, though it I8 not known how the population of
I dommint varies with the number of deer and mice.  Also, the
functional form of the increase of the death rate of feeding ticks at high
concentration of ticks per host {due to increased inmnune reactions,
comapetition for space, and so forth) is not known. Finally, it is unclear

how the presence of the Lyme disease spirochete itsell may affect the
abundance of ticks. In the model below, it will be assumed that the
abundance of ticks is not affected by the presence of the disease,

3. Life history model for the vector ticks. The purpose of my
model is to determine bow the number of vector ticks influences the
spirochete infection rate in the ticks and the hosts, The model is a
stage projection model, similar to that of Ginsherg [1988]

Ginsberg [1988] modeled the long-term spread of B burgdorfers
in a population of Jrodes dommini using a discrete-time model for
the spirochete infection rate for each stage in the life cycle. His
model looks at the effects of vertical transmission, host infectiousness,
host reproductive turnover, and multiplicity of hosts on the endemic
spirochete infection rate in a constant tick population.

Many other modeling studies have been undertaken previously for
fick populations and tick-borne diseases. A review of the extensive lit-
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erature for maodeling tick popudations is bevand the scope of this paper.
Cme approach was taken by Mount and Haile (19891, who simmlated the
poputation of Dermaecentor veriabilis Say using age-stractured stage-
specific lile tables with temperatare-dependent development, survival,
and fecundity vates. Their model is environmentally driven, and it in-
cludes density-dependent tick survival on hosts due o acquired immune
resistance to increasing tick infestation. Cooksey, Haile and Mount
L0801 modeled the transmission of Rocky Mountain Spotted Fever hy
B variabilis nsing such methads, They derivesd transmission threshold
nurmnbers of unfed aduli ticks per hectare based on their model,

in my model, a cohort of ticks s followed shrough its two vear life
cycie, with nyraphs of one generation feeding in the season before laryae
of the next generation. The fufection rate in the ticks and hosts is
projected from one season (Le., one quarter vear) to the next. Nymphs
mnfect hosts in the spring, and these hosts maintain the infection until
the larvae feed in the summer and acquire the infection,

since the peaks of feeding of Tredes dammini stages are roughly three
months apart, the progress of the disease will be iterated by three-
month time intervals, The structure of the life history model below
will contain the feature that only one feeding stage of I dummini
will be active at any one fime. This is a first approximation which
neglects the observed temporal overlap between the feeding iires of
the different stages. Alsu, my model neglects the distribution of feading
thines of ticks of the sarme stage, since | assume that all the ticks of a
given stage emerge and find their hosts at once. This has the effect of
neglecting the amplification of the infection rate within the ticks of a
given s feeding within the same season, which is the result of, say,
nyrph-to-host-to-symph infection cycles within the season of feeding.
Aninerease in the infection rate for adults is not important, since they
will not feed nor transmit the disease again, For larvae, the initial
infection rate is assumed to be zero, sinee vertical transmission has
been neglected (see below). Finally, the amplification of the mfection
rate within a cohort of nytephs will result in a greater infection rate for
feeding adults than otherwise, but this has no epizootic CONSEUEences
i my model, sinee the adults are assumed to feed on deer, and deer
are sssumed to be a nontransmitting host.

I make other simplifying assumptions as well. 1igaore the bimodality
of the adult feeding times and assume the adults feed in the autumn
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{an assumption which does not have a large effect on the disease
dynamics, owing to the other assumptions of the model). 1 also ignore
differences in emergence times, maturation delays, and the effects of
temperature on tick activity and survivorship, both on a daily and a
seasonal thne scale, Inchusion of such refinements is only justified ance
an understanding of the essential dynamics hiag been obtained,

Let the stages in the life cvcle of lrodes dammini be enumerated as
follows (Figure 1}:

i, epg

2. a larva which has begun 1o seek a host (host-seeking larva)
3. alarva on a host (“feeding larva™)

4. a post-feeding prenyimphal larva

4. a nymph which has begun to seek a host

6. a nymph on the host

7. after nymph drops from host and before it seeks host a8 adult
8. an adult which has begun to seek a host

9. an adult on the host

10, an adult which has dropped off of the host

11, an ovipositing adult.

FIGURE 1.

Though the life eycle could be broken down in other ways, the num-
bers from 1 to 11 are useful, and are here referred to as the “Hfe-table
position.” Let N; be the number of ticks in the population which are at
life-table position j at a given thne. It is not necessary to include all of
the life-table positions in the population vector N, specifically, as the
duration of feeding is small compared with the time scale of the model
{one-quarter year), so there is no need to include the number of feeding
ticks in ;. Rather, the mumber of feeding ticks will be calculated as
an intermediate step in determining the munber of engorged ticks, or
the number of eggs. Let the fime be denoted v, where v = 0,1,2, ...
is the time in seasons from the beginning of the model. Thus, we let
Nir) = (Ny(7), No(r}, Ny{7), No (), No(7}, Na(7)) (where 7 indicates
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Aug 1

FIGURE 20 Life history of [rodes demmine in relation to the intersessonal
projeciion fimes o= 0, 1,2, 3 (adepted from Habicht, Beck and Benach [1987]).

the list is & column vegtor).

Consider the feading peaks 1o be on February 1, May 1, August 1,
and Nevember 1 (Figare 2}, The outer circle represents one vear. The
feeding of larvae is taken to be concentrated in August. Next, ticks
feed as nvmphs in May, and then as adults in Noveniber of that same
vear. For “hookkeeping”, epgs which will be laid in July are counted
as being present in February, Indicate the times of these four feeding
peaks by ¢ = 0,1, 2,5, and the actusl vear v by w = (1, 1,2,.... Then
v e Ao is the total count of three-month pertods from time 7 == 0.
specifving v oand ¢ 1s exactly equivalent to knowing r.

Suppose that the population is censused at the beginning of the spring
. betore any ticks i the nymphal stage have begun to search for
Bosta. The estimated density of the nymphal stage is Ng(u, 2). Only a
proportion of these host-seeking nymphs will feed successfully and be
replete at ¢ == 5. This rate of success will depend on a death rate in
the feld, comtact rates between hosts and ficks, and host abundance,
To keep the model simple, the abundance of hosts, and the nfection

£
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rate in hosts will be assnmed to be constant during 2 single season’s
feeding period.

The pumbers of ticks in the various stages will be projected from
season to season using a projection matrix (Skellam [1967), Getz and
Haight [1989]). That is, the model will have the general form

(1) N{r + 1) = A(e)N(7)

where the matrices A(0), A(1}, A{2), and A3} have the forms shown
in Appendix A. Because the feeding times and field abundances for the
different stages are active at different fimes of the year, the projection
maetrix A varies from season to season, These matrices are constructed
i terms of survivorship factors from one stage to the next. Let & he
the survivorship from stage j to stage j+ 1, or the fraction of the ticks
in life-table position j who survive to reach position j + 1. Let 5 be
the average munber of progeny per adult tick. The survivorship factors
s; depend on the mumber of hosts, and a form for this dependence &
discussed below,

In the model presented below, 1 only wish to consider the behavior
of Lyme disease for equilibrium tick populations, i.e. when the total
size of each cohort does not change from year to year. The model can
then he used to assess the properties of the enzootic behavior arcund
some equilibrivan of & more general nonlinear, density-dependent model
which incorporates the dyvnamics of the ticks themselves. The more
general question of what determines the abundance of ticks is not
considered here.

The assumption that the population of ticks has reached some equi-
librimm value aplies a constraint on the survivorship and fecundity
factors. At equilibrium, each tick in the population on average pro-
duces exactly one progeny. Let N{u,0) be the number of ticks at the
beginning of year u, i for season ¢ == (. Then the criterlon that
the cohort size does not change from year to year is related to the
seascnal projection matrices Afe}; using the seasonal projection matri-
ces to project the abundances of ticks from vear to vear results in the
refationships
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Theretore, at equilibrium,

16

(2)

Lie consequence of the simplified view of the life cycle presented
above 15 that the two cohorts in any given year are being treated as
though they were demographically independent from each other. For
the two independent cohorts to be the same size, assime

When equations {2) and {3) hold, the number of tick ey Ny =
Nylu, 0F each vear is the same,

4. Disease transmission from ticks to hosts. The population
chynamics of the rodent and deer hosts is complex, as there are seasonal
changes in the breeding hiabits and fecundity rates of the hosts, as well
ax in the availability of food. There ave also considerations of foraging
behavior and the availability of nest sites. The populations are age-
structured as well as size-structured. Animals of a given species also
differ in their snsceptibility to disease.

tnorder to cousider the effects of the host population on the trans-
mission of the disease, a simplified model of the host population is
presented here, The features of the bost population which are of inger-
est here are the host recovery and wortality rates, as well as the fact
that the hosts are often infected in early in the season by nymphs and
then fransmit the infection to larvae later that year.

Let M) be the number of hosts of species i at time . The vital
dynaiics of the host population will be included:

(4} Hilr -4 1) = Byl () (1 i)

where o;(c) equals the quarterly survival fraction for host species 1, and
bile) equals the quarterly birth rate. The asstnption that
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gives a host population that varies through the course of the vear, but
which returns to the same value at the beginning of next year. The
more restrictive assumption that

{6} ai{e)(1+ bi(e)) =1

gives a host population that is constant from season to seasor. Hir)y =
H,.

To model the infection rate of the ho , s SIR model will he
used (Kermack and McKendrick [1927], Bailey 119751, Hetheote [1976],
Anderson and May 19791, and Ginsberg Fﬁ)%]j iv i) %w ‘zhﬁ
number of susceptible hosts, Y;(7) the number of infections hosts s, and
Z:(7} the number of “retnoved” hosts {hosts which have recovered and
are immune to reinfection}, so that

(7) X7} +Yilr) + Zilr) = Hilr),

Also, let 2i(r) = X;(7)/H,(7) be the fraction of hosts which are suscep-
tible, y,(7) = Yi(7)/H;(7) be the fraction of hosts which are infections.
and z(7) = Z;(7)/H;(r) be the fraction of hosts which are rermnoved.
Thus it follows from equation (7) that x; - Yit oz orall 7. Finally,
to keep the model simple, T assume that all newborn ind ividusls are
assumed to be equally susceptible, that recovery frome infection con-
fers complete immunity, and that vertical transmission is nonexistent
in the hosts. In fact, the infection process may be much more complex
than this. For (*xample it has been suggested that there may be cyelic
varigtion in the number of spirochetes infect ting a host animal due to
antigenic variation in the spirochete, similar to what oceurs in re lapsing
fever (Burgdorfer and Schwan [1991]). The assumptions above imp Sy
that the number of infected mice would decline over time due ta re.
covery. The same effect resnlts from assuming a turnover in the mouse
population in the absence of reinfection.

Out of X,(r) susceptibles at time 7, a proportion of these will be
infecied at the next time unit, because the host animals are exposed
to infected ticks. The quantity h;(7) is the proportion of host species ¢
inoculated with the disease at time 7, and it depends on the distribution
of tick bites over the population (Goldfarb [1986], Smith and Kakoma
[19891). The propertion of susceptible hosts which do not become
infected is 1—h; (7). Assume that after the suscepbible kosts are exposed
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to the risk of infection from the ticks, they are then exposed to risk of
maortalisy for the vest of the season, Since newly born hogts are assnimed
to enter the snsceptible class, the number of susceptibles at time 7 -+ 1
i

{83 Nilm 4+ 1) = o(edb(e) Ho(v) 4 X)L - k(7 )ioy{e)

The mumber of infected individual hosts at 7 -+ 1 can be calenlated
in the sarse way. If ab time 7, h{r)X; are newly infected hosts, and
1 s the fraction of infectious hosts which do not recover from the
disease during a season. Then, assuming that the disease causes no
excess mortality in the hosts, and that the probability of recovery is
independent of the probability of death, the number of infected hosts

b1

al time v

{9 Yilr -+ 0 = [Yi(r) 4 hy(r) X (r))e e

Yo derive a form for A7}, i s pecessary o kuow what fraction of
susceptible hosts will receive infective bites {Goldfarb {1886]). This
depends on the fraction of susceptible hosts which receive tick bites, and
the fraction of those bites which transmit the infection. The fraction
of susceprible hosts of species 1 which are bitten depends upon the
nubers of hosts of species i which are bitten by ticks,

Feeding ticks are partitioned smong hosts in & manner that depends
cir the pumnber of losts, and upon the atfinity of the ticks for each host.
Suppose that the number of ticks of Hife-table position j feeding on a
host of species ¢ over the course of one season is proportional to oy ; H;,
where o, I8 & parameter reflecting the affinity of ticks for a given
host, For convenience, the proportionalifty constant will be assumed
ta be one. Then, suppose the number of ficks of life-table position j
which die during that three-month period is proportional to a moriality

{1 : : . . o
parameter m;~, and it wiil again be assumed that the proportionality
constant is one. Then let g; 5.0 denote the fraction, out of those which

fead, which feed on s given host 1. Then,

(10) AR p—

since the dencminator is the number of ticks which feed on all hosts
combined, For the survivorship a;, we need to divide the number of
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ticks which fed on some host over the total mumber of ticks, including
those that fed and those that died in the course of the season:

i eagHi(r)
m o 1)

(}J) ,ﬁ}' e

Let the proportion of questing ticks which feed on hosts of species ¢ be
denoted p; j41. By definition, then,

(12) Piget ™ 354 541

Thus, from equations (10}, (11), (12}, it follows that the proportion of
ticks out of the initial cohort, before host-seeking, whoe end up feeding
on host i is

27 H.z' (T}
@ 30 e Hilr)

(13) D1 =

{(Arguments similar to those used by Randolph and Steele (19851 and
Plowright and Palohedmo [1977] coudd be employed to derive this form
for the partitioning of ticks among hosts from a model of the questing
and feeding within one season, but such a model will not he developed
here.)

Suppese that the probability of the attachent of a tick to a host
daring a given season of feeding is independent of whether the host
is already infected at the start of the sesson, and is independent of
whether the tick is infected or not. Also, suppose that the numbers
of ticks and hosts is large so that probabilities can be replaced by
proportions (using the Law of Large Numbers). Now, suppose that the
infected ticks are distributed over the susceptible hosts according to
some distribution g;(f;}, which is the probability that a susceptible host
of species ¢ will have 6; bites from infected ticks of life table position
7 during a season (for models involving a distribution of attacks over
a susceptible host population, see Hassell [1978] and (Goldfarb [1986]).
Let 1(6)} be the proportion of hosts of species 1, that become infected
with the disease when bitten by 6 infected ticks. In general, we expect
that
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Thus, it follows that the total proportion of host species ¢ inoculated
by the discase is

Fona 3

DL DL wlBme,).

5.6 fawd)

Here, the structure of the tick life-history model will guaraniee that at
most one stage of tick is questing during a given season, so the sum over
questing stages (7 = 2.5 8) will contain at most one term, Although
the quantity 1:{¢) could depend on the host imranity and on seasonal
susceptibility to infeetion for the hosts, here we assume that

}’/3{6} e { i ifu {] :“;,y {]

that is, a single bite from an infected tick transmits the disease (Don-
abue. Pleswan and Spielman [19871). This hoplies that

hlrh= 1~ gf0),

Suppose that the ticks are distribuied randomly over the hosts over
& whole seagon (Le. Poisson distributed- see Goldfarb 1986]),  Let
N represent the number of infected ticks in lfe-table position i at
time v, Then

gl = exp (- a)

where o = {(p, ;. VNG (733 /UH ) is the mean number of infected ficks per
host per season, Thus, for the random or Poisson case,

)

For the negative binomial distribution, which is often used in host-
parasite models to give on overdispersed distribution of parasites in or
on the host population (May [1978)),
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where k is an aggregation parameter. Thus, in the negative binomial
case,

B RS
(15) hlr) =1 (1 kH () )

It is not assumed in the derivation of (15} that the hosts which are
“tick-prone” in one season are more likelv to receive more ficks (he
next season, nor is it assumed that they are more or less likely to
be bitten by an infected tick than an uninfected tick, However, ticks
feeding on hosts have a diurnal dropping off pattern, which makes them
more likely to detach in the nest of the rodent {(Mather and Spielman
[1986]). Furthermore, the mammals move and drop ticks off in homs
ranges. Thus they are wore likely 1o be infected by such ticks again
after they have molted, than they are to receive a tick in the sHme
stage which fed on a different maminal. Some mammals may live in
home ranges that have places which are more favorable Lo the survival
of ticks than others; this could lead to an overdispersed distribution
of the parasites, and yet the hosts which are prone to the most ticks
would not necessarily be independent from season to season, ag the
above analysis assumes (Andrewartha and Birch [1954]). In fact, most
studies of tick populations show an overdispersed distribution for the
munber of ticks per host at a certain time {for example, see Randolph
[1975]).

d. Disease transmission from hosts to ticks., Let & he the
specific infeetivity of hosts of species 7 for the ticks, f.e. the fraction
of ticks which acquire the infection after feeding on hosts of species ¢
{Mather et al. [1989]). Fu geperal, this fraction depends on the time
since the beginning of the infection in a particular individusl animal.
as well as on the immune status of the animal {Dronabue, Piesinan and
Spielman [1987]). For simplicity, assume that each infective at time +
has the same infectivity for the ticks, and the same constant recovery
rate. Assumning that the encounter rates between ho nd ticks are in
no way affected by the infection, let the fraction of ticks that feed on
hosts of a given infection status, X, Y, or Z, equal the fraction of such
hosts in the population. Recalling that p; ;40 is the proportion of ticks
in the initial cohort who end up feeding on host i , the fraction of ticks
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<
dilr) = \ Dy Py it
4 2_,? T ()

Finally, deflne an mfections contact matrix Alr), with

s R N
G odelv) ¢ 0 00
60 0 0 0 0
0 0 0 ey 00
6 0 6 0 0 0
60 00 0 Alr)

Donahue, Plesman and Spielman [1987) measured, using xenodiag.
nostic methods, the infection rate i white-footed mice as a function
of time, following the bite of infecied ticks., T took roughly one week
far the infection to appear, after which time it declined due to host
recovery, After one week, approximately 50% of larvae feeding on such
hosts had become infected. Mather et al. [1990] measured the rate of
infection in mymphs which fed on infected mice s larvae, and found a
92% infection rate. These studies give an indication of typical values
ol ¢y (For the sensonal projection medel, the time delay between the
bite and the manifestation of infectionsness is neglected.)

. Neasonal projection model. Let N* be a vector of the numbers
of infected ticks, and let N = N - N* be a vector of numbers of the
uninfected ticks. With these definitions, and assuming that the life
table for infected ticks ix the same as for uninfocted ticks, except for
vertical transmission, the change in she number of ticks infected by
spirochetes s desoribed by the equation (see Appendix 1)

Vertical fransmission in ticks is taken to be zero. Field studies have
found anly sbout 1% of unfed larvae to have the infection (Piesman et
al, 11986)). Also, Magnarell, Anderson and Fish [1987] reared larval
ticks from eges deposited by fleld collected fernales, and found only
LE% of the larvae had acguired the infection transovarially,
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For each set of values of the parameters of the svstem, the model
predicts a particular equilibrivm infection rate, both in the hosts and
in the ticks. When the infection rates do not equal this equilibrinm
value, they increase or decrease until this equilibrium is reached.

In the simulations below, parameier values were chosen based on
available data. However, scowraie field measurements of the parameters
of interest are not available.

Tetford et al. [1988] estimated the density of deer on Hog Island,
Massachusetts at roughly 1 deer per hectare, and the number of 1ice at
75 per hectare. This has been used as an approximate guide in choosing
the values below, where an area of 10 hectares has been arbitrarily
chosen. Falco and Fish [1988] estimated the number of Irodes dommndm
adults on lawns in Westchester County, New York, af approximasely 1
adult per square meter. I the average number of progeny per adult tick
is approximately 1000, there must be on the order of 10° larval ticks
in a ten-hectare area. The average population density in the endenic
foct is not known. The model below gives high infection rates for far
fewer ticks; it is possible that the homogeneous mixing assumption is
inadeguate, and TeHord, Mather, Moore et al. [1088] sugpest that there
may be a reduction by survival of infected ticks.

due to recovery and turnover, and under the assumptions that the
number of hosts is not changing and that the furnover rate is constant
from season to season, the recovery rate and the turnover vate have
the same effect on ihe dysamics of the disease. {This is shown by
the symmetry with which these terms appear in squation (27), below. )
The population dynamics of mice are discussed by Terman [1968]: in
his Table 8 are listed the results of studies on the foree of increase of
poputations of Peromyscus. Females typically have 3-5 voung per Biter

and 3-5 litters per year,

6.1 First scenario: Mice as sole host for juvenie ticks.  Buppose
that the larvae and npymphs are restricted to mice as the sole host,
t.e, Hy, which is Peromyscus leucopus. Adult ticks are also restricted
to a single host, ie. Hs, which is the white-tailed deer Odocosle
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sirginianus. This implies that

1o = 1. o o (} 1.5 i (a5 {1

grs = O and gog e |1

Finally, ume a coustant host population per season, le., assume
that equation (6) holds, and furthermore that both oy (e) and b{c) are

constants, not depending on o

It will be useful to derive a set of difference equations for the change
i the infection rate from year to vear. Let n'(u) be the praportion of
replete larvae or unfed nymphs who have the infection before questing
in the early spring (o= 0}; that is, »*{u) = (N {u. 0/ (Ny(e.0)) In
the remainder of what follows, »{u) and ylu) denote the sugceptible
and infections proportion of hosts of species 1 respectively, taken at
o= (. Then

(1) Wl 1) = Fy G (), (), ()
(19) Pl 1) = Poln (), 2(u), ()
(20} ylie + 1) = Fyin'(u), a{u), y{u))

Using the seasonal projection equations {1} and (18, together with
(I i s possible to project the infection arownd four full seasons
beginning rom =" (w), #{w), and y(u), to arrive at corresponding values
for m" G 1Y, ol 1),

will be
. Using the Poisson form (14) for the distribution
of ticks aver hosts, the eguations are

(21)

i {1

¢« ponirivial equilibrium values of these quantit
dencted n", ¥,

yveur, 1

e o - Nigespsn™ {u)\y
=y gyg ] p‘; (;f{ Al ooy Vg ey (T Xy (M fffj»-};}flww(w)ﬂ))J
L , £S5

.
S gy Lk (b (o oy exp
L

T ——y
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{23)
ylu -+ 1)

e y{uypio) + (e ol (l - X (

where 1 5 = 8182838485, and pg = 1 — oy

Here, the first and third equations are not independent; specifically,

(24)

(This is a consequence of the assmmption that the survivorship does
not differ for infected ticks and unmfected ticks.)

First, 1 will examine the stability properties of the equilibrium cor-
responding to the absence of disease, in order to derive a threshold
expression for the disease to be able to invade a region. Then. 1 will
conaider the values of the nontrivial equilibrium infection rates, 7y, E,
and .

The steady state of equations (21), (22}, and (23) which corresponds
to the absence of disease s n" 0, # = 1, and » = 0. This
corresponds to the situation where there is no disease in the host
or the vector population, and all of the hosts are susceptible. The
stability of this steady state indicates whether the disease can invade
the population; enly when the steady state is unstable are ovthreaks of
the disease possible. The stability of ihis steady state can be evaluated

by computing the Jacobian J of the system evaluated at the steady
state n* = 0, y = 0, & = L. The condition for stability is that the

eigenvalues all have magnitudes less than L. When this steady state is
stable, the disease would not persist if it were introduced. When this
steady state is unstable, the introduction of the disease results in the
persistence of the disease.

The eigenvalues of J were computed using Mathematica (Wollram
[1988]), and the following expressions for the eigenvilues were obtained:
A o= 0, A = of) and

‘ » Niots1s
{25) AJ} o Q’an‘g 4 frf)lf{!{:]gl q..um?].,.. ke
£
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¥ hu.ssu Ag s the only eigenvalne that can be greater than 1. So the
condition for an outbresk of disease to he possible in a disense-free
population is

fap R S
sy Wwiey 4 Py oy

b result can be inte

" ‘ vprefed as follows. The first term of equation
{26, representing the contribution to disease persistence due to the
hosts alone, is the proportion of hosts infected this year who will be
alive and fufected next vesr. The second term of (2{3} represents the
amplification of the disease due to the host-tick interaction, Suppose
that an infected questing nywph bites a liost rodent at ¢ = 1 this year,
This host would become infected, but to fransmit the disease. \’\;T(Hiid
have 1o survive and not recover far one quarter vear, which it W;‘)uld do
with probability 107, but next season the number of ticks has been
mubtiplied by v o= o) (14 by ) according to equation {4); the ticks will
If)%.i distributed over a different number of hosts.  the fraction of hosts
of species ¢ which have the disease is 2,(r), then the fraction which
have t ha f"?ifil\éi:i{-f at -+ 1 o the absence of reinfection can be shown to
be v {r1/ {1+ bilc)). When the population is assumed to be consiant

using equation (6), then the fraction of hosts that have the disease
hecomes o (7 ey (0), Thus the number of infected mice is reduced each
season by the fraction op{c), provided the host population is constant.
In the summer, larvae would feed on the host, and on each host: the
matiber of larvae that successtully completed feeding is Ny, 8984/ Hy
on average. O these, a fraction ¢ become infected. i"*"irm..ﬂy, ;hese
larvae would have to survive molting {840 and survive quastim{' to feed
on another host {s5). 8o the second term in ineguality {26) rébz‘eae‘e;ltﬁs
r.'l'w r‘mrn}'ﬁ:\r of infected nymphs next yvear which would vesult from a
s,jmfg‘ﬁirv: infected nvmph this year, in an stherwise uninfected population
{1.e, the basic reproductive rate)

e

Pherefore, the disease is ahle to invade a region when

1o it

4

PSO89 5

Itis difficult to solve analytically for the nontrivial steady states of
equations (21}, (22}, and (23), so in order 1o determine this ecqailibrivm,
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equation (1) was simulated according to the assumptions of the first
seenario, with juveniles feeding only on mice. Curves of constant
equilibrium infection rate in ticks {n*) were derived (Figure 3], as
functions of the number of hosts and ticks. Different values of the tick
coliort size N, and of J, were chosen, and the model was simulated
util the infection rate was close to eqguilibrinm, lo this sboulation,
the survivorship factors sg, sx, and sy are held constant, so that the
questing mortalities are assumed to vary by eguation (11]. For low
values of tick density, the disease does not persist at all. Above a
threshoid value of the ticks per host (equation (27}}, the infection rate
papidly rises, but for large values of the tick density, the infection rate
is determined by the turnover rates of hests, recovery rates, and the
infectivity to ticks (compare with Ginsberg [18881). In Pigure 3, the
isoclines slope upward. The level of disease rises with the number of
ticks, and falls with the mumber of rodents. The isoclines are linear,
indicating that the dependence on the number of hosts and ticks is a
dependence on the number of ticks per host only. For the first scenario,
it. i sufficient to show how the equilibrium infection rate depends on
Niot/ Hy. {The linearity of the isoclines in Figure 3 can be shown from
equations (213, (22}, and (23)).

Isoclines of the mfection rate in ticks with respect to the number
of hosts and ticks were calculated (Figure 4}, except that here, the
questing mortality of ihe ticks was asswmed constant, so that the
survivorship parameters varied with the number of hosts according to
equation (11). The comparison of the equilibria of these models leads
to entirely different results. In both Figure 3 and Figure 4, the infection
rate in ticks increases with the number of ticks, But in Figure 4, the
dependence on the number of hosts is different. In Figure 3, fewer
hosts mean more sicks per host, increasing greatly the transmission of
the disease. In Figure 4, fewer hosts lead to reduced survivorship of
ticks, as more ticks die before finding hosts. In the latter, very low
levels of hosts prevent the disease from establishing itself at all; at
higher levels of ticks, for moderate to high levels of hosts, the infection
sate is nearly independent of the numbers of host. The isockines are
closest together near the boundary separating the allowable region from
the nonallowable region. When the number of mice is relatively large,
a given drop in the number of ticks (all else remaining equal} has a
staller effect on the spirochete nfection rate than the same drop in
the number of ticks would have if there were fewer mice. When the
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FIGUR Curves of constant equilibrivm infection rate in ticks 4" as & function
of the number of ticks Ny and the sumber of ndividual bosts of species 1, By, The
survivorship velnes for questing ticks were held constant. Parameters were chosen
as follows: o = 08, ¥ = 1, ¢ 0.6, Hy Xo o= 10,y 2 = s LO0T, oy g ==
IS sy, hogg = DL E = 1000, 55 Lfor 44 2,5,8, gy = s5 e oag = 01,
and the initial sumber of infected questing nymphs NZG,0) == 50, Values of Ny
and A which le helow the threshold for disease invasion are shown in Sray.

stem s farther above the threshold, tick reduction is less effective, In
Figure 4, the infection rafes in ticks increase with the number of hosts
due 1o hoproved survivorship of ticks. This effect is most important
at high levels of ticks. To the extent that rodent eontrol decreases the
survivorship of infected ticks, it is possible that it may reduce disease
levels. Related to this is the strategy of applying acaricide to rodents,
thus targeting infected ticks (Mather, Ribiero and Spielman [1087};
Deblinger and Rimmer [1991}; Stafford 19911}

Curves of constant imfection rate in ticks were caleulated as funciions
of the ratio of ticks to host over the season, and the infectivity (Fig-

ure 3. in the simulstions presented in Figure 5, the number of hosts
was kept constant, while the namber of ticks varied. For a given specific
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FIGURE 4. Curves of constant equilibrinm infection rate in ticks 47 as o hction
of the number of ticks Ny and the number of individual hosts of sp ¥,
Hiy. The values for the mortality rates for guesting ticks were held constant.
Parameters were chosen as follows: oy = 08,4 Lodn = 0.6, H Ko o=
e GLO0L, oy g = oop g o oaps o= OLeg g = 10D == 000, 85 = 1 for
i 2,58, 2‘?24,(;‘”}3 == 0.4 for 7 ¥ 2,5,8, and the initial number of infected questing
nymphs ’\’.;” (0,0 = Ht). Values of :‘\-‘V(g) anpd Hiy which e below the threshold for
disease Invasion are shown in gray.

infectivity, increasing the mumber of ticks increases the spirochete in-
fection rate in ticks at equilibrium. The curves in Figure 5 indicate the
extent to which increasing infectivity ¢4 in rodents reduces the number
of ticks required to achieve the same level of disease.

6.2 Second scenario: Host infections limited to one year.  In this
second scenario, all of the assumptions of the fivst scenario are held. In
addition, 1 assome that all of the hosts eventually recover by next year,
or that the rodents never live more than one year, The duration of host
infections is thus imited to one vear. This implies that equaiions (210,
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$r. The valoes for the mortality rate
Parameters were chosen as follows: oy
LOOT, ey Ly ooy,

2oowm b ofor §ogb 2,

. Values of

Figure & & a graph of n*{w + 1}, plotted as & function of n*{¢). with
values of 4y = dyopyn and ayp = Nygesr s/ Hy chosen as imdicated. By
differentiating the right-hand dide of the eguation and evaluating the

4 249 > Gy gy ory
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FIGURE 6, The infection rate In ficks depends on she infection rate the previous
vear, snder the snd and fourth scensrios {see text for detaile). For lines A and
T oery o= 1 oand o oo 30 for lne A', o o= 1 and e = 005 Lines A and A7 are hased
on the Poisson distribution; line B is based on the negative binowminl distribution
with aggregation parameter b = 1.

This is the second term of the threshold equation {26}, When the host
turncver rate is high or the recovery rate is high, equation (29) and
equation (26) give practically the same result.

Equation {29) can be interpreted as the basic reproductive rate. If
the basic reproductive rate is large, a given proportional reduction in
ihe vector population will not produce as large a proportional reduction
in the infection rate as if the basic reproductive rate is small. This is
similar to what ocours in other vector borne diseases {or example, see
Smith and Kakoma [1989]).

6.3 Third scenario: Nonrandom distribution.  The effect of a “non-
random”™ distribution of ticks over their hosts can be seen by taking
the distribution of ticks over hosts to be negative binomial. Figure 7
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7 shnes of the infection rate in ticks A° vary with respect to the
tlon parameter of the pegative binomial & and the mimber of ticks per host

AH1o The values for the mortality rates for guesting ticks were held constant.
ameters were chosen as follows: oy = BB = L Hy = Xy = HESIaE

ey om O001 ¢y g a0 o= g ow Qoag g w a1.mt% w90 for 3% 2,58,
b TODG, Dfor j 55 2, 5.8, and the initial number of infected questing nymphs
MO - Values of & and Ny /By which le below the threshold for disease

asion are shown in gray.

shows isoclines of the infection rate for different values of the aggrega-
tion parameter & and the density of ticks, with the number of hosis held
constant, As the aggregation parameter declines {representing further
departure feom randemness}, it reguirves more and more ticks to achieve
the same level of disease,

.4 Fourth scenavio: Nanrandom distribution and hest infection lim-
ited to ore year. For the fourth scenario, suppose that evervthing were
identical to the second scenario, except that the negative binomial had
been used for the distribation of ticks over hosts instead of the Pois-
sors chistribution. (The fourth scenario will combine the features of the
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second and third scenarios.) Then, the expression [98) hecomes

{30 7 (0 4 b o= gyopi (l (l

£ to nt oand
eshold condition
(29} for the mumber of ticks per host on average as in the third scenario
{see Figure 6}. In Figure 6, curve B is drawn using the same paraineter
values as curve A, except that the negative binomial distribution is
used with aggregation parameter & = 1. The slope of the curve B
is the same as the slope of the curve A at the origin, illustrating
that the threshold condition for invasion is the same. and that the

curve B with the Hne n*(u) = n*{u + 1) is lower than for line A,
showing that the infection rate is smaller when there is aggregation of
ticks on hosts. For very small numbers of infected ticks, the effect of
this aggregation is small, since it is then extremely unlikely for a host
to get two infected ticks; so the curves A and B are very shmilar a
small n*. For larger n*, the aggregation increases the likelibood of a
host which has one infected tick to get another, over what it would be
in the “random” {Poisson) case. In this case, more infected ticks feed
on hosts which are already infected, and final equilibrium infection rate
is lower. Aggregation of ticks on hosts, when there is no dependence
from stage to stage, reduces the infection rate without lowering the
invasion threshold. 5o the threshold condition is the same when the
negative binomial (overdispersed) disiribution is used, hut the steady
state spirochete infection rate oceurs at a smaller value. Attempts to
estimate the basic reproductive rate or the threshold condition based
on endemic spirochete mfection rate data are dependent to some extent
on the form of the distribution of the number of ticks over the hosts.

6.5 Fifth scenario: Juvenile ticks feeding on deer.  Although the
role of mice as the chief reservoir of Lyme disease has been emphasized
in the literature and forms the basis of this model, it is known thag
deer are host to a significant proportion of juvenile ticks. It is assumed
that, the deer can be host to a considerable number of juvenile ticks.
It has been argued that the deer are not a significant reservoir host;
accordingly, suppose that the deer do not transmit the disease to the
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ticks. Ther, equation (17) is replaced by

0, and  geg=1

Y G55 Tqin, H16e

Equations analogous to equations (21}, (22}, and {23} can be found,
and their Jacobian computed as hefore. The significant eigenvalue is
determined to be:

32 Ay == Py ey o+ Srdion g aqus

When the hosts of species 2 {deer) feed a large portion of juveniie
ticks, the effect of this is to greatly increase the number of ticks per
mouse needed for the disease to be able to invade a region:

JYH.(;":‘ . E
i ,
Hy G101 30TV 8L s

(33

where sy and sy also depend on Hs,

In Figure 8, isochnes of the equilibnum infection rate in ticks are
plotted as a function of the rmber of deer (horizontal) and the number
of ticks i’vt‘\rt‘if“;?) The isoclines slope upward, showing that if the
number of deer is larger, 3¢ takes more ticks to achieve the same
infection rate. This is because the deer {assumed not $o be transmitting
the disease] divert juvenile ticks away from the mice, as discassed by
Spielman [1988]. Conversely, for a given number of ticks, an increase
in the number of deer resulis in a decrease in the infection rate for this
reason. However, the number of deer affects the equilibriurs number
of ticks, preswmably, and this will happen mdependently of whether or
not Lyme disesse 1 present, Therefore,

This mweans that oub of the plane shown in Figure 8, only the points
satisfylng (34) are sctually realized. In general, (34) must cross the
isoclines of the infection rate from below for a reduction in the number
of deer to reduce the infection rate. When this occurs, the reduction
tn the number of ticks would outweigh the increased fraction of ticks
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FIGURE 8. Isochines of the infection rate in ticks 5%
with respect fo the the number of hosts of species i ceer] and the number of
ticks Ny, The values for the wortality vates for que sting ticks were held canstant,
Parameters were chosen as follows: oy = 0.8, = 1. Hy Xy e lf)€}€,\c;>;
Byeeyp e oo s e BUOERL, we (LB, ey e = 01, mi o 8.4} for
J

P 258 b = Wi}i‘é.:« A fﬁr H :f- 2,,1 8, and the initial mumher of infected
questing nymplm Nedo, ﬂ) w M) For curve A, ey s 20 000 800 and ey bs 200 for
curve B, £y is 450 Ul)%? and ey s 1. Parameter values which e below the threshold
for disease invagion are shown in gray.

shiown s solid lines, vary

which would feed on mice. For instance, suppose the relationship (34)

) (F{z {rmf)
€2 + (Hy - )

provided the equilibrium exists. This form is arbitrary, but something
like it could arise when, for example, the ticks are upable to persist at
all when Iy is below H§ but when Hy rises above this value, the
number of ticks begins to rise, finally leveling off for high deer densities
where, perhaps, the ticks are iamztmi by something else. Two curves of
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this form are plotted in dashed lines on Figure 8. f)epez‘xfiing on the
particular parameter values, a decrease in t%m_ number of desr could
ither decrease or increase the infection rate. (For very farge values (')f
Py, (35) flattens out, and so when the number of ci‘ﬁzer is very laree, l}i’l‘IS
predicts that o decrease i the number of deer will always redlz{:'e the
infection raie, However, such large values of Hy may be i::m:.ﬂ_(}gzcﬂ.lly
unrealistic.d Finally, it e possible that the reduction in the number
of ticks may outweigh the increase in the infection rate, 50 that the
total 'IiE.U.iilht“I‘ of infected ticks—and thus the risk of disease 18 reduced

SNV WAV,

Although moderate deer curtailiment may increase of decrease the
om rate in the ticks, severe curtailment such as was nndertaken
son et al. 110881 leads to such great reduction in the mumber of
s thai the disease cannot persist.

oy

6.6 Sirth scenmorio: Seasonolly-voryimg mouse population, I ti.zis
ceenario. evervihing is identical to the fifth scenario, where ju'vemle
tieks were considered to feed on deer, except that the af%mimja'tmn of
o constant host population is relaxed. That is, equation (B) is us_sed
instead of equation (6), and in this way the effect of & mouse ;)‘opuiﬂti‘m’l
which varies throughont the course of the year can be examined. The
sigrificant eigenvalue was determined to be:

K  Nearti@ygi,291 551 50101
e P : e
e . T 0+ by (e)) H (0 (0)1 (1)
where T1(c) = ay{e)(1 -+ ble)} for e = U 1,2, 3, which comes from

equation (4). Each season the reduction .r}f the infm:f,i.(};l chfe L0 hf)st
turnover is found by dividing by 1 -+ bi{e} (see discussion of equation
964 above). The interpretation of this is similar, except that instead of
dividing b}_‘; i1 (0), it is the number of hosts at season ¢ 2, w'img 1211‘\'7&&
are questing. that oceurs in the denominatar, reflecting the distribution
of the mfected ticks over more hosts,

Ome effect of the nonconstant host population is to reduce the trans-
ission from spring to sunimer: as the number of hosts increases, there
are yore hosts competing for the same number of ticks, so the num-
Ler of ticks per nfected host is reduced. This iz a cronﬁmf]l.uﬂ}ce of the
assureption of the relative separation of feeding times of mymphs and
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larvae. Hf the overlap is great, then the effect cannot be explored within
this model. Under these circumstances, the increasing host population
may favor increased transmission, Equation (36) does indicate that i is
the size of the host population during the time of year that transmission
is occurring that s important in calculating the threshold,

(.7 Seventh scenario: Deer as veservoir hosi.  When the deer are also
transmitters of the infection to ticks, then the equations becorne analyt-
ically intractable, although they can be solved numerically, When deer
ave assuned to be reservoir hosts for the spirochete, then transmission
by adults becomes important. The infection rate in adults is dependent
on the infection rate in nymphs affer feeding. Since the ticks do not
lose the infection, the infection rate in adults s at least as great as the
infection rate in guesting nymphs, However, in the fleld, the mmphal
feeding times are spread out, rather than simultaneous. Thus. nymphs
that feed early infect more hosts. Consequently, nymphs that feed later
are exposed to a higher force of infection than would be assumed., The
seasonal projection model fornmiated here does not include this effect.

Conclusion.  The model presented above ilustrates the oversi
pattern of persistence of Lyme disease (and other Lrodes dammini-borae
infections such as babesiosis}).

The model suggests that moderate reductions in the munber of deer
can lead to an increase in the infection rate in ticks due to mereased
agpregation of the ticks on the reservoir hosts, the mice. The model
shows that this possibility depends on the fraction of ticks which feed
on the deer, on the functional dependence of the tick population size on
the number of deer, and on the assumption that the white tailed deer
does not transmit the disease as efficiently as mice. The model sug
therefore the possibility that moderate deer curtailment strategies may
have the opposite effect that they arve intended to have., However, the
reduction in the number of ticks may outweigh the increase n the
spirochete infection level in those that remain, so that the number of
mnfected guesting ticks is reduced.

.

The model also shows that control of the rodent reservoir hosts could
reduce the infection rate if the survivorship of juvenile stages of ticks
were reduced as a consequence. IF the survivorship of juvenile stages
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does not decline as the rodent population is reduced, then rodent
reduction cab nerease the spivochete infection rate in the ticks.

The model shows that the upper lmit of the infection rate in ticks
rises with the transmission rate to ticks and decreases with the recovery
and turnover rates in the hosts for the time of year that the hosts are
piportant 8% & Teservidr.
sressions for the basic reproductive rate of the disease arve com-
puted snalytically for spectal cases, and it is shown thaf as the basic
peproductive rate increases, a proportional reduction tn the tick popu-
lation produces a smaller proportional reduction in the infection rate,
<o that vector contral i less effective far above the threshold,

Finally, the model shows that the infection rate rises with the aumber
of ticks in a manner which depends on whether the distribution of ticks
aver the host ndividuals s random or not. When the distribution is
random, the endemnic spirachete infection rate is higher than when the
distribution of ticks is clumped, bug the threshold sumber of ticks per
host which is required for the disease to invade is the same. However,
this conclusion assumes that the probability that a tick in one stage
o host individual is independent of the probability
b to that host individual in a later stage of its life.

will attach to & giv
that tick will atéac

The model depicts some of the overall features of the enzootic, though
o number of simplifying assiaptions have been made, and this must be
kept in mind when interpreting the results. Models which are relatively
simple. or which are built up from general principles, often aid in
nnderstanding a system. Further, the addition of more dotail to a model
does not always inprove its accuracy, Simplified or “top-down” models,
such as the one presented here, thus have played a complementary role
k for increased realism by including greater amounts
48G1).

Heawever, the nature of the sinplifving assumaptions of the model, the
uncertaintios in the population estimates of the animals involved, and
the gaps in our knowledge of the factors which regulate the abundance
of tieks make it difficult to predict infection rates guantitatively. A
crucial parameter in the dynamics is the number of ticks which feed
oboa given b throughout the season, and this parameter is not
known well, T is also important to koow how the ticks that feed on
s given host are distributed among other hosts after they molt to the

to models which see
of detail (Getz and Haight |
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next stage. For a more complete understanding of the dynamics of
Lyme disease and other tick-borne diseases, it is necessary to have
an understanding of density-dependent mortality factors m“tirzg on the
tick populations. These include predation, host grooming, and bost
immunoclogic reactions, It is important to understand how the tick
population responds to increased host abundance, in terms of increased
chance of host finding, increased death rates (due, for example, io
trampling of ticks), as well as the Allee effect resnlting from the
dispersion of male and ferale ticks so thinly over the ?mst";mpuiz.u:i(u.l.
that a sigoificant proportion of females fail to mate and hence to
lay eggs (Plowright and Paloheimo, [1977)). The role of climatic
and meteorclogical factors must be exawmined, because these factors
influence the death rates of ticks, the time of year that the ticks quest,
the type and abundance of vegetation, and affects the host pa‘;;:)uin,l.imz'
levels. The role of other organisms must be known as well, Mather,
Piesrnan and Spielman [1987] discuss the role of a parasitoid wasp of
Trodes dammini on the presence of infection by Borvelia burgdorferi
and Babesia microti.  In many ways, tick infestations are similar
to macroparasitic infections, which have been discussed by Anderson
and May [1978], but ticks are vectors of a microparasitic infection as
well, and the effect that the presence of this infeciion itself has on
ticks must be known. Does the disesse reduce their survival through
certain stages, or alter their feeding behavior? Are infected ticks move
susceptible to adverse climate or to predation? Is the number of ticks
reduced to any significant degree by the disease?

An important conclusion ta be drawn from the model presented here
is that there is a need for more data about Lyme disease, and the model

helps show bow such data conld help in planning control strategies. The
model also shows the need for caution in planning control strategies.
Further fleld and laboratory studies are needed before predictive models
of Lyme disease will be feasible.
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being submitted in partial fulfillment of the requirements of the degree APPENDIX B
of Doctor of Philosophy in Biophysics at the University of California

at Berkeley, Notation

: i the life table position of a tick
APPENDIX A ; N; the munber of ticks at § at a given season
Seasonal Projection Mairices ; N{r) vector of numbers of ticks for j = 1,2,4,5.7.8
e=,1,2,3 seasons of the vear, spring = 0
The seasonal projection matrices can be Laken as: i ymr starting with zero at the beginning e:?f the z.m.}'(.ie]'
: T is the total count of three-month seasons from beginning
-1 0 0 0 0 0 . of model
TR N P [ . Ali) for ¢ = 0,1,2,3 the seasonal projection matrices
o 0060 6 0 00 85 survivorship from stage j to stage j - 1
Al=1y g s 0 000 . 815 the product sysz838483
6 0 0 0 1 6 5 b the average number of progeny per adult tick
G0 4 6 00 :rng(”‘)'} daily mortality rate of o guesting tick, stage j
’ ¢ the number of possible host species
_ ‘ i denotes a given species of host animal
U G u U o (,}M H, numerical abundance of hosts of species
1 (_3 4 {,) Q 0 4 4 the affinity of stage 7 ticks for hosts of species 1.
Al : 2 é {(i j: :’: 41 proportion of feeding ticks which fed on species
! - Pi i1 proporéion of ticks out of the initial cobort N; which fed on
00 0 ses O 4 : a host of species i ‘
v o o v 01 Niot the number of tick eggs at the beginning of the life
eycle of each cobort
10 0 06 07 Hi(r} munber of hosts of species ¢ at time v
¢ 0 0 @ 0 v Xi(r) number of susceptibie hosts of species ¢ at time
Alz) = 0 538 a (} 0 0 ¥ (7) nmnber of nfections hosts of species  at tine 7
' o0 0 100 Zi(T) mittnher of removed hosts of species i at time ¢
60 08 4 v z:{7) fraction of susceptible bosts of species ¢ at fime 7
LG g 0 0 s O y:{7) fraction of infectious hosts of species 7 at time 7
zi{7) fraction of removed hosts of species 1 at time 7
0 ¢ 0 0 0 so8g8sb s () the quarterly mortality fraction for host species 4
SIS S R R € 0 {7 the guarterly survival fraction for host species 4
‘ g 0 1 n 0 0 bi{7) equals the quarterly birth rate for host species ¢
Al3) AT B € B it hy proportion of hosts of species 4 inoculated with disease
4 0 0 0 v ] at time 7
g 9 0 6 4O { 1y the fraction of hosts which do NOT recover from the disease
during a season
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probahility distribution of tick bites over susceptible
hosts, where

i the number of bites from nfected ticks of life table
position 7 during & season

vl progoriion of hosts of species {, bitten by # infected ticks,
who receive the infection

() minnber of infected ticks in position § at time 7

@ ; mean auraber of nfected ticks per host per season

k AL REY tion parameter for the negative binomial
Iy fraction of ticks becoming infected after feeding on hosts

of species ¢

fraction of ticks of stage 7 infected during feeding

infections contact matrix _
vector of the numbers of infected ticks {stages 1,2,4,0,7.8)
veetor of numbers of the uninfected ticks (stages 1,2,4,5,7.8}
fed nymphs who have the infection al ¢ == 0

proportion of un

oy
farge host populations

£ in equation [38), related o the host density at
palf-maximum tick abundance

Fgre in equation {35}, the threshold number of hosts
for & ticks to persist

g the Jacobian of the svstermn of difference equasions (21),
{22 and {23)
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