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Warmer temperatures are expected to increase the incidence of Lyme disease through enhanced tick maturation rates and a longer
season of transmission. In addition, there could be an increased risk of disease export because of infected mobile hosts, usually
birds. A temperature-driven seasonal model of Borrelia burgdorferi (Lyme disease) transmission among four host types is
constructed as a system of nonlinear ordinary differential equations. (e model is developed and parametrized based on a
collection of lab and field studies. (e model is shown to produce biologically reasonable results for both the tick vector (Ixodes
scapularis) and the hosts when compared to a different set of studies.(emodel is used to predict the response of Lyme disease risk
to a mean annual temperature increase, based on current temperature cycles in Hanover, NH. Many of the risk measures
suggested by the literature are shown to change with increased mean annual temperature. (e most straightforward measure of
disease risk is the abundance of infected questing ticks, averaged over a year. Compared to this measure, which is difficult and
resource-intensive to track in the field, all other risk measures considered underestimate the rise of risk with rise in mean annual
temperature.(emeasure coming closest was “degree days above zero.” Disease prevalence in ticks and hosts showed less increase
with rising temperature. Single field measurements at the height of transmission season did not show much change at all with
rising temperature.

1. Introduction

Lyme disease is the most common vector-borne disease in
the US and accounts for 82% of reported tick-borne cases
[1]. It is characterized by an initial infection by the spi-
rochete B. burgdorferi which, if left untreated, can lead to
severe consequences later [1, 2]. Lyme disease has two
primary vectors: the black-legged tick (I. scapularis),
found throughout the Eastern and North Central United
States, with infectious ticks most abundant in the
Northeast [3] and the western black-legged tick (Ixodes
pacificus), found along the Pacific coast. Here, we focus on
I. scapularis.

Because temperature controls many aspects of the tick life
cycle, many efforts have been made to understand the de-
pendence of I. scapularis life cycle on temperature [4–9] and
to link climate to the potential range of this vector [10–16].
(e mechanisms underlying the link between temperature
and tick abundance can be approached via models such as the
one developed here, as well as others [5, 7–9]. It is widely
claimed that an increase in overall temperature will affect tick-
borne diseases in general [17–21] and Lyme disease in par-
ticular has been the subject of a few models based on various
measures of risk [10, 11, 16, 22–24].

Only a few dynamic models of Lyme disease trans-
mission exist. Ogden et al. use their temperature-dependent
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life cycle model to model transmission between ticks and
mice [25]. A model by Gaff and Gross for a different tick-
borne disease combines all hosts into one population and
does not track the full vector lifecycle. It does incorporate a
version of seasonality and extends the model to multiple
patches [26].

(is study introduces a model of both tick life cycle and
Lyme disease transmission based on the work of Ogden et al.
[5, 6]. In Ogden et al.’s [5] study, a model of the tick life cycle
is presented in which temperature is incorporated via a time
delay and host densities are not modeled directly but rep-
resented by varying the probability that a questing tick finds
a host. No disease is modeled. In [25], this model was ex-
tended to include disease transmission and a single host,
Peromyscus leucopus, whose life cycle was modeled in some
detail. In this study, we simplify the P. leucopus life cycle but
extend the model to multiple host classes with different
transmission dynamics, tick removal capacities, and pop-
ulation densities.

(e most straightforward measure of disease risk to
humans is the number of infected ticks questing for a blood
meal in a given area. An increase in this abundance translates
directly to an increased probability of contact with humans
[3]. However, tick abundance is difficult to measure outright
in the field and an estimate must be provided through a
model such as the one developed here.

(e most commonly used measure of risk is the number
of degree days above 0 Celsius, which is an indicator of
temperature suitability for I. scapularis, both at present [10]
and under conditions of rising temperature [22, 27–31].
Other factors besides temperature have been used to indicate
habitat suitability as well [24]. Neither habitat nor clima-
tological suitability alone provides a robust estimate of the
density of ticks present, as this depends also on host dis-
tribution and whether ticks are recently introduced or long
established, as well as the effect of temperature on matu-
ration rates of larvae and nymphs.

A common field measurement is the prevalence of in-
fection in questing ticks [21, 32, 33], which varies depending
on location and time of year. Although useful, it is an in-
complete measure of risk without accompanying tick
population data.

A useful proxy for risk to humans could be disease
prevalence in host animals. A rise in this prevalence would
indicate either more ticks or higher infection rates in ticks,
and either way could be an indicator of increased disease risk
to humans. B. burgdorferi rates in mice have been measured
in some studies, which also observe a seasonal trend [34, 35].

Some species of birds are competent and highly mobile
hosts for Lyme disease and have been considered a source of
introduction of the disease to new areas [10]. Disease
prevalence in this host represents a different type of risk: the
risk of exporting the disease elsewhere.

(e model developed here represents a synthetic eco-
system with disease dynamics present that is complete
enough to consider all of the risk measures mentioned, not
only for a single example but also under conditions of rising
temperature. Taken together, these risk measures give a
picture of the likely effect of a rise in mean annual

temperature on risk of Lyme disease in regions similar to the
Northeastern United States.

2. Materials and Methods

(is study is based on the work of Ogden et al. which
includes laboratory and field experiments as well as models
[5, 6]. Compartment models of ordinary differential
equations describe both the I. scapularis population, at
various life stages, and the host populations to model the
disease dynamics within a one-square kilometer area. (e
model of Ogden et al. was revised to be implemented using
the Matlab ODE solver [36] and extended to include more
host categories than the original model. Laboratory ex-
periments have shown a clear temperature dependence of
maturation periods for I. scapularis [5].(ese temperature-
sensitive rates are incorporated into this model to produce
recognizable seasonal patterns of questing activity, based
on the seasonal cycle of 2-meter air temperature for
Hanover, NH. Humidity also plays a role in measured tick
abundance [37, 38], but given the relatively high levels of
warm season precipitation in Hanover, NH, we assume
humidity is not limiting.

Ticks feed on a wide range of mammal hosts, from mice
and other rodents to larger mammals such as raccoons and
deer, as well as nonmammal hosts such as birds and reptiles.
Some of these tick hosts such as P. leucopus [4, 25] are
competent hosts for B. burgdorferi and serve as a reservoir
from which uninfected ticks can pick up the disease, while
others are incompetent hosts that play a role in propagation
of the I. scapularis population [39, 40] through providing
blood meals but are incapable of transmitting the disease.
Although mice have been strongly implicated in the prev-
alence of both the black-legged tick and the transmission of
the Lyme disease spirochete, it is acknowledged that other
hosts play a role in Lyme disease transmission [2, 39, 41, 42].
In particular, mobile hosts, such as birds and deer, can carry
both the vector and the disease to new locations, where it can
become endemic [10]. Consequently, in this study, we have
six classes of host: incompetent mobile, incompetent sta-
tionary, competent mobile (infected and uninfected), and
competent immobile (infected and uninfected). (e full six-
host model enables us to compare the model output with a
wide range of field observations.

Although the various species of host in a given category
may vary in competence, we assume the hosts in the in-
competent categories could not transmit disease at all. (e
probability of transmission upon contact with an infected
tick was calculated as a weighted average over all the species
in a competent host category, based on rates reported in Levi
et al. [39].

Birth, death, and maturation rates are based on mea-
surements in both the laboratory and field. Densities of host
populations and ticks per host are based on published
studies, with references provided in Table 1. In particular,
our single patch model includes six host populations cate-
gorized by competence, infectious versus uninfected, and
mobile versus immobile. However, no published data set
includes complete information on all stages of the tick
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Table 1: Default parameters used in model.

Parameter Meaning Value Source

w

Increase in mean annual
temperature relative to

historical
0- to 5-degree Celsius Arbitrary

b Per capita egg production
per day 300 [5, 6]

de Daily death rate for eggs 0.015 [43]

d1
Daily death rate of young

hardening larvae 0.01 [44]

dn1, dA1
Daily death rate of
engorged larvae and
engorged nymphs

0.001 [45]

d2, dn2, dA2
Daily death rate of

questing larvae, nymphs,
and adults

0.094 [44]

d3a � dfna � dA3a
Daily death rate of feeding
larva, nymphs, and adults

on host type a (IM)
0.51 [39]

d3b � dfnb � dA3b
Daily death rate of feeding
larva, nymphs, and adults

on host type b (IS)
0.89 [39]

d3c � dfnc � dA3c � d3e � dfne � dA3e

Daily death rate of feeding
larva, nymphs, and adults
on host types c and e

(CUM, CIM)

0.73 [39]

d3d � dfnd � dA3d � d3f � dfnf � dA3f

Daily death rate of feeding
larva, nymphs, and adults
on host types c and e (CUS,

CIS)

0.72 [39]

dA4
Daily death rate of
engorged adults 0.5 [5, 6]

me(T)
Egg to larvae maturation

rate
me(T) �

0.0552∗ exp(−((T− 25.83)/4.946)2)∗HS(T− 15)
[6]

m1

Young hardening larvae to
questing larvae maturation

rate
0.033 [43]

m2, mn2, mA2
Questing tick to feeding
tick maturation (all stages) 0.5 Estimated questing

period of 5–6 days

m3, mfn, mA3
Feeding tick maturation
rate, all stages, all hosts 0.5 [46]

mn1(T)
Engorged larvae
maturation rate

mn1(T) �

0.04001∗ exp(−((T− 26.68)/9.533)2)∗HS(T− 15)
[6]

mA1(T)
Engorged nymph
maturation rate

mA1(T) �

0.03173∗ exp(−((T− 23.85)/9.042)2)∗HS(T− 15)
[6]

r
A numerical feature to

ensure you never divide by
0

0.001

pL

Probability of larvae
infection 0.1 Estimated

pN

Probability of nymph
infection 0.1 Estimated

Ca

Per host tick carrying
capacity of host type a,
incompetent mobile

239 [39]

Cb

Per host tick carrying
capacity of incompetent

stationary hosts
176.75 [39]

Cc �Ce

Per host tick carrying
capacity of CUM and CIM

hosts
11.4 [39]
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lifecycle throughout a season, tick densities on various hosts,
and host densities in the landscape.

Many sources were used to estimate parameters in the
model, summarized in Table 1 [5, 6, 39, 40, 43–48]. Any
information from a study in the Northeastern US that was not
used to estimate a parameter directly was used instead to
compare with model outputs to make sure the model was
producing reasonable seasonal patterns of tick populations,
on-host tick distributions, and host densities. Seasonal effects

produced by the model could be compared to the range
observed in multiple studies. (e range of hosts considered
allows us to compare model predictions with measured tick
burdens and disease prevalence on a variety of hosts in several
published field studies in the Northeast [21, 32–35, 49–53].
Across all of these measures, the model produces results that
are biologically reasonable compared to what are observed.
(e model produces a synthetic ecosystem and epidemiology
that is the basis for numerical experiments.

Table 1: Continued.

Parameter Meaning Value Source

Cd �Cf

Per host tick carrying
capacity of CUS and CIS

hosts
46.84 [39]

bIM
Birth rate of incompetent

mobile hosts 0.00261 [39, 40, 47]

bIS
Birth rate of incompetent

stationary hosts 0.0102 [39, 40, 47]

bCUM
Birth rate of competent
uninfected mobile hosts 0.00753 [39, 40, 48]

bCUS
Birth rate of competent
uninfected stationary host 0.0176 [39, 40, 47]

dIM Death rate of IM hosts 0.000609 [39, 40, 47]
dIS Death rate of IS hosts 0.00129 [39, 40, 47]

dCUM � dCIM
Death rate of competent
uninfected mobile hosts 0.00157 [39, 40, 48]

dCUS � dCIS
Death rate of competent
uninfected stationary

hosts
0.00345 [39, 40, 47]

KIM
Cell carrying capacity of

IM host 25 [39]

KIS
Cell carrying capacity of IS

hosts 45 [39]

KCM
Cell carrying capacity of

CUM+CIS hosts 3100 [39]

KCS
Cell carrying capacity of

CUS+CIS hosts 9,335 [39]

pCUM

Probability of CUM host
infection (per infective tick
per day × number of hosts

of that type)

0.117 [39]

pCUS

Probability of competent
uninfected stationary host
infection (per infective tick
per day × number of hosts

of that type)

0.6635 [39]

E(0) Initial number of eggs 10,000,000

NU1(0)
Initial uninfected
engorged larvae 5,000,000

AU1(0)
Initial uninfected
engorged nymphs 300,000

IM(0) Initial incompetent mobile
hosts 25

IS(0) Initial incompetent
stationary hosts 45

CUM(0) Initial competent mobile
hosts 3,100

CUS(0) Initial competent
stationary hosts 9,335

All other initial conditions 0
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CUM: competent uninfected mobile
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CUS (d)

IS (b)

CUM (c)

CUS (d)

CIM (e)

CIS (f)

Next- 
generation 

eggs

Temperature-dependent 
life cycle transitions

Temperature-independent
life cycle transitions

Temperature-independent
death

Compartment model for Ixodes population and disease dynamics

CUM (c)

CUS (d)
CIM (e)

CIS (d)

CIM (e)

CIS (f)

CUM (c)

CUS (d)

CIM (e)

CIS (d)

Infected
questing 

adults

E A4 E

(a)

IMHost 
disease 

dynamics 

Host dynamics key:

IS

CUM

CUS

CIM

Uninfected to 
infected
Reproduction 
without vertical
Transmission

IM: incompetent
mobile hosts
IS: incompetent 
stationary
CUM: competent 
uninfected mobile

Compartment model for Ixodes host populations and disease dynamics

Transitions:

CUS: competent 
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infected mobile
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(b)

Figure 1: Compartment model for I. scapularis and host population and disease dynamics. (a) (e life cycle of I. scapularis as described by
equations (1)–(17). Feeding populations are split according to host type. Temperature-dependent maturation transitions are indicated in
orange. (b) Host population and disease dynamics. Disease transitions require vector populations shown in this figure.
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To study the role of increased mean annual temperature
on vector dynamics and disease prevalence, a daily seasonal
cycle for Hanover, NH, was fitted by a truncated Fourier
series and the constant term in that series was increased. It is
assumed that other variables such as host distribution
remained constant.

Figures 1(a) (ticks) and 1(b) (hosts) offer an overview of
the relationships modeled in this study. Figure 1(a) tracks
the tick life cycle. During periods of feeding, the populations
are split into six categories depending on the host. (e
potential of contracting disease from an infected host leads
to twelve tick categories at the “feeding nymph” and “feeding
adult” stages. Figure 1(b) tracks transitions in the six host
compartments. We assume there is no vertical transmission
in either the tick or host life cycle.

Host species listed in Levi et al. [39] were categorized
based on their reservoir competencies and whether or not a
species was (relatively) mobile. All species listed in Levi et al.
were categorized as follows:

(1) Competent stationary hosts: white footed mouse,
eastern chipmunk, masked shrew, short tailed shrew,
eastern gray squirrel

(2) Competent mobile hosts: ground foraging birds
(3) Incompetent stationary hosts: striped skunk, rac-

coon, Virginia opossum
(4) Incompetent mobile hosts: white-tailed deer

(e ability of hosts to actively remove ticks is reflected in
the per host carrying capacities. For simplicity, the model
embraces a form of the null hypothesis, by assuming that
tick-host contact rates depend on population densities of

hosts and ticks irrespective of life stage and that all on-host
ticks taken together are subject to a single on-host carrying
capacity.

Simulations were run on a 2015 MacBook Pro using
Matlab ode45 solver [36], with run times of approximately
8 seconds. Figure 2 shows a map of the Northeastern United
States, where most of the field studies cited were done.

2.1. Equations. (e two-year life cycle for I. scapularis was
broken into differential equations based on behaviorally
distinguishable life stages as follows: eggs, young larvae,
questing larvae, feeding larvae, engorged larvae, questing
nymphs, feeding nymphs, engorged nymphs, questing
adults, feeding adults, and engorged adults.

2.1.1. Temperature (T). (e mean seasonal temperature
cycle for Hanover, NH, was calculated from daily maximum
and minimum temperature data obtained from the National
Centers for Environmental Information (NCEI) Global
Historical Climatology Network (GHCN) dataset.

GHCND data from both the Hanover and the Storrs, CT
stations were used to create a seasonal average (1990–2015,
Patch_Lyme) [54–56].(e data are modeled by a continuous
function for temperature based on the day of the year for the
model using a five-term Fourier series:

T � 10.5 + w + 1∗ ((−10.79) cos(t∗ 0.0172)

+(−7.53) sin(t∗ 0.0172) +(−1.212)cos(2∗ t∗ 0.0172)

+(−0.07472)sin(2∗ t∗ 0.0172)).

(1)

Long Point

Dutchess County

Ontario

Québec

New York 

VT

MA

Hanover
NH

Maine

CT RI

NJ
PA

OH

New
brunswick

Long Island

Westchester County Atlantic
Ocean

0 100 200 300 400 km

Figure 2: Map of Northeastern United States. Most field studies considered are from this region. Locations referenced in the text are labelled
in black.
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(e default value for w is zero, corresponding to current
temperature data from Hanover. In numerical experiments,
w is increased in increments of 1°C, which effectively in-
creases the temperature at every time step and therefore the
annually averaged mean temperature. While the actual
seasonal pattern of anthropogenic temperature change will
be different from the simple additive shift used in this study,
the magnitude of warming is consistent with the anticipated
range of increasing temperatures for the Northeast projected
by global climate models: 2.2°C for midcentury and in-
termediate greenhouse gas emissions to 6.4°C for late-cen-
tury and high greenhouse gas emissions [57].

(e maturation of eggs to larvae is based on the labo-
ratory studies by Ogden et al. [6]. In this study, maturation
times are given for a selection of warm temperatures. (ese
maturation times were converted to rates and fit with a
Gaussian distribution. To ensure diapause at low enough
temperatures, a Heaviside function was incorporated that
reduces maturation rates to zero when the temperature is
below 15-degree Celsius. Combining these gives the tem-
perature-dependent egg maturation function, me(T), where
HS is the Heaviside function:

me(T) � 0.0552∗ exp −􏼠
T− 25.83
4.946

􏼡

2
⎛⎝ ⎞⎠∗HS(T− 15).

(2a)

Based on [6] and using the same method as for me(T),
engorged larva matures with a temperature-dependent rate:

mn1(T) � mn1 ∗ 0.04001∗ exp −􏼠
T− 26.68
9.533

􏼡

2
⎛⎝ ⎞⎠∗HS(T− 15).

(2b)

Based on [6] and using the same method as for me(T),
engorged nymphs have a temperature-dependent matura-
tion rate:

mA1(T) � 0.03173∗ exp −􏼠
T− 25.83
9.042

􏼡

2
⎛⎝ ⎞⎠∗HS(T− 15).

(2c)

(ese temperature dependencies give rise to the
changing tick and disease dynamics in this study.

2.1.2. Tick Dynamics. Tick dynamics include maturation into
and out of each stage as well as a death rate. On host, stages are
divided according to the disease status of both hosts and ticks.
Quantities tracked include eggs (E), young hardening larvae
(L1), questing larvae (L2), larvae feeding on host type x (L3x),
as there are six types of host (IM, IS, CUM, CUS, CIM, and
CIS) which for convenience we relabel (Ua,Ub, . . .,Uf) and set
x as an index for a–f. Equations for uninfected engorged
larvae (NU1) and infected engorged larvae (NI1) include
disease transmission terms based on tick/host interactions.
Uninfected and infected questing nymphs (NU2 and NI2) and
feeding nymphs (FNUx and FNIx) are tracked similar to
larvae. Uninfected and infected engorged nymphs (AU1 and

AI1) include disease transmission terms similar to those for
engorged larvae. (e equations for uninfected and infected
questing and feeding adults (AU2, AI2, AU3x, and AI3x) are
constructed similarly to those for nymphs and larvae.
Engorged adults (A4) complete the life cycle:

E′ � b∗A4 − de ∗E− me(T)∗E, (3)

L1′ � me(T)∗E− d1 ∗L1 − m1 ∗L1, (4)

L2′ � m1 ∗L1 − d2 ∗L2 − m2 ∗L2, (5)

L3x
′ � m2 ∗Qx ∗L2 ∗Fx − d3x ∗L3x −m3 ∗L3x. (6)

(e first term represents attachment to a host where the
parameter m2 is a constant rate based on the estimated
number of days spent questing, Qx is the probability that the
host is of type x (described in equation 21), and L2 the
population of questing larvae. (e index Fx (described in
equation 22) is a function of total number of hosts of type x,
the per host carrying capacity for ticks, and the amount of
that capacity already occupied by ticks. Fx is nonlinear and
caps the feeding larvae population in terms of hosts:

NU1′� m3aL3a + m3bL3b + m3cL3c + m3dL3d

+ 1−pL( 􏼁 m3eL3e + m3fL3f􏼐 􏼑− dn1NU1

−mn1(T)NU1,

(7)

NI1′� pL m3eL3e + m3fL3f􏼐 􏼑 − dn1NI1−mn1(T)NI1, (8)

NU2′� mn1(T)NU1−dn2NU2−mn2NU2, (9)

NI2′� mn1(T)NI1−dn2NI2−mn2NI2, (10)

FNUx
′� mn2NU2FxQx−dfnxFNUx−mfnFNUx, (11)

FNIx′� mn2NI2FxQx−dfnxFNIx−mfnFNIx, (12)

AU1′� mfn FNUa +FNUb +FNUc +FNUd( 􏼁

+ mn3 1−pn( 􏼁 FNUe +FNUf􏼐 􏼑−dA1AU1

−mA1(T)AU1,

(13)

AI1′� mfn FNIa +FNIb +FNIc +FNId( 􏼁

+ mn3 pn( 􏼁 FNUe +FNUf􏼐 􏼑−dA1AI1−mA1(T)AI1,

(14)

AU2′� mA1(T)AU1−dA2AU2−mA2AI2, (15)

AI2′� mA1(T)AI1−dA2AI2−mA2AI2, (16)

AU3x
′ � mA2AU2FxQx−dA3xAU3x−mA3AU3x, (17)

AI3x
′ � mA2AI2FxQx−dA3AI3x−mA3AI3x, (18)
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A4′� mA3AU3total + mA3AI3total−dA4A4. (19)

2.1.3. Host Dynamics. Host population dynamics are rep-
resented by logistic growth with observed per km2 densities
and death rates. Disease dynamics are given in terms of
encounter rates with infected feeding ticks. Quantities
tracked are incompetent mobile hosts (IM), incompetent
stationary hosts (IS), competent mobile hosts both un-
infected and infected (CUM and CIM), and competent
stationary hosts both uninfected and infected (CUS and
CIS):

IM′ � bIMIM 1−
IM
KIM

􏼠 􏼡− dIMIM, (20)

IS′ � bIS IS 1−
IS

KIS
􏼠 􏼡− dISIS, (21)

CUM′ � bCUM(CUM + CIM) 1−
CUM + CIM

KCM
􏼠 􏼡

− dCUMCUM− pCUM FNIc + AI3c( 􏼁∗CUM,

(22)

CUS′ � bCUS(CUS + CIS) 1−
CUS + CIS

KCS
􏼠 􏼡

− dCUSCUS−pCUS FNId + AI3d( 􏼁∗CUS,

(23)

CIM′ � pCUM FNIc + AI3c( 􏼁∗CUM−dCIMCIM, (24)

CIS′ � pCUS FNId + AI3 d( 􏼁∗CUS−dCISCIS. (25)

2.1.4. Auxiliary Equations. Recall that there are six types of
host (IM, IS, CUM, CUS, CIM, CIS) which for convenience
we relabel (Ua, Ub,. . ., Uf ) and set x as an index for a–f.

To count total ticks on a given type of host, we have:

(i) Larvae L3x where x� a, b, c, d, e, f, feeding on hosts
of type x

(ii) Uninfected nymphs feeding on hosts of type x,
denoted FNUx

(iii) Infected nymphs feeding on hosts of type x, denoted
FNIx

(iv) Uninfected adults feeding on hosts of type x,
denoted AU3x

(v) Infected adults feeding on hosts of type x, denoted
AI3x where x� a, b, c, d, e, f

Let Tx be the total ticks on hosts of type x, so
Tx � L3x+FNUx+FNIx+AU3x+AI3x.

LetCx be the per host carrying capacity for ticks on a host
of type x.

Let S� IM+ IS +CUM+CUS+CIM+CIS be the total
number of hosts of all types.

For each respective host type we have the following
equations:

Qx �
Ux

(S + r)
. (26)

Equation (26) expresses the approximate fraction of
hosts that are of type x. (e parameter r is set to a small
number to avoid numerical issues if the number of hosts is
set close to zero:

Fx � max
Cx ∗Ux −Tx

Cx ∗Ux + r
, 0􏼠 􏼡. (27)

Equation (27) describes the available on-host space for
ticks on hosts that are of type x. Tx counts the number of
ticks on hosts of type x. (e term Cx ∗Ux is the per host tick
capacity times the total number of hosts of type x, giving the
per host tick capacity for hosts of type x. (e difference
between these two is the available space for ticks on all hosts
of type x.

2.2.Numerical Simulations. Simulations were run onMatlab
software [36] using the ODE45 solver for a ten-year sim-
ulated time period. (e model achieved a periodic steady
state before the last year, which is the year used for all figures
and calculations. Parameters and initial conditions are listed
in Table 1.

3. Results

Overall model performance is compared with field obser-
vations from the Northeastern US, showing the model
produces reasonable results. (e results of numerical ex-
periments increasing mean annual temperature are shown
Figures 3–7 and discussed.

3.1. Overall Model Performance. Counts of questing larva in
Dutchess County, NY, 1992–1994, were observed to
sometimes have unimodal distributions peaking anywhere
from early July to early August and bimodal distributions
with peaks in June and again in August. Questing nymphs
were observed to have a unimodal peak during June/July.
Adults were more likely to have a bimodal distribution,
peaking as early as May and as late as November. Years
with unimodal questing adult distributions peaked late, in
October [50, 51]. Estimates of average questing larva density
varied from 1.45 to 3.20 per square meter depending upon
study site. Estimates of average nymph density ranged from
0.07 to 0.32 per square meter. (e model predicts peak
questing larva counts of 1.46 per m2 near Aug 19 and peak
questing nymph counts of 0.146 per m2 near Aug 30, rea-
sonably close to the field observations described above, al-
though no attempt was made to match those data.

Studies also report an average tick burden for mice, P.
leucopus, as 10–15 in a Dutchess County, NY, study for
1991–1993 [50]. A subsequent study in the same region in
1995, 1997, and 1998 reports a larva burden of 6 on mice and
17 on chipmunks, and a nymph burden of 5 on mice and 2
on chipmunks [52]. (e annual mean maximum larva per

8 Canadian Journal of Infectious Diseases and Medical Microbiology



rodent was reported in the Long Point Ontario data for 1990
and 1992 as 10–32, with feeding nymph to feeding larva ratio
of 0.15 [53]. (e Levi et al. study from which we derived
many of the model parameters presents a synopsis of
19 years of data from Dutchess County, NY, showing that
peak larva to mouse ratios can range from less than 10 to
over 40, while peak nymph to mouse ratios range from 1 to 4
[39]. In our model, chipmunks, mice, shrews, and squirrels
are all grouped together as “competent stationary hosts,” for
which it predicts a maximum tick to host ratio of around 26
as seen in Figure 3(d), in reasonable agreement with these
studies.

Long Point, Ontario, data for 1989–1992 also report
average total tick per deer between 170 and 249 [53]. (e

model here gives a maximum of about 55 ticks per deer,
which is lower than numbers reported in this study.
However, the peak tick per competent mobile host is about
10, very close to the per host carrying capacity for that
category. (e ratio for incompetent stationary hosts, 40, was
also close to the per host carrying capacity for that category
of host. Discrepancies could be explained by differing host
distributions.

(e field data present a range of observations that reflect
uncertainty in the expected timing of emergence and on-
host tick burdens. In addition, no data set has complete
information on host populations. (e conclusion from these
comparisons is that, although there appear to be some
discrepancies in the timing of peak questing nymphs and
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Figure 3: Temporal dynamics of tick populations and selected stages at steady state for historical temperature, 3°C above historical, and 6°C
above historical. (a) Seasonal pattern of questing larvae (L2), (b) questing nymphs (NU2 +NI2), (c) adults (AU2 +AI2), and (d) infected
nymphs (NI2) per km2.(e time axis represents the final year of the run from Jan 1 to Dec 31. Note the difference in scale of the four panels.
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peak tick burden on deer, the overall results of the model are
within the ranges observed across the field studies consid-
ered and the model is good enough to test the progression of
disease and the impact of changes in host populations on
both tick populations and disease.

(e literature includes studies of disease prevalence in
both ticks and hosts. Prevalence changes greatly from lo-
cation to location and over time. In earlier studies measuring
disease prevalence in ticks, the range goes from 3% infected
[21] to 24% [32] and to 33% [33]. (e Stafford study [32]
indicates a seasonal trend with prevalence varying from 8%
to 24%. Studies of B. burgdorferi in mice also report a
seasonal trend, from 33% to 75% [34] to 57% to 93% [35].
Disease prevalence in the model has a seasonal trend similar
to these.

3.2. Results of Numerical Simulations. (e model presented
here produces a periodic seasonal cycle of tick prevalence, as
observed in many locations, while host populations all arrive
and remain at equilibrium. As the temperature input is
strictly periodic, there is no variation from year to year after
an initial transient period. (e behavior of questing tick
populations over a typical steady state year is shown in
Figures 3(a) (historical temperature), 3(b) (3°C above his-
torical), and 3(c) (6°C above historical). Similarly, the model
produces seasonal patterns of infected questing nymphs,
shown in Figure 3(d), for the same three temperature pat-
terns. Both the length of the questing season and the number
of infected questing ticks are seen to increase with tem-
perature. Figures 4(a) and 4(b) show changes in disease
prevalence in questing nymphs and adults, showing a longer
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Figure 4: Temporal dynamics of Lyme disease. Temporal dynamics of Borrelia burgdorferi infection at steady state for historical
temperature, 3°C above historical, and 6°C above historical. (a) B. burgdorferi prevalence in questing nymphs (NI2/(NI2 +NU2)
(b) B. burgdorferi presence in questing adult ticks (AI2/(AI2 + AU2). (c) B. burgdorferi prevalence in competent stationary hosts (CIS/
(CIS + CUS)) (d) B. burgdorferi presence in competent mobile hosts (CIM/(CIM+CUM)). Note the difference in scale of the four panels.
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season of potential transmission to humans with rising
temperature. Figures 4(c) and 4(d) show changes in disease
prevalence in host populations. Although a seasonal trend is
still visible, the absolute change in numbers of infected hosts
is small due to longer lifespans.

(e response of tick-based risk measures to increasing
temperature, as percent of control under temperature in-
creases from 1°C to 6°C by increments of 1°C, is shown in
Figure 5. Comparing Figures 5(a) and 5(b) show that the
number of infected questing nymphs rises faster with in-
creased temperature than the number of infected questing
adults. Figures 5(c) and 5(d) show the disease prevalence in
nymphs also rises faster than in adults. (e model predicts
over five times as many questing nymphs as adults, as seen in
Figure 3. Together, these explain why the number of infected
questing nymphs is close to the total number of infected
questing ticks with rising temperature, as shown in Figure 7.

Risk measures based on disease prevalence in hosts are
shown in Figure 6. Average annual prevalence in stationary
hosts barely rises at all (Figure 6(a)). From Figure 4(c), one
can see that the small rise that is visible is due to the longer
season of transmission rather than to a larger percentage of
infected hosts. Figure 6(b) shows a slightly higher effect on
competent mobile hosts, due to both a longer season and
slightly higher prevalence, shown in Figure 4(d). (ese hosts

are birds, which can transmit the disease across long
distances.

Risk based on degree days is not shown in Figure 6 but is
included in Figure 7, which compares the measures of risk
against each other for a given rise in temperature. Figure 7
compares each possible measure of risk against its value at
w � 0. Bar c in each chart represents how the average number
of infected questing ticks changes with rising temperature.
Each bar may be compared to bar c to gauge how well that
measure tracks the average number of infected questing
ticks.

4. Discussion

While it is unreasonable to expect a model of a hypothetical
but biologically reasonable scenario to match any particular
study, we highlight places where the model could potentially
be improved. (e increase in mean annual temperature as a
driver of increased risk of Lyme disease is discussed. (e
many possible measures of risk are compared to the in-
tuitively solid criterion of average infected questing tick
prevalence.

4.1. Potential Model Improvements. One explanation for the
discrepancy between observed and predicted tick burden on
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Figure 5: Response of tick-based risk measures to increasing temperature, as percent of control (w � 0, historical temperature). (a)
Number of infected nymphs per day averaged over the last year of the simulation, scaled by the same quantity for w � 0 (no
temperature rise), i.e., av(NI2)w�i/av(NI2)w�0, i � 0, 1, . . . , 6. (b) Number of infected adults per day (averaged and scaled to w � 0),
i.e., av(NA2)w�i/av(NA2)w�0, i � 0, 1, . . . , 6. (c) Percent nymphs infected (averaged and scaled to w � 0), i.e., av(NI2/(NU2+

NI2))w�i/av(NI2/(NU2 + NI2))w�0, i � 0, 1, . . . , 6. (d) Percent adults infected (averaged and scaled to w � 0), i.e., av(AI2/
(AU2 + AI2))w�i/av(AI2/(AU2 + AI2))w�0, i � 0, 1, . . . , 6.
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deer is that the model allocates questing ticks according to
the fraction of hosts in a category, and the number of in-
competent mobile hosts (deer) is very low compared to the
other categories. A questing tick is thus far more likely to

find a different host. (ose other hosts are effectively decoys.
Another possibility is that deer are more prevalent in
Dutchess County, NY, than estimates from [39] suggest,
increasing the probability of encounter. (e model currently
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Figure 6: Response of host-based risk measures to increasing temperature, as percent of control (no temperature rise). (a) Percent
infected competent stationary hosts per day averaged over the last year of the simulation, scaled by the same quantity for w � 0 (no
temperature rise), i.e., av (CIS/(CUS + CIS))w�i/av(CIS/(CUS + CIS))w�0, i � 0, 1, . . . , 6 (b) Percent infected competent mobile hosts
per day averaged over the last year of the simulation, scaled by the same quantity for w � 0 (no temperature rise), i.e.,
av (CIM/(CUM + CIM))w�i/av(CIM/(CUM + CIM))w�0, i � 0, 1, . . . , 6.
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Figure 7: Response of various risk measures to increasing temperatures (relative to historical temperature, w � 0) for 0, 2, 4, and 6°C
temperature increase. Each risk measure is scaled against its own value at w � 0. In this figure, a, b, c, d, e, f, g, h, i, j, and k represent the
following: (a) annual average of number of questing nymphs (NI2) at steady state, (b) annual average of infected questing adult ticks (AI2) at
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(f ) annual average of disease prevalence in competent stationary hosts (CIS/(CIS +CUS)) at steady state, (g) annual average of disease
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assumes that ticks choose a host based on the probability of
encounter measured by relative density of a particular host
type, but perhaps, this is not entirely true. It is possible that
larvae are in locations where small mammals are more likely
to be present, and are more likely to be on these, while adult
ticks are higher in the brush and more likely to encounter
deer. A survey of feeding ticks on hosts of various types
according to their life stage could shed light on this question
and possibly offer an electivity index [58, 59] for each stage
of questing tick, as has been done for other organisms [60].

4.2. Effect of RisingMean Annual Temperature. We find that
increasing temperatures result in a higher risk of Lyme
disease. Figure 3 shows that an overall increase in the
number of ticks is due more to the longer season of activity,
as peak counts do not differ much from one temperature to
the next. Similarly, Figures 4(a) and 4(b) show similar peak
prevalence of disease in questing ticks regardless of tem-
perature increase, with an overall increase of average
prevalence with warmer temperatures due to the extended
season.

Figure 5 supports this, showing an average increase in
disease prevalence in questing adults and nymphs of 30% for
a 6°C temperature increase (Figures 5(c) and 5(d)). (e rise
in overall numbers of infected ticks is greater, an almost 50%
increase for a 6°C temperature increase (Figures 5(a) and
5(b)). However, a field measurement taken at midsummer
would show approximately the same population density of
infected questing ticks for all mean annual temperatures.
(e model suggests that increased risk from warmer tem-
peratures comes from somewhat higher tick populations
(seen in Figure 4) coupled with a longer season of trans-
mission (seen in Figures 5(a) and 5(b)).

Figure 6 shows a small increase in prevalence among
host populations. Figure 4(b) indicates that for the com-
petent stationary hosts, the transmission cycle starts earlier
in the season but the peak does not increase much. (e
dynamics are somewhat different for the competent mobile
hosts. For these, the season is longer and the peak is a bit
higher (Figure 4(c)). Host prevalence measures show only
around 10% increase over the 6-degree rise in temperature
(Figures 6(a) and 6(b)).

4.3. Comparing Risk Measures. Figure 7 summarizes the
relative performance of these various measures of risk
compared to the intuitively clear measure of abundance of
infected questing ticks (NI2 +AI2) integrated over the course
of the year. Figure 7 shows that overall abundance of infected
ticks (bar a in the figure) rises with temperature more
quickly than the usual field measurements would indicate.
Increased risk of disease for humans is likely to depend on
this abundance, which increases with temperature more
than disease prevalence in hosts or ticks alone would in-
dicate. Figure 7 in particular indicates that the response of
degree days to rising temperature tracks the rising abun-
dance of infected questing ticks better than prevalence
measures.

(is study does not include human behavior that affects
the likelihood of encounter with infected ticks. Overall
abundance is a reasonable measure for humans spending
time outdoors over a long season, for example, through-
hikers on the Appalachian Trail or rural populations. Overall
abundance of infected ticks increases by about 50% for this
period (Figures 5(a) and 5(b)), largely due to the extended
tick season. It is less important for children on a short
summer vacation in the country during high tick season,
where maximum abundance of infected ticks describes local
contact during that period, and which does not vary much
with rising temperature (Figure 7).

5. Conclusions

(e model of tick populations and Lyme disease developed
in this study, based on earlier work by Ogden et al. [5, 6],
incorporates temperature-dependent maturation rates and
six categories of tick host populations based on whether they
are incompetent or competent Lyme disease hosts, whether
they are infected or uninfected, and whether they are rel-
atively mobile or stationary. (e results of the model were
compared with field data taken from a variety of studies in
the Northeast US. (e model produces, on the whole, bi-
ologically reasonable results, including the seasonality of tick
populations, observed on-host tick burdens, and disease
prevalence at steady state.

(e model predicts rising risk of Lyme disease with
increasing temperature although not all risk measures give
the same enhanced increased risk for a given temperature
change. Compared to the intuitively clear measure of in-
fected tick abundance, more easily measured quantities such
as overall disease prevalence in ticks or hosts rise relatively
slowly. Measures of disease prevalence in ticks or hosts at a
single time point barely change at all with rising temperature
during the high transmission season. (ese measures are
therefore likely to give a lower estimate of increased risk to
humans than is the case. Other than absolute measures of
infected tick abundance, the best measure of overall risk was
degree days greater than zero. For shorter visits to tick-
infested areas during the high transmission season, risk
would be measured by maximum abundance of infected
ticks, which does not change much with temperature.
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