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ABSTRACT Relationships between temperature and preoviposition, preeclosion, and premolt de-
velopmental periods for the tick Ixodes scapularisSaywere investigatedbyholdingÞeld-collected ticks
in the laboratory at temperatures of 0 to 32�C at constant daylength. The duration of these devel-
opmental periods decreased signiÞcantly with increasing temperature. Host of origin, prior storage at
4�C, and season of collection of the ticks were also signiÞcantly associated with variations in the
duration of the preoviposition period. For each developmental stage, the effect of temperature on
development rate was best described as a power relationship. Laboratory-derived relationships were
used to predict dates for molting, oviposition, and eclosion of engorged larvae and nymphs, engorged
adult females and egg masses, respectively, placed in the Þeld during 1989Ð1992. Predicted dates for
oviposition by adult females, eclosion of eggs, andmolting of engorged larvae were within 2 wk of the
observed dates, and Þeld-observed seasonal activity of questing larvae and nymphs also was predicted
well by laboratorydata.Moltingof engorgednymphs and seasonal activity of questing adult tickswere,
however, poorly predicted. Our Þndings suggest that duration of development in the Þeld, of larvae
from engorged adult females, and of nymphs from engorged larvae, may be explained largely by
temperature effects alone, whereas emergence of adult I. scapularis from engorged nymphs may
depend on temperature-independent diapause phenomena. The signiÞcance of these Þndings for
understanding current and future distributions of I. scapularis, and of the pathogens it transmits, is
discussed.

THE IXODID TICK Ixodes scapularis Say is the vector of a
number of tick-borne zoonoses, including Lyme bor-
reliosis, human granulocytic ehrlichiosis, and human
babesiosis (Thompson et al. 2001). Our power to pre-
dict the geographic and temporal occurrence of these
pathogens, and the potential for changes in their dis-
tribution with projected climate changes, depends in
partonourunderstandingof thephenologyof the tick.
The timing of the seasonal activity of different tick
instars can be crucial to the existence of endemic
cycles of zoonotic tick-borne pathogens. For example,
coincident seasonal activity of uninfected larval and

infected nymphal Ixodes ricinus Linné ticks favors the
occurrence of endemic cycles of tick-borne enceph-
alitis virus, because infections are very short-lived in
rodent reservoir hosts (Randolph et al. 1999). In con-
trast, it is thought that the occurrence of endemic
cycles of Borrelia burgdorferi s.s. (the agent of Lyme
borreliosis), which persistently infects rodent reser-
voir hosts,maybe favoredwhere infective I. scapularis
nymphs are active earlier in the year than are unin-
fected larvae (Yuval and Spielman 1990).
Interstadial development rates of ixodid ticks are

determined in part by temperature, with rates gener-
ally increasing, usually nonlinearly, with increasing
temperature (Branagan 1973, Chilton and Bull 1994,
Peavey andLane 1996, Randolph 1997, Randolph et al.
2002). However, simple predictions of the seasonality
of ticks from relationships between developmental
rates and temperature are often confounded by dia-
pause phenomena, i.e., delayed development (mor-
phogenetic diapause) or delayed host-seeking activity
(behavioral diapause). Cues for the onset and termi-
nation of diapause may be complex and include
changes in daylength and exposure to different max-
ima and minima of temperature (Madder et al. 1999,
Belozerov et al. 2002, Randolph et al. 2002). It is
important to elucidate the extent to which diapause
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phenomena, rather than simpler relationships be-
tween tick development and temperature, control the
phenology of an ixodid tick species. The relative im-
portance of these factors may determine the potential
for the tick to extend its geographic range in response
to climate change, and the potential consequences of
climate change in regions where the tick already ex-
ists.
It is thought that the development of engorged

nymphal I. scapularis to adult ticks is in part controlled
by diapause induced by effects of daylength on either
host seeking or engorged nymphs (Belozerov and
Naumov 2002). The direct effects of temperature on
developmental ratesof I. scapularis,however,havenot
been fully investigated. In this study, we investigated
in the laboratory the effects of temperature on devel-
opmental rates of each stage of I. scapularis (preovi-
positionperiodof engorged adult females, preeclosion
period of egg masses, and development of engorged
larvae and nymphs to the next instar) under condi-
tions of constant daylength (12-h light:dark).We then
compared the power of these laboratory Þndings to
predict the patterns of tick development observed at
a Þeld site in Ontario, Canada, at the northern edge of
the geographic range of I. scapularis.

Materials and Methods

Incubation of Ticks in the Laboratory. Adult
I. scapularis females were Þeld collected from an es-
tablished population at Long Point, Ontario, from au-
tumn 1989 through autumn 1992. The ticks engorged
on raccoons, Procyon lotor, and dogs as described pre-
viously (Lindsay et al. 1998). Engorged adult females
were temporarily stored in 18.5-ml polystyrene vials
for 8Ð28 d (mean 10.5 d) at 4�C and �95% humidity
before being transferred to experimental conditions.
The effect of temperature on deposition of eggs by

adult I. scapularis females was evaluated by allocating
ticks to individual containers placed in environmental
chambers operated within � 1�C of the following
temperatures: �10�C (n � 12), 0�C (n � 9), 4�C (n �
13), 8�C (n � 14), 10�C (n � 4), 12�C (n � 28), 16�C
(n � 14), 20�C (n � 112), 24�C (n � 28), 28�C (n �
16), and 32�C (n � 16). A greater number of ticks was
incubated at 20�C to expedite production of larvae for
other experiments. Humiditywasmaintained at�95%
and diel periods were maintained at a photoperiod of
12:12 (L:D) h. All adult females remained at the initial
temperature of exposure until death occurred. Tick
survival was assessed daily, except for adult females
held at �10�C, which were observed at 1- or 2-h
intervals for up to 12h.Adult femaleswere considered
dead if movement (of legs or internal organs) was not
observed after ticks weremoved to room temperature
(20�C) and exposed to 10 short breaths from the ob-
server. Adult females also were observed daily for the
presence of eggs. The interval from introduction of
adult females to a given temperature to when the Þrst
eggswereobservedwasconsidered thepreoviposition
period (POP). The date when the Þrst eggs were

observed therefore marked the beginning of the ovi-
position period.
Eggs produced by each adult female were gently

removed each week until the ticks died. The egg
masses produced each week from each female were
placed in a new, labeled vial, and then randomly al-
located to chambers operated at 8, 10, 12, 16, 20, 24, 28,
and 32�C. All chambers were at �95% humidity with
diel periods of 12:12 (L:D) h. Egg masses were ob-
served daily for evidence of hatching. Observations
continued until all eggs within each egg mass seemed
tohavehatched.Anyeggmasses that failed toproduce
larvae were discarded 2 mo after eggs held under
comparable conditions had emerged. The preeclosion
period (PEP) was deÞned as the interval from when
eggs were Þrst deposited to when larvae were Þrst
observed.
Unfed I. scapularis larvae were hatched in the lab-

oratory from eggs deposited by adult females that
engorged on dogs during November 1991 and April
1992. These larvae were allowed to engorge on labo-
ratory-reared white-footed mice and hamsters.
Nymphs were obtained from fed larvae that had been
held at 24�C until the molt; unfed nymphs were then
fed on laboratory-reared mice or hamsters. Engorged
larvae and nymphs were transferred to environment
chambersmaintained at 8, 12, 16, 20, 24, 28, 30, or 32�C,
all at�95%RHwith diel periods of 12:12 (L:D) h. Fed
larvae and nymphs were observed daily for ecdysis;
the interval from when ticks were placed at a given
temperature until molting was observed was consid-
ered the premolt period.

Statistical Analysis. Four outcome variables were
investigated: the length in days of the preoviposition
period for engorged adult females, the preeclosion
period for egg masses, and the premolt periods for
engorged larvae and nymphs. Temperature was the
explanatory variable in all cases. Multivariable models
that included tick collection period (spring or autumn
for each collection year), host species, and duration of
tick storage at 4�C before the start of experiments as
additional explanatory variables, were usedwhen pre-
oviposition and preeclosion periods were the out-
comes. Regression models were Þtted in STATA ver-
sion 6.0 for Windows (STATA Corporation, College
Station, TX), and temperature and outcome were
compared directly and after logarithmic and natural
logarithmic transformations to investigate potential
power and exponential relationships. The relation-
ships that give the best Þt were considered as those
that had the highest R2 values and did not violate
regression model assumptions (StataCorp 1999). To
predict tick molting dates in the Þeld (see below), we
used the equations from “best Þt” relationships be-
tween duration of development and temperature. The
estimates for these equations were based on regres-
sion models in which temperature only was the ex-
planatory variable, because ticks placed in the Þeld
wereobtained from the same rangeof hosts during the
same seasons and subject to the same variations in
storage and handling as ticks investigated in the lab-
oratory. Temperature also was investigated as a fac-
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torized variable for each outcome in multivariable
regressionmodels that also included the nontempera-
ture variables when POP and PEPwere the outcomes.
In these models, forward and backward substitution
and elimination of dummy variables for each incuba-
tion temperature, yielded an F-test statistic for the
signiÞcance of differences in developmental rates at
different temperatures. The level of statistical signif-
icance was P � 0.05.

Comparison between Developmental Rates in the
Laboratory andField.Lindsay et al. (1998)performed
detailed studies of I. scapularis POP, PEP, and devel-
opmental rates for engorged larvae and nymphs, at
Þeld sites at Long Point, Ontario (42� 36�N; 80� 5�W).
The ticks used in that Þeld study and the laboratory
studiesdescribedhereinwerecollected fromthe same
sources, at the same time, and for the most part, from
the samehosts. Engorged larvae andnymphs placed in
the Þeld had fed on the same laboratory animals as
those described for larvae and nymphs in the current
study. This provided an opportunity to compare the
simple relationshipsbetween temperature and rates of
development observed in the laboratory, with rates
observed in the Þeld. The ticks placed in the Þeld
wouldhavebeenexposed tovarying temperatures and
stimuli such as varying daylength that may have ad-
ditional effects on development via diapause phenom-
ena (Belozerov and Naumov 2002).
The inverse of the developmental rate, from the

temperatureÐdevelopment relationships obtained in
the laboratory studies described above, gives the daily
fraction of development possible if the tick is held at
a particular temperature, assuming temperature is the
only determinant of developmental rates. Weekly
mean ground-level temperatures to which the ticks
placed in the Þeld by Lindsay et al. (1998) were ex-
posed were obtained only during the years 1991 and
1992. Each day of each week of these years was as-
signed the mean temperature recorded for that week.
For periods earlier and later than 1991Ð1992, we
used, as an approximation, the mean monthly normal
temperatures recorded for 1961Ð1990 at the Port Do-
ver meteorological station (42� 47� N; 80� 13� W),
the station nearest to the Long Point study site for
which such data are available from Environment
Canada (http://www.msc.ec.gc.ca/climate/climate_
normals_1990/index_e.cfm). For these periods, each
day of each month of the year was assigned the mean
normal temperature for that month. Using these tem-
peratures we calculated the fraction of tick develop-
ment (for each stage: POP, PEP, engorged larva to
nymph, and engorged nymph to adult) that would
occur on each day of the year. For each day that ticks
were placed in the Þeld by Lindsay et al. (1998), we
were then able to calculate a predicted date for com-
pletion of each developmental stage. This was
achieved by adding the fraction of development pre-
dicted to take place on the release date to the fraction
occurring in each subsequent day, until the sum
equaled unity. Lindsay et al. (1998) examined ticks in
the Þeld at �2-wk intervals and for our comparisons
betweenpredicted and observed dates for completion

ofdevelopment, each “predicteddate”wequote in the
Results is the Þrst possible Þeld observation date after
the actual date predicted for development.
Lindsay et al. (1998) used their Þeld data on tick

development, and thoseofYuval andSpielman(1990),
to explain how the tick phenologymay have given rise
to observed seasonal tick activity in the same Þeld site
(Lindsay et al. 1998, 1999a,b). During 1991 and 1992,
questing tick and temperature data were collected
simultaneously from the same Þeld site at Long Point,
Ontario (Lindsay et al. 1999a). Therefore, using the
samemethod as described above, we alsowere able to
obtain predictions for the emergence of cohorts of
larvae, nymphs, and adults (knowing the seasonal ac-
tivity periods for the previous tick stage) by using
contemporaneously collected temperature data.
These were then compared with the Þeld observa-
tions. Tick activity periods detected by dragging for
questing ticks were largely corroborated by counts of
ticks on hosts (Lindsay et al. 1999a).
Throughout all comparisons (Þeld development

and questing activity), we used Þeld data from the
maple forest habitat at Long Point, the habitat in
which tick survival was greatest (Lindsay et al.
1998).

Results

Analysis of Laboratory Data. All engorged adult
female ticksheld at�10�Cdiedwithin 4h.Noneof the
adult females held at 0�C laid eggs but they survived
amean 133 (�51.9) days. Overall, 69% of adult female
ticks held at temperatures �0�C survived to lay eggs.
The POP declined from amean 230 d at 4�C to amean
12 d at 32�C (Table 1). The eggs produced by adult
females maintained at 32�Cwere misshapen and none
produced larvae. This observation suggested that
maintenance at 32�C induced pathological effects in
the ticks, and the data were not included in statistical
analyses. Variations in POP with temperature were
signiÞcant in all models (P � 0.001 in all). When
temperature was treated as a continuous variable, a
power relationship (i.e., log10 transformation of both
temperature and POP) proved the best Þt (R2 � 0.68)
compared with exponential (R2 � 0.61) and linear
(R2 � 0.51) relationships, and the latter signiÞcantly
violated model assumptions (CookÐWeisberg X2 �
166, P � 0.001). In multivariable models log10 POP
varied signiÞcantly with log10 temperature (coefÞ-
cient � �1.772, SE � 0.078, P � 0.001), the POPs of
adult females fed on raccoons were signiÞcantly
shorter than thePOPsof adult females that fedondogs
(coefÞcient � �0.128, SE � 0.024, P � 0.001), the
POPs of adult females collected in autumn were sig-
niÞcantly shorter than those of adults collected in
spring (coefÞcient � �12.85, SE � 1.85, P � 0.001),
and storage was associated with signiÞcantly longer
POPs (coefÞcient � 0.016, SE � 0.003, P � 0.001).
Examinationof residuals indicated that POP increased
linearly with duration of storage over the range of
storage periods to which ticks were exposed in this
study. When season was accounted for, year of col-
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lection was not signiÞcant (F � 1.86, P � 0.17). In a
multivariable model where temperature was factor-
ized (and season of collection, storage and tick host
were accounted for), the POPs at each temperature
were signiÞcantly different from one another (P �
0.001), except forPOPs at 20, 24, and28�C,whichwere
not signiÞcantly different from one another (F � 1.46,
0.05, and 1.42; P � 0.23, 0.82, and 0.23 respectively;
Table 1). In the bivariate relationship as used in com-
parisons with Þeld observations, POP (in days) �
1,300 	 Temp�1.427 (SEs 1.26 for intercept and 0.083
for coefÞcient, P � 0.001; Fig. 1a).
The duration of oviposition varied with incubation

temperature, from 4 to 5wk at 20�Cormore, to�7wk
at temperatures �20�C. Eggmasses produced by ticks
held at 4 and 8�C were small, suggesting that ovipo-
sition was incomplete. None of the egg masses main-
tained at 8 or 10�C produced larvae after 329 d of
observation, nor did any of the eggmasses maintained
at 32�C. However, eggs deposited at 10�C did even-
tually produce larvae after having been transferred to
a temperatureof 24�C.Theproportionof survivingegg
masses declined with increasing temperature, but
death of egg masses was associated with infection by
an unidentiÞed fungus. After the Þrst larvae were
observed, emergence generally proceeded rapidly
and was completed in 2Ð3 wk at all temperatures. The
PEP declined from a mean of 122 d at 12�C to a mean
of 18.5 d at 28�C (Table 1). Variations in PEP with
temperature were signiÞcant in all models (P � 0.001
in all).When temperaturewas treated as a continuous
variable rather than as a factor, a power relationship
(i.e., log10 transformation of both temperature and
PEP) proved the best Þt (R2 � 0.91) compared with
exponential (R2 � 0.82) and linear (R2 � 0.83) rela-
tionships, and the latter signiÞcantly violated model
assumptions (CookÐWeisberg X2 � 8.2, P � 0.01). In
a multivariable model log10 PEP varied signiÞcantly
with log10 temperature (coefÞcient � �2.42, SE �
0.09 P � 0.001), PEPs of egg masses laid by adult
females collected in autumnwere signiÞcantly shorter
than those of adults collected in spring (coefÞcient �
�12.88, SE � 2.06, P � 0.001), but there were no
signiÞcant differences in PEP associated with the host

species on which the adult females fed, nor with stor-
age times of adults preincubation (F � 1.67 and 0.24
and P � 0.20 and 0.63, respectively). In amultivariable
model in which temperature was factorized (and in
which collection seasonwas accounted for), the PEPs
at each temperature were signiÞcantly different from
one another (P � 0.001), except for PEPs at 24 and
28�C, which were not signiÞcantly different from one
another (F � 0.44 and P � 0.51 for both; Table 1). In
the bivariate relationship as used in comparisons with
Þeld observations, PEP (in days) � 34,234.4 	
Temp�2.271 (SEs 1.30 for intercept and 0.090 for co-
efÞcient, P � 0.001; Fig. 1b).
Themolting success of engorged larvae andnymphs

variedwith temperature, noneof the larvaeornymphs
maintained at 8 or 32�C molted, and none of the
nymphs maintained at 12�C molted by the last obser-
vation day (day 200 for nymphs) from the start of
incubations. Molting success was greatest among lar-
vae held at 28�C and nymphs held at 24�C (Table 2).
The premolt period decreased with increasing tem-
perature, although the premolting periods of both
larvae and nymphs held at 30�C were longer that
premolting periods of these ticks when maintained at
28�C (Table 2). This suggested that maintenance of
the ticks at 30�C had pathological effects on the ticks,
and these datawerenot included in statistical analyses
of relationships between temperature and premolt
period.
In all models, the premolt periods for larvae and

nymphs varied signiÞcantly with incubation temper-
ature (P � 0.001 in all). In the models where temper-
atures were factorized, premolt periods were signiÞ-
cantly different at each incubation temperature (P �
0.001 for all), except for the premolt periods of larvae
held at 24 and 28�C, which were not signiÞcantly
different (F � 0.47 and P � 0.49 for both). When
temperature was treated as a continuous variable
rather than as a factor, power relationships (i.e., log
transformation of both temperature and premolt pe-
riods) proved thebest Þt (R2 � 0.88 and 0.83 for larvae
and nymphs, respectively) compared with exponen-
tial (R2�0.83and0.80)and linear(R2�0.76and0.78)
relationships. The latter relationships signiÞcantly vi-

Table 1. Survival of engorged adult female I. scapularis ticks and egg masses, and the durations of the preoviposition and preeclosion
periods (POP and PEP) at different temperatures

Incubation
temp. (�C)

No. females surviving to
oviposition (%)

POP
(mean � SE)

No. egg masses
producing
larvae (%)

PEP
(mean � SE)

�10 0/12 (0) Ñ Ñ Ñ
0 0/9 (0) Ñ Ñ Ñ
4 3/13 (23) 230.00 (8.00)a 0/3 (0) Ñ
8 12/14 (86) 86.36 (3.59)b 0/12 (0) Ñ
10 4/4 (100) 44.75 (5.06)c 0/4 (0) Ñ
12 24/28 (83) 34.40 (2.18)d 20/24 (83) 122.03 (1.60)a
16 13/14 (96) 19.75 (1.87)e 9/13 (69) 58.13 (2.44)b
20 73/112 (65) 21.82 (1.18)f 58/73 (79) 49.07 (3.29)c
24 17/28 (60) 17.76 (3.19)f 17/21 (81) 24.60 (1.06)d
28 12/16 (75) 12.75 (1.46)f 2/12 (17) 18.50 (3.50)d
32 4/4 (100) 12.00 (2.40) 0/4 (0) Ñ

Values in the same column that are followed by the same letter were not signiÞcantly different from one another (P � 0.05).
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olated model assumptions (CookÐWeisberg X2 � 16.6
and 4.0, P � 0.001 and � 0.04, respectively). The
bivariate relationshipasused incomparisonswithÞeld
observations were, premolt period (in days) �
101,181	Temp�2.547 for larvae(SEs1.38 for intercept
and 0.104 for coefÞcient, P � 0.001; Fig. 1c), and
premolt period�1,596	Temp�1.208 fornymphs(SEs
12.44 for intercept and 0.080 for coefÞcient, P � 0.001;
Fig. 1d).

Predicted versus Observed Data for Tick Develop-
ment in Field Experiments. Due to the nature of the
relationships between temperature and development

observed in the laboratory, and because ticks under
snow are not subject to air temperatures (Lindgren
and Gustafson 2001), the proportion of development
that would occur on days when the air temperature
was 0�C or less was set at zero. In nearly all cases,
predicted dates for oviposition by adult female ticks,
and eclosion of their egg masses, came within 2 wk of
the dates observed in the Þeld (Table 3). The excep-
tion was the preoviposition period for adult females
placed in the Þeld on 15 November 1990, which were
Þrst produced eggs on 11 May 1991, whereas the pre-
dicted date was 6 June 1991.

Fig. 1. Duration of development for I. scapularis ticks held at different temperatures in the laboratory. (a) Preoviposition
period of engorged adult females. (b) Preeclosion period for eggmasses. (c) Premolt period of engorged larvae. (d) Premolt
period of engorged nymphs. The Þtted curves, equations for the relationship between temperature and development (in
days), and R2 values are shown. Values are shown � SE.
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Engorged larvae placed in the Þeld between 22
April and 3 July 1992 all molted between 31 July and
22 September of the same year. The predicted dates
for the start of molting of these ticks were either
within the range of dates observed or, at worst, 2 wk
early (Table 4; Fig. 2a). All of the engorged larvae
placed in the Þeld from 12August to 9December 1992
delayed molting until the following year, and nymphs
were Þrst observed between 18 June and 19 August
1993. The predicted dates for molting of these ticks
were all within the observed period except for en-
gorged larvae placed in the Þeld on 12 August 1992,
when the predicted date for molting was 1 mo earlier
than that observed (Table 4; Fig. 2a). Some of the
engorged larvae placed in the Þeld on 15 July and 28
1992 molted in the same year, and the predicted dates
fell within the observed molting periods. However,
some of these ticks did not molt until the following
year, and (for ticks placed in the Þeld on 28 July) such
delayed molting was anticipated when predictions
were made using the lowest standard error for the
relationship between temperature and development.
No engorged larvae were predicted to molt between
19 November 1992 and 1 April 1993.
All engorged nymphs placed in the Þeld between

22 April 1992 and 4 June 1992 molted between
14 August and 20 October of the same year. Predicted

dates for molting of these ticks were at best 2 wk early
but at worst 2 mo early (Table 5; Fig. 2b). All of
the engorged nymphs placed in the Þeld between
12 August and 9 December 1992 molted between
7 July and 19 August of the following year. Predicted
dates formoltingof these tickswerebetween2wkand
3moearlier than those observed,whereas ticks placed
in the Þeld on 12 August 1992 were all predicted to
molt by 5 November of the same year at the latest.
Some of the engorged nymphs placed in the Þeld from
17 June to 28 July 1992 delayed molt until summer
1993, when the predicted molting dates all fell within
1992.

Comparison of Observed and Predicted Seasonal
Abundance of Questing Ticks. In the studies of Lind-
say et al. (1999a,b), larvae were active at the Þeld site
from April to October with two peaks: one from mid-
May to early July and the other from mid-July to
September. The later peak was thought to comprise
newly hatched ticks, whereas the earlier peak was
thought to comprise overwintered larvae that had
failed to Þnd a host the previous year. Nymphs were
active fromApril to late September with peak activity
in June and July. It was thought that most nymphs
were overwintered, either as engorged larvae or as
molted nymphs that had failed to Þnd a host the
previous year. Some nymphs active later in the year

Table 2. Survival of engorged larval and nymphal I. scapularis ticks and the durations of their premolt periods at different
temperatures

Incubation
temp. (�C)

No. larvae that
molted (%)

Premolt period for
larvae (� SE)

No. nymphs
that molted (%)

Premolt period for
nymphs (� SE)

8 0/30 (0) Ñ 0/30 (0) Ñ
12 8/30 (27) 198.9 (5.8)a 0/30 (0) Ñ
16 8/30 (27) 109.6 (8.1)b 4/30 (16) 59 (0.6)a
20 12/30 (40) 38.1 (2.2)c 5/30 (17) 39.8 (0.8)b
24 31/45 (69) 27.5 (0.6)d 32/45 (71) 34.4 (0.5)c
28 23/30 (77) 25.7 (1.1)d 17/30 (57) 29.0 (1.0)d
30 14/30 (46) 27.9 (1.6) 4/30 (13) 76.0 (1.4)
32 0/30 (0) Ñ 0/30 (0) Ñ

Values in the same column that are followed by the same letter were not signiÞcantly different from one another (P � 0.05).

Table 3. Comparison of observed and predicted preoviposition and preeclosion periods for engorged adult females and egg masses,
respectively, placed in the field at Long Point, Ontario

Date ticks were placed
in the Þeld

Date development was Þrst
observed in the Þeld

Predicted date for development (SE)

Preoviposition period

2 Nov. 1989 8 May 1990 23May 1990 (23 MayÐ10 June 1990)*
15 Nov. 1990 11 May 1991 6 June 1991 (22 MayÐ6 June 1991)*
18 April 1991 22 May 1991 6 June 1991 (22 MayÐ6 June 1991)
15 Nov. 1991 8 May 1992 21 May 1992 (21 MayÐ5 June 1992)
18 Nov. 1992 22 May 1993 5 June 1993 (20 MayÐ4 June 1993)*

Preeclosion period

8 May 1990 19 July 1990 6 July 1990 (6 JulyÐ19 July 1990)*
11 May 1991 16 July 1991 4 July 1991 (4 JulyÐ16 July 1991)
22 May 1991 16 July 1991 16 July 1991 (4 JulyÐ16 July 1991)
8 May 1992 31 July 1992 17 July 1992 (17 JulyÐ31 July 1992)
22 May 1993 24 July 1993 9 July 1993 (7 JulyÐ24 July 1993)*

SE describes the range of predicted dates possible using the lowest and highest values of the standard errors of the relationships between
temperature and development observed in the laboratory.

* indicates thatpredicteddates for completionofdevelopmentwereobtainedusing temperaturedata fromPortDovermeteorological station.
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were thought to have been newly molted from larvae
that fed in the same year. Adults were active in two
peaks: newly molted adults being active from late
September to early December, with those that failed
to Þnd a host at this time being active from March
through June of the following year.
The 1991 cohort of adult ticks was active from

10 October 1991 to 7 July 1992. Predictions of POP,
PEP, with oviposition periods of 1 mo and 2 wk for
autumn- and spring-feeding adults, respectively, re-
sulted in a predicted period for larval hatching of
6 July to 7 August 1992 for this cohort of adults. The

observed period of questing activity for this cohort of
larvae was 31 July to 25 September 1992 (Fig. 3a).
Larvae feeding from 2 June to 18 August 1991 were

predicted to produce nymphs between 18 July and
17 November of the same year, i.e., for the most part
the nymphs arising from these larvae could have
joined the tail end of questing nymph activity ob-
served in late summer and autumn of the same year.
Spring feeding larvae in 1992 (from 2 June to 27 July)
also were predicted to molt into nymphs in the same
year during the period 8 August to 23 September,
corresponding with a small second peak observed in

Table 5. Comparison of observed and predicted molting dates for engorged nymphs placed in the field at Long Point, Ontario

Date ticks were
placed in the Þeld

First and last dates
development was observed

in the Þeld
Predicted date for development (SE)

22 April 1992 14 Aug. 1992 to 11 Sept. 1992 03 July 1992 (19 JuneÐ17 July 1992)
06 May 1992 11 Sept. 1992 to 09 Oct. 1992 03 July 1992 (03 JulyÐ17 July 1992)
19 May 1992 28 Aug. 1992 to 22 Sept. 1992 17 July 1992 (03 JulyÐ31 July 1992)
04 June 1992 14 Aug. 1992 to 20 Oct. 1992 31 July 1992 (17 JulyÐ31 July 1992)
17 June 1992† 28 Aug. 1992 to 20 Oct. 1992 31 July 1992 (31 JulyÐ14 Aug. 1992)
03 July 1992† 28 Aug. 1992 to 22 Sept. 1992 14 Aug. 1992 (14 Aug.Ð28 Aug. 1992)
15 July 1992† 11 Sept. 1992 to 20 Oct. 1992 28 Aug. 1992 (28 Aug.Ð11 Sept. 1992)
28 July 1992† 21 Sept. 1992 to 09 Oct. 1992 11 Sept. 1992 (11 Sept.Ð10 Oct. 1992)
12 Aug. 1992 07 July 1993 to 19 Aug. 1993 10 Oct. 1992 (22 Sept.Ð05 Nov. 1992)
26 Aug. 1992 07 July 1993 to 19 Aug. 1993 05 Nov. 1992 (20 Oct.Ð9 Dec. 1992 and 03 AprilÐ23 April 1993*)
09 Sept. 1992 07 July 1993 to 19 Aug. 1993 06 May 1993 (23 AprilÐ20 May 1993)*
21 Sept. 1992 07 July 1993 to 19 Aug. 1993 04 June 1993 (06 MayÐ04 June 1993)*
07 Oct. 1992 07 July 1993 to 19 Aug. 1993 04 June 1993 (04 JuneÐ18 June 1993)*
20 Oct. 1992 07 July 1993 to 19 Aug. 1993 18 June 1993 (04 JuneÐ07 July 1993)*
04 Nov. 1992 07 July 1993 to 19 Aug. 1993 18 June 1993 (18 JuneÐ07 July 1993)*
17 Nov. 1992 07 July 1993 to 19 Aug. 1993 18 June 1993 (18 JuneÐ07 July 1993)*
09 Dec. 1992 07 July 1993 to 19 Aug. 1993 18 June 1993 (18 JuneÐ07 July 1993)*

SE describes the range of predicted dates possible using the lowest and highest values of the standard errors of the relationships between
temperature and development observed in the laboratory.

* indicates that predicted molting dates were obtained using temperature data from Port Dover meteorological station.
  indicates that some of the engorged nymphs placed in the Þeld on the speciÞed date did not molt until the following year.

Table 4. Comparison of observed and predicted dates for molting of engorged larvae placed in the field at Long Point, Ontario

Date ticks were
placed in the Þeld

First and last dates development was
observed in the Þeld

Predicted date for development (SE)

22 April 1992 31 July 1992 to 28 Aug. 1992 31 July 1992 (17 JulyÐ14 Aug. 1992)
6 May 1992 14 Aug. 1992 to 11 Sept. 1992 31 July 1992 (17 JulyÐ14 Aug. 1992)
19 May 1992 14 Aug. 1992 to 22 Sept. 1992 31 July 1992 (17 JulyÐ28 Aug. 1992)
4 June 1992 14 Aug. 1992 to 11 Sept. 1992 14 Aug. 1992 (31 JulyÐ11 Sept. 1992)
17 June 1992 14 Aug. 1992 to 22 Sept. 1992 28 Aug. 1992 (14 Aug.Ð11 Sept. 1992)
3 July 1992 28 Aug. 1992Ð22 Sept. 1992 11 Sept. 1992 (14 Aug.Ð22 Sept. 1992)
15 July 1992  11 Sept. 1992 to 20 Oct. 1992 & 18 June 1993

to 19 Aug. 1993
11 Sept. 1992 (28 Aug.Ð10 Oct. 1992)

28 July 1992  11 Sept. 1992 to 22 Sept. 1992 & 18 June
1993 to 19 Aug. 1993

10 Oct. 1992 (11 Sept.Ð19 Nov. 1992 & 6 MayÐ20 May 1993*)

12 Aug. 1992 18 June 1993 to 19 Aug. 1993 20 May 1993 (10 Oct.Ð19 Nov. 1992 & 1 AprilÐ18 June 1993)*
26 Aug. 1992 18 June 1993 to 19 Aug. 1993 18 June 1993 (4 JuneÐ7 July 1993)*
9 Sept. 1992 18 June 1993 to 19 Aug. 1993 7 July 1993 (18 JuneÐ24 July 1993)*
21 Sept. 1992 18 June 1993 to 19 Aug. 1993 7 July 1993 (7 JulyÐ24 July 1993)*
7 Oct. 1992 18 June 1993 to 19 Aug. 1993 24 July 1993 (7 JulyÐ19 Aug. 1993)*
20 Oct. 1992 18 June 1993 to 19 Aug. 1993 24 July 1993 (7 JulyÐ19 Aug. 1993)*
4 Nov. 1992 18 June 1993 to 19 Aug. 1993 24 July 1993 (7 JulyÐ19 Aug. 1993)*
17 Nov. 1992 18 June 1993 to 19 Aug. 1993 24 July 1993 (7 JulyÐ19 Aug. 1993)*
9 Dec. 1992 18 June 1993 to 19 Aug. 1993 24 July 1993 (7 JulyÐ19 Aug. 1993)*

SE describes the range of predicted dates possible using the lowest and highest values of the standard errors of the relationships between
temperature and development observed in the laboratory.

* indicates that predicted molting dates were obtained using temperature data from Port Dover meteorological station.
  indicates that some of the engorged larvae placed in the Þeld on the speciÞed date did not molt until the following year.
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nymphal activity from24August to 22 September 1992
(Fig. 3b). Larvae feeding from 19 August to
25 September 1991 were predicted to molt into

nymphs between 20 April and 17May 1992, i.e., at the
start of the observed activity period of questing
nymphs in 1992 (Fig. 3b).

Fig. 2. Comparisons between observed and predicted molting dates of engorged I. scapularis larvae and nymphs. The
observed premolt periods of engorged larvae (a) and nymphs (b), placed in a Þeld site at Long Point, Ontario, during 1992
(Lindsay et al. 1998), are indicated by unÞlled boxes. Their observedmolting periods are indicated by stippled boxes for each
date on which ticks were placed in the Þeld. Bold horizontal lines within these boxes indicate predicted molting dates using
laboratory data. Bold vertical bars within the boxes indicate the range of predicted dates possible using the lowest and highest
values of the standarderrors of the relationshipsbetween temperature anddevelopmentobserved in the laboratory. Predicted
molting periods in 1992 were obtained using temperature data from the Þeld site. Predicted molting periods in 1993 were
obtained using temperature data from Port Dover meteorological station.
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Nymphs that fed from the start of the observed
1991 activity period on 9 May up to those feeding on
7 September 1991 were all predicted to molt into
adults in the same year (between 27 June and

14 December 1991). Nymphs that fed after 7 Septem-
ber 1991 were predicted to molt into adults the fol-
lowing year between 11 January and 2 June 1992
(Fig. 3c). In eachcase, thepredictedperiods for emer-

Fig. 3. Comparison of observed and predicted seasonal activity of questing I. scapularis ticks for 1991 and 1992 at Long
Point, Ontario. (a) Seasonal activity periods for adults and larvae. (b) Seasonal activity of larvae and nymphs. (c) Nymphal
and adult. The graphs indicate the number of ticks collected on each sampling occasion, by drag sampling, expressed as a
proportion of the total number of that instar collected in the same year. Boxes with bold surround indicate periods of molting
(of engorged larvae or nymphs) or hatching (of larvae) predicted for ticks of the previous instar that fed at times of the year
delineated by the brackets to which the shaded boxes are linked.
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gence of adults were considerably different from the
periods when questing adults were active on the Þeld
site.

Discussion

For each stage of tick development (POP, PEP, and
developmentof engorged immature ticks into thenext
instar), a power relationship gave the best Þt for the
decline in development durationwith increasing tem-
perature. Such relationshipsmay,however, beapprox-
imations of a more complex combination of different
relationships (linear or exponential) at different tem-
perature ranges (López-Urrutia 2003). In some cases,
duration of development did not differ signiÞcantly at
different temperatures at the higher end of the range
studied. The mean duration of development did de-
cline, however, with increasing temperature across
the range studied, suggesting that lack of statistical
signiÞcance may have been due to sample sizes too
low to detect small differences in the duration of
development.
The duration of POPs were signiÞcantly shorter for

ticks collected from raccoons compared with ticks
collected fromdogs, possiblydue to the readinesswith
which raccoons acquire resistance to I. scapularis ticks
(Craig et al. 1996). Acquired host resistance to ticks
may result in reduced size of developing ticks (Trager
1939). In the laboratory, the developmental times of
I. scapularis followed the general relationship be-
tweenbodymass anddevelopmental rates (Gillooly et
al. 2002) and increased with increasing size of the tick
stage(fromfertilizedovumtoengorgednymph).Why
there should be differences between activity seasons
in the duration of both POP and PEP is not clear but
could relate to seasonal variations in tick size (Ogden
et al. 2002, Randolph et al. 2002). The duration of the
POP at temperatures�4�C increased linearlywith the
duration of preincubation storage at 4�C.This suggests
a carryover effect of low temperature that retards
increases in developmental rates when the ticksÕ en-
vironment warms. The effects of storage, host species
and season of collection were, however, small com-
pared with the effects of temperature.
Observed and predicted dates for the emergence of

eggs, larvae, and nymphs from engorged ticks placed
in the Þeld were the same or differed by no �2 wk,
except in one case. Due to the sensitivity of detection
of oviposition, hatching and molting used in the Þeld,
differences between predicted and observed dates
were maximally 14 d for these developmental stages.
Delayed development of eggs and larvae from adults,
and nymphs from engorged larvae placed in the Þeld
in late summer and autumn, until spring or summer of
the following year, was predicted by the temperature-
development relationships alone. The errors around
our estimates for the temperature-development rela-
tionshippredicted to someextent theÞeldobservation
that at certain times of the year, a proportion of ticks
may develop directly, whereas the rest delay devel-
opment until the following year. Small errors in our
predictions could have been due to differences in

recorded temperatures and those to which ticks
placed in the Þeld were actually exposed, or to small
errors in the temperatureÐdevelopment relationship
obtained in the laboratory.Nevertheless, the tempera-
tureÐdevelopment relationships derived from the lab-
oratory data seemed to explain well the duration of
development of larvae from engorged adult females
and of nymphs from engorged larvae.
Temperature data collected contemporaneously

with observations of tick development in the Þeld
provided better predictions than did the approxi-
mated temperatures from Port Dover meteorological
station. The approximated temperature data oftendid,
however, predict development with reasonable accu-
racy, which underlines the robustness of the power
relationship, between temperature and developmen-
tal times, to short-termßuctuations in temperature. At
higher temperatures (�20�C), large increases in tem-
perature would produce small changes in develop-
mental times. At lower temperatures (�5�C), small
reductions in temperature would produce large
changes in the developmental times, but such large
changes become biologically unimportant when the
developmental times more than span the likely dura-
tionofperiods ineachyearwhentemperatures remain
�5�C. Variation in temperatures within relatively nar-
row ranges overwhich temperatureÐdevelopment re-
lationships change from approximately exponential to
approximately linear (5Ð10�CforPOPand10Ð20�Cfor
PEP and molting of engorged larvae) would produce
larger and biologically meaningful variations in devel-
opmental rates. Variations between geographic loca-
tions in the duration of thewarmer spring and autumn
temperatures comparedwith thedurationof coldwin-
ter temperature may therefore have a greater impact
on seasonality of immature I. scapularis thanvariations
in temperature maxima and minima. The degree of
latency in the response of I. scapularis developmental
rates to changes in temperature observed in the cur-
rent study also would tend to reduce potential effects
of diurnal or even daily ßuctuations in temperature.
Complex accounting for such temperature ßuctua-
tions, as used in some models of ixodid tick develop-
ment (Gardiner and Gettinby 1981), may not be ap-
propriate for I. scapularis.
Predictions for theemergenceof larvaeandnymphs

at Long Point, Ontario, obtained from Þeld observa-
tions of the seasonal activity of adults and larvae, also
Þtted well with observations in the Þeld. The pre-
dicted period for emergence of larvae (in summer)
andnymphs(in spring)hadparticularly tightpatterns.
Larvae were predicted to molt into nymphs in April
and May 1991 slightly in advance of the observed
periodof questing, but temperatures inApril andearly
May of that year (being �15�C) are likely to have
delayed host seeking activity of nymphs (Vail and
Smith 2002) until the end of May when temperatures
increased.Apostmolting or hatchingdelay in questing
larvae of up to a month has been observed in I. scapu-
laris in the Þeld (Daniels et al. 1996).
Although the development of I. scapularis larvae

from engorged adult females, and nymphs from en-
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gorged larvae, (at Long Point) were largely explained
by temperatureÐdevelopment relationships alone,
predictions for the emergence of adult ticks from
engorged nymphsweremuch less precise. Predictions
for molting of nymphs were always considerably in
advance of molting observed in the Þeld and seasonal
adult tick activity was poorly predicted from the Þeld-
observed seasonal occurrence of questing nymphs. To
some extent, the detection of ticks in the Þeld may
have been affected by responses of questing adults to
temperature (Duffy and Campbell 1994, Vail and
Smith 2002), but our Þndings may suggest that dia-
pause driven by daylength as described by Belozerov
and Naumov (2002) is an important determinant of
rates at which nymphal I. scapularis develop into
adults.
The data in the current study suggest that, as tem-

peratures fall, thedurationof tickdevelopment (when
unaffected by diapause) becomes asymptoticwith the
y-axis (Fig. 1), so predicting precise threshold tem-
peratures at which development ceases is difÞcult.
Nevertheless, molting dates for I. scapularis ticks have
frequently been predictedwith some success by using
threshold temperatures (the x-axis intercept of the
linearized relationship between temperature and the
inverse of developmental duration) and cumulative
degree-days (Lindsay et al. 1996, Mount et al. 1997).
Suchmethods have been used in tick populationmod-
els to generate age-speciÞc life tables (Mount et al.
1997).OurÞndings, however, do, suggest that seasonal
dynamics of I. scapularis populations could be mod-
eled by a dynamic simulation model approach (Ran-
dolph and Rogers 1997).
Our Þndingsmay have implications for understand-

ing the distribution of I. scapularis, and the pathogens
this tickmay transmit, nowand in the future in the face
of predicted climatic changes. Incubation tempera-
tures �30�C had a consistently detrimental effect on
developing ticks, a factor thatmayconstrain the south-
ern range of the tick. Elsewhere, if the seasonal ac-
tivity periods for larval and nymphal ticks vary with
temperature alone, then predicted climate changes
may impact on endemic cycles of I. scapularis-trans-
mitted pathogens, most of which are maintained in
transmission cycles involving small mammal or avian
hosts, infective nymphs, and uninfected larvae
(Thompson et al. 2001). There is some evidence for
variation in immature tick seasonality in the United
States thatmaybe consistentwith temperature effects
on developmental rates. Recorded peaks of seasonal
activity of larval I. scapularis occur in August and
September in the northern United States (in Illinois,
Siegel et al. 1991; in Massachusetts, Wilson and Spiel-
man 1985, Lyon et al. 1996; in New Jersey, Schulze et
al. 1985; in NewYork, Daniels et al. 1996, Ostfeld et al.
1996), but fromMay to July inmore southern states (in
Georgia, Oliver et al. 1993, Lavender and Oliver 1996;
in Maryland, Hofmeister et al. 1999; in Missouri, Kol-
lars et al. 1999).
Any variations in seasonality of nymphs and larvae

may be constrained by effects of daylength on dia-
pause and development of nymphs to adults, and the

response of questing ticks to temperature (Vail and
Smith 2002). Belozerov and Naumov (2002) quote
evidence fordaylength-sensitivediapause inengorged
larval I. scapularis not seen in our study. Susceptibility
to diapause may vary with location of different pop-
ulations of the same tick species (Madder et al. 1999),
however, and our studies on I. scapularis development
in the Þeld were at the northern edge of the range of
this tick, where long developmental timesmay swamp
developmental diapause of engorged larvae inßu-
enced by daylength. Further studies are, therefore,
required to investigate the full potential for general-
ization of our Þndings to I. scapularis throughout its
range.

Acknowledgments

This study was funded by the Climate Change Action
Fund of Natural Resources Canada, the Natural Science and
Engineering Research Council of Canada and by a National
Health Research andDevelopment grant.We thank Ian Gal-
livan for conducting a preliminary analysis of the laboratory
data.

References Cited

Belozerov, V. N., and R. L. Naumov. 2002. Nymphal dia-
pause and its photoperiodic control in the tick Ixodes
scapularis (Acari: Ixodidae). Folia Parasitol. 49: 314Ð318.

Belozerov, V. N., L. J. Fourie, and D. J. Kok. 2002. Photo-
periodic control of developmental diapause in nymphs
of prostriate ixodid ticks (Acari: Ixodidae). Exp. Appl.
Acarol. 28: 163Ð168.

Branagan, L. D. 1973. The development periods of the Ix-
odid tick Rhipicephalus appendiculatus Neum. under lab-
oratory conditions. Bull. Entomol. Res. 63: 155Ð168.

Chilton, N. B., and C. M. Bull. 1994. Inßuence of environ-
mental factors on oviposition and egg development in
Amblyomma limbatum andAponommahydrosauri (Acari:
Ixodidae). Int. J. Parasitol. 24: 83Ð90.

Craig, L. E., D. E. Norris, M. L. Sanders, G. E. Glass, and
B. S. Schwartz. 1996. Acquired resistance and antibody
response of raccoons (Procyon lotor) to sequential feed-
ings of Ixodes scapularis (Acari: Ixodidae). Vet. Parasitol.
63: 291Ð301.

Daniels, T. J., R. C. Falco, K. L. Curran, and D. Fish. 1996.
Timing of Ixodes scapularis (Acari: Ixodidae) oviposition
and larval activity in southern New York. J. Med.
Entomol. 33: 140Ð147.

Duffy, D. C., and S. R. Campbell. 1994. Ambient air tem-
perature as a predictor of activity of adult Ixodes scapu-
laris (Acari: Ixodidae). J. Med. Entomol. 31: 178Ð180.

Gardiner, W. P., and G. Gettinby. 1981. Models based on
weather for the development phases of the sheep tick
Ixodes ricinus L. Vet. Parasitol. 9: 75Ð86.

Gillooly, F. F., E. L. Charnov,G. B.West, VanM. Savage, and
J. H. Brown. 2002. Effects of size and temperature on
development time. Nature (Lond.) 417: 70Ð73.

Hofmeister, E. K., B. A. Ellis, G. E. Glass, and J. E. Childs.
1999. Longitudinal study of infection with Borrelia burg-
dorferi in a population of Peromyscus leucopus at a Lyme
disease-enzootic site inMaryland. Am. J. Trop.Med.Hyg.
60: 598Ð609.

Kollars, T. M. Jr., J. H. Oliver Jr., P. G. Kollars, and L. A.
Durden. 1999. Seasonal activity and host associations of

632 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 41, no. 4

https://www.researchgate.net/publication/14240772_Acquired_resistance_and_antibody_response_of_raccoons_Procyon_lotor_to_sequential_feedings_of_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14240772_Acquired_resistance_and_antibody_response_of_raccoons_Procyon_lotor_to_sequential_feedings_of_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14240772_Acquired_resistance_and_antibody_response_of_raccoons_Procyon_lotor_to_sequential_feedings_of_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14240772_Acquired_resistance_and_antibody_response_of_raccoons_Procyon_lotor_to_sequential_feedings_of_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14240772_Acquired_resistance_and_antibody_response_of_raccoons_Procyon_lotor_to_sequential_feedings_of_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/11382837_Effects_of_Size_and_Temperature_on_Development_Time?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/11382837_Effects_of_Size_and_Temperature_on_Development_Time?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/11382837_Effects_of_Size_and_Temperature_on_Development_Time?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/231585380_Photoperiodic_Control_of_Developmental_Diapause_in_Nymphs_of_Prostriate_Ixodid_Ticks_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/231585380_Photoperiodic_Control_of_Developmental_Diapause_in_Nymphs_of_Prostriate_Ixodid_Ticks_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/231585380_Photoperiodic_Control_of_Developmental_Diapause_in_Nymphs_of_Prostriate_Ixodid_Ticks_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/231585380_Photoperiodic_Control_of_Developmental_Diapause_in_Nymphs_of_Prostriate_Ixodid_Ticks_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/11857454_Coinfecting_Deer-Associated_Zoonoses_Lyme_Disease_Babesiosis_and_Ehrlichiosis?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/12577998_Diapause_induction_in_adults_of_three_Rhipicephalus_appendiculatus_stocks?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15998285_Models_based_on_weather_for_the_development_phase_of_the_sheep_tick_Ixodes_ricinus_L?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15998285_Models_based_on_weather_for_the_development_phase_of_the_sheep_tick_Ixodes_ricinus_L?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15998285_Models_based_on_weather_for_the_development_phase_of_the_sheep_tick_Ixodes_ricinus_L?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15178355_Influence_of_environmental_factors_on_oviposition_and_egg_development_in_Amblyomma_limbatum_and_Aponomma_hydrosauri_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15178355_Influence_of_environmental_factors_on_oviposition_and_egg_development_in_Amblyomma_limbatum_and_Aponomma_hydrosauri_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15178355_Influence_of_environmental_factors_on_oviposition_and_egg_development_in_Amblyomma_limbatum_and_Aponomma_hydrosauri_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15178355_Influence_of_environmental_factors_on_oviposition_and_egg_development_in_Amblyomma_limbatum_and_Aponomma_hydrosauri_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14299984_Temporal_and_Spatial_Dynamics_of_Ixodes_scapularis_Acari_Ixodidae_in_a_Rural_Landscape?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14299984_Temporal_and_Spatial_Dynamics_of_Ixodes_scapularis_Acari_Ixodidae_in_a_Rural_Landscape?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14459081_Ticks_Acari_Ixodidae_in_Bulloch_County_Georgia?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/13998256_Simulation_of_Blacklegged_Tick_Acari_Ixodidae_Population_Dynamics_and_Transmission_of_Borrelia_burgdorferi?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/13998256_Simulation_of_Blacklegged_Tick_Acari_Ixodidae_Population_Dynamics_and_Transmission_of_Borrelia_burgdorferi?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/13998256_Simulation_of_Blacklegged_Tick_Acari_Ixodidae_Population_Dynamics_and_Transmission_of_Borrelia_burgdorferi?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15039881_Ambient_Air_Temperature_as_a_Predictor_of_Activity_of_Adult_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15039881_Ambient_Air_Temperature_as_a_Predictor_of_Activity_of_Adult_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15039881_Ambient_Air_Temperature_as_a_Predictor_of_Activity_of_Adult_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/10852883_Nymphal_diapause_and_its_photoperiodic_control_in_the_tick_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/10852883_Nymphal_diapause_and_its_photoperiodic_control_in_the_tick_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/10852883_Nymphal_diapause_and_its_photoperiodic_control_in_the_tick_Ixodes_scapularis_Acari_Ixodidae?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/15590063_Survival_and_Development_of_Ixodes_scapularis_Acari_Ixodidae_Under_Various_Climatic_Conditions_in_Ontario_Canada?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/231920805_The_development_periods_of_the_Ixodid_tick_Rhipicephalus_appendiculatus_Neum_under_laboratory_conditions?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/231920805_The_development_periods_of_the_Ixodid_tick_Rhipicephalus_appendiculatus_Neum_under_laboratory_conditions?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/231920805_The_development_periods_of_the_Ixodid_tick_Rhipicephalus_appendiculatus_Neum_under_laboratory_conditions?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/12951109_Longitudinal_study_of_infection_with_Borrelia_burdorferi_in_a_population_of_Peromyscus_leucopus_at_a_Lyme_disease-enzootic_site_in_Maryland?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/12951109_Longitudinal_study_of_infection_with_Borrelia_burdorferi_in_a_population_of_Peromyscus_leucopus_at_a_Lyme_disease-enzootic_site_in_Maryland?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/12951109_Longitudinal_study_of_infection_with_Borrelia_burdorferi_in_a_population_of_Peromyscus_leucopus_at_a_Lyme_disease-enzootic_site_in_Maryland?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/12951109_Longitudinal_study_of_infection_with_Borrelia_burdorferi_in_a_population_of_Peromyscus_leucopus_at_a_Lyme_disease-enzootic_site_in_Maryland?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/12951109_Longitudinal_study_of_infection_with_Borrelia_burdorferi_in_a_population_of_Peromyscus_leucopus_at_a_Lyme_disease-enzootic_site_in_Maryland?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14299992_Timing_of_Ixodes_scapularis_Acari_Ixodidae_Oviposition_and_Larval_Activity_in_Southern_New_York?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14299992_Timing_of_Ixodes_scapularis_Acari_Ixodidae_Oviposition_and_Larval_Activity_in_Southern_New_York?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14299992_Timing_of_Ixodes_scapularis_Acari_Ixodidae_Oviposition_and_Larval_Activity_in_Southern_New_York?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==
https://www.researchgate.net/publication/14299992_Timing_of_Ixodes_scapularis_Acari_Ixodidae_Oviposition_and_Larval_Activity_in_Southern_New_York?el=1_x_8&enrichId=rgreq-ac7458753cc366ef93b6be8fa8f3ea2c-XXX&enrichSource=Y292ZXJQYWdlOzg0MDA3Mjg7QVM6OTg0NzU4NjU4MDQ4MDhAMTQwMDQ4OTg4NDI5Ng==


Ixodes scapularis (Acari: Ixodidae) in southeastern Mis-
souri. J. Med. Entomol. 36: 720Ð726.

Lavender, D. R., and J. H. Oliver Jr. 1996. Ticks (Acari:
Ixodidae) in Bulloch County, Georgia. J. Med. Entomol.
33: 224Ð231.

Lindgren, E., and R. Gustafson. 2001. Tick-borne enceph-
alitis in Sweden and climate change. Lancet 358: 16Ð18.

Lindsay, L. R., I. K. Barker, G. A. Surgeoner, S. A. McEwen,
T. J. Gillespie, and J. T. Robinson. 1996. Survival and
development of Ixodes scapularis (Acari: Ixodidae) under
various climatic conditions in Ontario, Canada. J. Med.
Entomol. 32: 143Ð152.

Lindsay, L. R., I. K. Barker, G. A. Surgeoner, S. A. McEwen,
T. J. Gillespie, and E. M. Addison. 1998. Survival and
development of the different life stages of Ixodes scapu-
laris (Acari: Ixodidae) held within four habitats on Long
Point, Ontario, Canada. J. Med. Entomol. 35: 189Ð199.

Lindsay, L. R., S. W. Mathison, I. K. Barker, S. A. McEwen,
T. J.Gillespie, andG.A. Surgeoner. 1999a. Microclimate
and habitat in relation to Ixodes scapularis (Acari: Ixodi-
dae) populations onLongPoint,Ontario, Canada. J.Med.
Entomol. 36: 255Ð262.

Lindsay, L. R., S. W. Mathison, I. K. Barker, S. A. McEwen,
andG.A. Surgeoner. 1999b. Abundance of Ixodes scapu-
laris (Acari: Ixodidae) larvae and nymphs in relation to
host density and habitat on Long Point, Ontario. J. Med.
Entomol. 36: 243Ð254.
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