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Lyme disease, the most prevalent vector-borne disease in North America,
is increasing in incidence and geographic distribution as the tick vector,
Ixodes scapularis, spreads to new regions. We re-construct the spatial-
temporal invasion of the tick and human disease in the Midwestern US, a
major focus of Lyme disease transmission, from 1967 to 2018, to analyse
the influence of spatial factors on the geographic spread. A regression
model indicates that three spatial factors—proximity to a previously invaded
county, forest cover and adjacency to a river—collectively predict tick occur-
rence. Validation of the predictive capability of this model correctly predicts
counties invaded or uninvaded with 90.6% and 98.5% accuracy, respectively.
Reported incidence increases in counties after the first report of the tick;
based on this modelled relationship, we identify 31 counties where we
suspect I. scapularis already occurs yet remains undetected. Finally, we
apply the model to forecast tick establishment by 2021 and predict 42
additional counties where I. scapularis will probably be detected based
upon historical drivers of geographic spread. Our findings leverage
resources dedicated to tick and human disease reporting and provide the
opportunity to take proactive steps (e.g. educational efforts) to prevent
and limit transmission in areas of future geographic spread.
1. Background
The ongoing emergence of vector-borne diseases presents a major public health
challenge, with the number of human cases reported in the United States tripling
between 2004 and 2016 [1]. Numerous tick species are expanding beyond their
historical range distributions and invading new regions. Ixodes scapularis (the
blacklegged tick) currently is undergoing significant range expansions in two
foci centred in the northeastern [2–4] and upper Midwestern states [5–7], and
the range expansion of human cases of tick-borne disease is concomitant with
I. scapularis range expansions [8–9]. The most important tick-borne pathogen of
humans in North America is the spirochetal bacterium Borrelia burgdorferi sensu
stricto, which causes an estimated 300 000 human cases of Lyme disease per
year in the US [10].

Many wildlife species are important hosts for I. scapularis, natural reservoirs
for B. burgdorferi, or both [11]. For example, white-tailed deer (Odocoileus
virginianus) may contribute as dispersers and blood meal hosts of ticks despite
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their incompetence for B. burgdorferi [12], while other species,
such as white-footed mice (Peromyscus leucopus), may be
important as both tick hosts and pathogen reservoirs [13].
Dispersal by long-distance movements of wildlife hosts that
vary in blood meal host frequency and reservoir competence,
such as white-tailed deer and migratory songbirds, may play
a key role in ongoing range expansions for both tick and
pathogen [14–19]. As a result, several alternative mechanisms
of invasion for establishing an enzootic cycle have been
proposed, including invasion by tick preceding invasion by
pathogen, invasion by pathogen preceding invasion by tick,
or by both occurring simultaneously [18].

Despite similarities between the hypothesized ecological
drivers of Lyme disease emergence and expansion in the
Northeast and Midwest, studies indicate differences between
the regions in the dominant blood meal and reservoir host
species that may contribute to differences in tick and pathogen
dispersal [20–22] and the foci also are composed of closely
related but distinct assemblages of circulating sequence types
of B. burgdorferi [23–25]. At the landscape scale, the Midwest
focus for Lyme disease historically has centred on forested
regions of Wisconsin and Minnesota, which provide habitats
that are highly suitable for I. scapularis populations and
B. burgdorferi hosts in both regions [2,26,27], and where the
first Midwestern cases of Lyme disease were reported [28].
Subsequently, expansions occurred into more agriculture-
dominated landscapes in patterns that initially were consistent
with the distribution of forested habitats [29,30]. For example,
Cortinas & Kitron [14] found a pattern of the geographic
spread of I. scapularis that correlated with the distribution of
relatively scarce forest habitats in central Illinois: continuously
forested riparian habitats associated with the Illinois River.
More recently, however, established I. scapularis populations
and B. burgdorferi transmission have been discovered in other
habitats that do not occur in the Northeast, such as prairies
[31–33]. Therefore, the geographic expansion of Lyme disease
may be best understood by examining factors specific to each
region [11,34,35].

Here, we use published literature and a national database
reporting detection of I. scapularis and human Lyme disease,
respectively, to evaluate the role of landscape features in
predicting the invasion of the Lyme disease system in the
Midwestern US. Specifically, we hypothesize that forest cover,
adjacency to a river and adjacency to a county where
I. scapularis previously has been reported are predictive of
I. scapularis detection at the county level. Associations between
each of these factors and detection of I. scapularis or human
Lyme disease have been reported previously [14,36,37], so
these factors were considered likely candidates for mediating
the invasion of tick and pathogen at the spatial-temporal
scale considered here. Additionally, we use these data to recon-
struct the invasion history for both I. scapularis and human
Lyme disease in the Midwest, predict counties in the Midwest
most likely to become invaded next by I. scapularis, analyse
whether the initial detection of I. scapularis is associated with
a change in Lyme disease prevalence and, based on human
Lyme disease incidence, infer counties where I. scapularis
probably occurs already but remains undetected. We propose
that a model based on the invasion history of Lyme disease
in the Midwest can be used to predict the future expanding
distribution of exposure risk and can be incorporated into
proactive efforts for managing the continuing emergence of
Lyme disease in the region. The unusually extensive tick and
human disease occurrence data reported for Lyme disease
offer a proof-of-concept for developing models to predict
ongoing range expansions for other tick species and associated
human illnesses.
2. Methods
(a) Data collection and processing
To reconstruct the invasion history of the blacklegged tick in the
Midwestern US, we conducted a literature search (last updated 9
July 2018) for published, peer-reviewed scientific articles (exclud-
ing literature reviews) documenting the presence of I. scapularis
in 10 states (figure 1a). In Web of Science, we used the title and
abstract search terms ‘Ixodes scapularis’ OR ‘Ixodes dammini’
in combination with the names of each of the states. Articles
were selected for inclusion in the study if they indicated the
year and location of tick collections. For each article, including
studies in which no I. scapularis were detected, the year of the
study, state and counties sampled, and collection method were
recorded (electronic supplementary material, table S1). Data
were aggregated at the county level and in 5-year time intervals,
the finest spatial-temporal resolution shared between I. scapularis
and Lyme disease case data.

We recorded both the first report of I. scapularis in a county and
the earliest date at which I. scapularis was considered established
according to US Centers for Disease Control and Prevention
(CDC) criteria. Discerning the specific number of ticks collected
per county, and whether the criteria for establishment had
been satisfied by these collections, required making several
assumptions due to inconsistencies in data reporting among
publications (electronic supplementary material, figure S1). By
contrast, determining the first report of I. scapularis proved
relatively straightforward; for this reason, we primarily used the
dataset describing the first report of I. scapularis in each county
for statistical analyses. We then compared those findings to the
results produced by models based upon the CDC criteria for an
established population to determine if these analyses yielded
qualitatively similar conclusions.

Human case data were obtained from the CDC Lyme disease
incidence database (http://www.cdc.gov/lyme/resources/ldpu-
blicuse.csv and https://www.cdc.gov/lyme/resources/LD-Case-
Counts-by-County-00-18.csv), which provided the number of
cases per county according to CDC case definitions at the time of
reporting in 5-year intervals (figure 1b). These intervals begin
when Lyme disease became a nationally reportable disease
in 1992; counties with no reports of Lyme disease were not
considered ‘apparently negative’ until after 1992, when Lyme
disease became a reportable disease. The Lyme disease case defi-
nition included confirmed cases from 1992 to 2007 and both
confirmed and probable cases from 2008 onward; the case defi-
nitions were revised multiple times throughout the study period.
To collect data for years prior to 1992, we conducted a literature
search in Web of Science using the title and abstract search terms
‘Lyme disease’ in combination with the names of each of the states
considered. The year of the study, the number of cases, state
and county were recorded (electronic supplementary material,
table S2).

To understand the spatial relationships among landscape
features and the spread of I. scapularis, land cover data were
obtained from the 2011 National Land Cover Database (NCLD;
[38]). We classified forest cover as the sum of three NCLD land
classes (i.e. deciduous, evergreen and mixed forest). The percen-
tage forest cover in each county was calculated using the zonal
histogram tool in ArcGIS 10.5 (Esri, Redlands, CA). Stream data
were obtained from the National Hydrology Database plus
v. 2 (http://www.horizon-systems.com/NHDPlus/NHDPlusV2_
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Figure 1. (a) Spread of I. scapularis in the Midwestern United States reconstructed using first county-level reports of the tick. Green shading represents the earliest
year I. scapularis was collected in a county, grey shading represents the most recent year a county was sampled but no ticks were collected and white shading
represents counties that never were sampled. (b) Spread of Lyme disease cases in the Midwestern United States. Green shading represents the earliest year Lyme
disease was reported in a county.
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data. php). Pre-calculated Strahler stream order [39] values were
used to classify rivers by size for statistical analyses (electronic
supplementary material, figure S2).

Our analyses were conducted in three phases, centred
on (i) prediction of the first report of I. scapularis in a county,
(ii) comparison of the timing and sequence of the first report
of I. scapularis and the first reports of human cases of Lyme dis-
ease in a county and (iii) associations between the initial
detection of I. scapularis and human Lyme disease incidence in
a county. The goals, modelling techniques, inputs and outputs
for each model discussed below are summarized in electronic
supplementary material, table S3.

(b) Prediction of first report of Ixodes scapularis
First, we tested the hypotheses that the first report of I. scapularis in
a county is predicted by forest cover, the county’s adjacency to or
inclusion of a river and adjacency to a county where I. scapularis
had previously been reported. Tick report status was the binary
response variable, coded as ‘0’ if the tick had not been reported
(hereafter a ‘negative county’) or ‘1’ if the tick had been reported
in a county (hereafter a ‘positive county’) by a given time interval
(electronic supplementary material, figure S3). Logistic regression
has been used by others to analyse vector presence/absence in
multiple disease systems [9,37,40]. Here, we used survival analysis
as an alternative [41] due to variation in the start and end time
points of sampling efforts among counties (i.e. censoring) that
violates the assumptions of logistic regression. Of 835 counties in
the dataset, 266 counties were Type I right-censored (grey
in figure 1a), meaning that the counties for which sampling
has been documented remained negative for the presence of
I. scapularis by the end of the final time interval, and 243 counties
were randomly right-censored (white in figure 1a), meaning that
the counties presumably have not been sampled for I. scapularis
to date. The latter counties were excluded from further analyses
due to the bias introduced by censoring driven by the exper-
imenter, in this case by the choice not to search for ticks in
certain geographical areas; thus, 592 counties that previously
had been sampled for ticks were considered. These counties also
were left-truncated, meaning that not all counties began surveil-
lance for the tick simultaneously, and the year of initial sampling
effort was specified throughout all phases of the analysis to
account for this unavoidable limitation of the dataset [42].

A Cox regression model was fitted to tick report status using
PROC PHREG in SAS v. 9.4 (SAS Institute Inc., Cary NC). We
used the exact calculation of the partial likelihood to handle ties
where the first report of the tick occurred during the same time
interval in multiple counties and specified the time step of each
county’s entry into the model based on the year of initial sampling
effort. We evaluated forest cover as a continuous predictor,
adjacency to a river as a binary predictor and adjacency to a pre-
viously positive county as a time-dependent binary predictor in
ourmodels. Because the effect of adjacency to a rivermay be related
to river size, we fitted multiple candidate models using adjacency
to intermediate order streams (Strahler orders 6–8) and high-
order streams (orders 9–10) as predictors; adjacency to low-order
streams (orders 1–5) was excluded because each county contained
a low-order stream.We also examined the possibility that the effect
of adjacency to a previously positive county in predicting tick
report status was associatedwith a time lag and included a positive
adjacent county during the current time interval or in the one or
two 5-year time intervals prior. The model among these permu-
tations of predictors that minimized the Akaike information
criterion (AIC) was considered the most parsimonious (electronic
supplementary material, table S4). To determine whether I. scapu-
laris establishment data would reach the same qualitative
conclusions, we repeated the analysis for the 592 counties con-
sidered using the CDC establishment criteria [43] (electronic
supplementary material, figure S4 and table S4).
To test the predictive capability of the regression model, we
validated the selected model using the data from the first 10
time intervals (i.e. 1962–2011) and used this model to predict
the new counties, among 168 counties that had been determined
to be negative by the most recent sampling effort, that would
become positive during the eleventh time interval (i.e. 2012–
2016). The classification threshold used to determine whether a
county was predicted to become positive (1) or remain negative
(0) was 0.6. This threshold was selected using receiver operating
characteristic (ROC) curve analysis. This analysis evaluates the
ability of the model to classify between two groups (i.e. positive
and negative counties); the closer the area under the curve (AUC)
to 1, the better the model’s ability to classify [44]. Here, we calcu-
lated ROC curves for classification thresholds between 0.2 and
0.8 in increments of 0.1 and identified the value that maximized
the AUC (electronic supplementary material, table S6).

After model validation, we assimilated the data from the ele-
venth time interval (i.e. 2012–2016) and used the updated model
to predict the new counties that will become positive during the
as-yet incomplete reporting of the twelfth time interval (i.e. 2017–
2021). We forecast 137 counties that had been determined to be
negative by a most recent sampling effort in 1992 or later. Con-
sistent with our model validation, the classification threshold
used to determine whether a county was predicted to become
positive (1) or remain negative (0) was 0.6.
(c) Comparison of first report of Ixodes scapularis and
first report of human cases

Second, we tested the hypothesis that the first report of I. scapularis
typically precedes the first human case of Lyme disease at the
county level by using Kaplan–Meier analysis to compare the survi-
val and hazard functions of reports of the blacklegged tick and
human cases of Lyme disease. The survival function estimates
the probability that a report of either a tick or a Lyme disease
case has not occurred in a county by a given time interval, while
the hazard function estimates the probability that a county
which has not previously reported the occurrence of a tick or a
Lyme disease case will do so during a given time interval. The
analysis was conducted using PROC LIFETEST. Again, 592 coun-
ties were considered. Because Lyme disease has been a reportable
illness since 1992, we assumed a lack of informative right-censor-
ing for the human case data; however, non-positive counties
prior to 1992 were considered left-truncated. Again, we specified
the time step of each county’s entry into the model based on the
year of initial sampling effort.
(d) Presence of Ixodes scapularis and human Lyme
disease incidence

Third,we tested the hypothesis that the first report of I. scapularis in
a county is associatedwith a concomitant increase in Lyme disease
incidence in humans. We fitted a general linear model with
repeated measures to Lyme disease annual incidence per 100 000
people for 592 counties that previously had been searched for
ticks. The discrete fixed predictors were report status of I. scapu-
laris, time interval and their interaction. The repeated variable
was county and an independent variance components covariance
structure was modelled to reflect the autocorrelation of incidence
over time within a county. Orthogonal contrasts generated using
PROC IML were used to test the functional form of the time
effect. The analysis was conducted using PROC MIXED.

Finally, recognizing that a relationship exists between Lyme
disease incidence and the timing of the first report of I. scapularis
within a county, we conducted an analysis to identify counties
where we suspect I. scapularis is present yet remains undetected.
For the 592 counties that previously had been searched for ticks,

http://www.horizon-systems.com/NHDPlus/NHDPlusV2_data


Table 1. Parameter estimates, tests of significance, and risk ratios (95% confidence interval) for four predictors of county-level first reports of I. scapularis for
the minimum AIC regression model from 1962 to 2016: forest cover, adjacency to medium-sized or large rivers (Strahler stream order) and adjacency to a
county where ticks had been reported two time intervals previously.

parameter d.f. parameter estimate standard error χ2 p

hazard ratio 95% CI

lower upper

forest cover 1 0.008 0.002 11.27 <0.001 1.003 1.013

medium-sized river 1 0.139 0.079 3.06 0.080 0.983 1.343

large river 1 −1.053 0.415 6.45 0.011 0.155 0.786

positive county (t− 2) 1 0.762 0.128 35.69 <0.001 1.668 2.750
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we fitted a binary logistic regression model with the presence (i.e.
first report status) of I. scapularis as the response and Lyme dis-
ease incidence per 100 000 people during the most recent time
interval (i.e. 2012–2016) as the predictor. We then used the
model to identify counties where I. scapularis likely already has
first occurred among 203 counties in which I. scapularis most
recently has been reported as absent and 243 counties that
have not been searched for I. scapularis to date. We considered
the presence of I. scapularis to be ‘suspected’ if the probability
of occurrence for a given county was greater than 0.7. The
analysis was conducted using PROC LOGISTIC.
3. Results
(a) Invasion history for Ixodes scapularis and Lyme

disease
We identified 65 peer-reviewed journal articles to reconstruct the
invasion history of I. scapularis in the Midwest (electronic sup-
plementary material, table S1), aggregated at the county level
and in 5-year time intervals. The earliest reports of I. scapularis
occurred from 1967 to 1970 in west-central Wisconsin. The
most recent reports of I. scapularis identified in our literature
search (last updated 9 July 2018) were from eastern South
Dakota and east-central Illinois [19,45]. Overall, I. scapularis
appears to be spreading in all cardinal directionswithin theMid-
west, bothbasedon the first report of the tick (figure1a; electronic
supplementarymaterial, figure S3) andusingCDCcriteria [43] to
infer establishment of a tick population (electronic supplemen-
tary material, figure S4). We used human case data from 1992
to 2016 from the CDC supplemented by 13 journal articles pub-
lished prior to 1992 to determine the first occurrence of Lyme
disease in each county (electronic supplementary material,
table S2). While the initial spread of human cases mirrored the
range expansion of I. scapularis, cases later were reported in
most counties in the study region, including those in which
I. scapularis had not yet been detected (figure 1b; electronic
supplementary material, figure S5).

(b) Prediction of first report of Ixodes scapularis
After consideration of multiple candidate models using our
I. scapularis invasion history database (electronic supplemen-
tary material, table S4), we found that per cent forest cover,
adjacency to a medium-sized river [39], and adjacency to a
county where the tick had been detected between 5 and 10
years previously, were positively correlated to first reports
of I. scapularis, and adjacency to a large river was negatively
correlated (table 1). The negative correlation with adjacency
to a large river may be due to large river size in this analysis
being associated with lower forest cover than both medium-
sized (F = 11.37; d.f. = 1, 581; p < 0.001) and small rivers
(F = 14.44; d.f. = 1, 581; p < 0.001). An analysis using the pres-
ence of an established tick population according to CDC
criteria as the response variable reached qualitatively similar
conclusions (electronic supplementary material, table S5).

To validate the predictive capability of the regression
model, we calibrated the selected model using data from 1962
to 2011 and used this model to predict counties in which the
tick first would be detected between 2012 and 2016. ROC
curve analysis demonstrated that, using a classification
threshold of 0.6, the model effectively predicts invasion status
(AUC= 0.95). Of 32 counties in which I. scapularis first was
reported between 2012 and 2016, 29 (90.6%) were correctly pre-
dicted to become positivewhereas three (9.4%) were incorrectly
predicted to remain negative. Of 136 counties that remained
negative during this time interval, 134 (98.5%) were correctly
predicted to remain negative, while two (1.3%)were incorrectly
predicted to become positive. Next, we applied the regression
model to forecast tick report statuses in 2017–2021 for 136 coun-
ties; 42 counties are predicted to switch to positive invasion
status while 95 counties are predicted to remain negative by
the end of 2021 (figure 2).

(c) Comparison of first report of Ixodes scapularis and
human cases of Lyme disease

Using the I. scapularis invasion history and Lyme disease case
databases, we tested the hypothesis that the first report of
I. scapularis typically precedes the first case of Lyme disease
in a county. Initially, prior to Lyme disease becoming a
nationally notifiable disease, first reports of I. scapularis and
cases of Lyme disease occurred roughly simultaneously (elec-
tronic supplementary material, figure S6A and S6B). After
1991, however, Lyme disease cases began to precede the
first reports of I. scapularis (χ2 = 83.669; d.f. = 1; p < 0.001). In
particular, 65 counties first reported Lyme disease in 1992–
1996, coinciding with Lyme disease becoming a reportable
illness; from 2002 onward, the rate of new counties reporting
their first Lyme disease cases remained steady, yet higher
than the rate of first reports of I. scapularis.

(d) Presence of Ixodes scapularis and incidence of Lyme
disease in humans

We tested the hypothesis that the first report of I. scapularis in
a county is associated with a concomitant increase in Lyme
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Figure 2. Predictions of counties that will report the first observation of I. scapularis and counties predicted to remain negative by 2021. Predictions are overlaid on
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disease incidence. We found that Lyme disease incidence
increased quadratically over time across the Midwest
(F = 19.85; d.f. = 9, 5309; p < 0.001; figure 3a; electronic sup-
plementary material, figure S7) and was significantly higher
within any given county after the first report of the tick
than before the first report of the tick (F = 28.99; d.f. = 1,
380; p < 0.001; figure 3b). Based on the modelled relationship
between the presence of I. scapularis and human Lyme dis-
ease incidence (χ2 = 21.432; d.f. = 1; p < 0.001), we identified
31 counties in which I. scapularis is predicted to occur, but
from which the tick had not yet been reported as of the
time of our literature search. Among these 31 counties,
mean Lyme disease incidence from 2012 to 2016 was
238.3 ± 7.8 s.e. cases per 100 000 people. These include nine
counties for which the most recent published surveys failed
to detect I. scapularis and 22 counties with no published
surveys for I. scapularis to date (electronic supplementary
material, table S7). Conversely, there were no counties in
which I. scapularis has been detected, but from which no
human Lyme disease cases have been reported.
4. Discussion
Globally, many arthropod disease vectors and the pathogens
they transmit are expanding in distribution. Here, we
demonstrate that a regression model that incorporates per
cent forest cover, adjacency to rivers and adjacency to a
county where the tick had been detected previously is pre-
dictive of detection of invasion by I. scapularis, arguably the
most important tick vector in North America [46]. In our
model, which has both high sensitivity (90.6%) and high
specificity (98.5%), the strongest predictor of invasion was
adjacency to a county where the tick had been detected
about 10 years previously. The importance of this proximity
by I. scapularis to the detection of newly invaded counties,
similar to the findings of [9] and [47], may be driven both by
natural and social factors. While the relative contribution
to tick dispersal of both short- and long-distance movements
by wildlife remains an area of ongoing investigation [15], the
close proximity of a reproducing population of I. scapularis
may increase propagule pressure along invasion fronts,
increasing the probability that dispersed ticks will establish
populations in new areas [41]. Similarly, the presence of
an established I. scapularis population nearby may enhance
awareness, public health messaging and surveillance
activities, increasing the probability of detection of newly
established populations.

Per cent forest cover also was an important predictor of
invasion, consistent with previous research which demon-
strates that forest habitats are an important component of
the ecological niche for I. scapularis and many of its vertebrate
hosts [48]. Adjacency to a medium-sized river was positively
correlated, and adjacency to a large river was negatively cor-
related, with invasion by I. scapularis. This latter correlation
may be explained, in part, by the Mississippi River at its
widest being associated with low forest cover. Overall, adja-
cency to a river was a less important predictor variable
compared to forest cover. Therefore, previous reporting that
rivers may be associated with invasion by I. scapularis [14]
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Figure 3. Mean (±1 s.e.) county-level incidence of Lyme disease (reported
cases per 100 000 population) in humans (a) over time, 1967–2016, and
(b) before and after the first report of I. scapularis in all counties.
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and other tick species [49] may reflect close association
of forest habitats, and movement of wildlife, with rivers in
the Midwest.

Numerous species distribution models have identified
associations between occurrence and density of I. scapularis
and environmental variables that we did not consider in
our model, such as soil order, forest type and elevation
[47,50,51]. Climate conditions can impact tick survival and
phenology, tick fecundity and tick questing behaviour, with
consequences for host encounter rates and recruitment
[52–56]. In particular, it is widely hypothesized that low
winter temperatures constrain the distribution of ticks and
climate warming has contributed to the geographic range
expansion of I. scapularis within recent decades [57,58]. Yet
there is evidence that effects of cold ambient air temperature
on overwinter tick survival may be mitigated by microhabitat
conditions such as the presence of insulating leaf litter or
snowpack [59]. We chose to exclude climate variables from
this analysis because aggregating these data over 5-year inter-
vals and scaling to the county resolution to which our study
was confined could produce unreliable estimates and
relationships to tick detection [60]. Similarly, although I. sca-
pularis densities generally appear higher in deciduous
compared to coniferous forest [50], in the county spatial
units considered in our model, forest type is less likely to
determine presence/absence of ticks than simply whether
forest habitat is available. Our more simplified regression
model based on landscape features and predicted movement
patterns of hosts accurately predicted the pattern and prob-
ability of invasion and could be incorporated into a
proactive framework for managing the ongoing emergence
of Lyme disease, including surveillance efforts that typically
are operationalized at the county scale [61].

Prior to Lyme disease becoming a nationally reportable
illness, first reports of I. scapularis and human cases of
Lyme disease occurred roughly simultaneously within coun-
ties. Subsequently, however, first reports of Lyme disease
cases began to precede the first reports of I. scapularis, and
at present, more counties report Lyme cases than detection
of its tick vector. This may be due to a strong effect of the des-
ignation of Lyme disease as a nationally reportable illness,
higher reporting of travel-associated cases of Lyme illness
and undetected populations of I. scapularis. We tested the
hypothesis that the first report of I. scapularis in a county is
associated with an increase in Lyme disease incidence and
indeed we found incidence increased in counties after the
first report of the tick. An important caveat, however, is
that the detection of the tick may enhance awareness of
Lyme disease risk among residents and local medical pro-
fessionals. Using this relationship, we identified 31 counties
where we suspect I. scapularis already occurs yet remains
undetected as of our literature search ending in 2018, provid-
ing a warning that undetected tick populations could be
causing local clusters of Lyme disease cases.

We elected to focus on the first published report of
I. scapularis as opposed to reporting based on the CDC cri-
teria of collection within 1 year of either two I. scapularis
specimens belonging to different life stages or six specimens
belonging to a single life stage [43]. This distinction differen-
tiates our effort from a 2016 update to nationwide reporting
data of I. scapularis and Ixodes pacificus, which categorized
tick reports based on the CDC criteria [3]. We made this
decision first because reporting in the literature of life stage
and the number of I. scapularis collected was inconsistent
and required us to make numerous assumptions to determine
if these criteria had been met for a given location (electronic
supplementary material, figure S1). Second, the CDC criteria
do not require any standardization by search effort, which
often also was not reported. For example, a recent investi-
gation was the first to report according to the CDC criteria
the establishment of I. scapularis in South Dakota [45].
Because search effort was carefully reported in this study,
we know it required 23 person-hours of drag/flag sampling
to collect seven adult I. scapularis. Thus, the criteria for establish-
ment were met, but because of intensive sampling. In the
absence of information on search effort from many studies,
we believe first published report to be potentially a more
reliable indicator of the arrival of I. scapularis in a county. We
also repeated our analyses based upon a reconstructed invasion
history following the CDC criteria for established populations
and reached qualitatively comparable conclusions, although
the timeline of invasion occurred later for some counties com-
pared to first report (electronic supplementary material, table
S4 and figure S4). Our findings were qualitatively similar to
those of [3] in terms of which counties in the Midwest have
become invaded since [43] and which counties are predicted
to become invaded in the future.

We took advantage of data made possible by the desig-
nation of Lyme disease as a nationally reportable illness after
1991 and extensive surveillance efforts by many researchers
to characterize the distribution of I. scapularis. However, there
could be important sources of bias in using these data, includ-
ing variation in surveillance efforts, imperfect reporting of tick
occurrence and human cases [62], assumptions we made to
glean data from literature, limitations in using the first discov-
ery of either I. scapularis or Lyme disease, and the spatial-
temporal grain used in the analyses. Lyme disease cases are
reported in the county of residence rather than the location of
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presumed exposure, and citizen-submitted and veterinary tick
specimensmay be subject to similar inaccuracies. Furthermore,
our predictions concerning future invasions partly are driven
by historical rates of detection of I. scapularis or Lyme disease.
A significant increase in surveillance efforts due to additional
funding or research interest could, for example, increase the
probability of discovery of undetected populations of I. scapu-
laris. The absence of information frommost studies concerning
search effort makes it difficult to address how detection rates
may change if search effort increases. This is another argument
to standardize sampling and report search effort across studies
[63]. Guidelines proposed in 2019 to standardize sampling
methods and locations will aid in this effort (https://www.
cdc.gov/ticks/resources/TickSurveillance_Iscapularis-P.pdf).

Our analysis suggests that within the Midwest, the
distribution of the Lyme disease system has expanded con-
siderably over the previous 50 years, greatly increasing the
prevalence and geographic distribution of human Lyme dis-
ease in this region. Moreover, our predictions suggest this
expansion is ongoing, and that the vector tick probably
already is established in some areas from where it has not
yet been detected or published (as is the case, for example,
in Michigan; J.I.T. 2020, unpublished data). The regression
model used here appears to predict accurately in the short
term (i.e. 5-year windows) the pattern and probability of
invasion based on landscape features and could be incorpor-
ated into a more proactive framework for managing the
ongoing emergence of Lyme disease. This could include an
‘early warning’ system used to notify medical and public
health professionals that there is an imminent risk for the
local establishment and even environmental interventions to
attempt to prevent it [64]. Future efforts should build upon
and improve the utility of our model by using techniques
(e.g. Bayesian models) that lend themselves well to long-
term forecasting and assimilation of new data, such as the
detection of I. scapularis in a new county, to aid public
health decision making in real time. To improve access to
tick occurrence data, we encourage researchers and public
health agencies to publish tick surveillance efforts more
frequently, and we also encourage the development of a pub-
licly available curated database, with associated metadata of
surveillance methods and search effort, to which researchers
could report surveillance data.
5. Conclusion
In addition to its public health significance, this study
demonstrates the potentially fruitful yet underexplored inter-
section between disease ecology and invasion biology to
understand the emergence and spread of vector-borne dis-
ease systems. Spatial configuration and type of landscape
features are well known to influence the outcomes of biologi-
cal invasions, including altering propagule pressure and the
receptivity of the colonized habitat. Our analytical approach
rooted in these principles of invasion biology can help
generate new understanding of the spatial dynamics of, and
potential to mitigate, the geographic spread of the ecologi-
cally complex Lyme disease system. Moreover, regionally
widespread blacklegged tick surveillance efforts and the
notifiable illness status of Lyme disease yield extensive occur-
rence datasets for both vector and pathogen, overcoming the
low detection probabilities that typically constrain analysis of
the early spread of invasive species. Further investment by
public health agencies in intensified active tick surveillance
may serve to improve power and performance of models to
predict the future spread of disease vector ticks, as demon-
strated in this study, as the width of prediction intervals
decreases, model sensitivity and specificity increase. Thus,
through surveillance efforts that are both systematic and
extensive, vector-borne disease systems may provide more
general insights into the landscape processes that drive
biological invasions.
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