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Abstract

Background

Lyme borreliosis (LB) is the most commonly reported vector-bodiszase in nort
temperate regions worldwide, affecting an estimated 300,000 people lgrinuake Unite
States alone. The incidence of LB is correlated with human exg@dseuits vector, th

blacklegged ticklfkodes scapularis). To date, attempts to model tick encounter risk based on

environmental parameters have been equivocal. Previous studies have ra#redndi) th

differences between relative humidity (RH) in leaf littedat weather stations, (2) the RH

threshold that affects nymphal blacklegged tick survival, and (3)rtteerequired below th

threshold to induce mortality. We clarify the association betwegitonmental moisture and
tick survival by presenting a significant relationship betweendta number of tick adverse
moisture events (TAMEs - calculated as microclimatic perlmelsw a RH threshold) and

tick abundance each year.

Methods

We used a 14-year continuous statewide tick surveillance datamasecorrespondin
weather data from Rhode Island (RI), USA, to assess the etied@A&MEs on nymph
populations ofl. scapularis. These TAMEs were defined as extended periods of time
below 82% RH in leaf litter). We fit a sigmoid curve comparirgather station data to thg
collected by loggers placed in tick habitats to estimate Jigreenced by nymphal ticks, a
compiled the number of historical TAMESs during the 14-year record.

Results
The total number of TAMESsS in June of each year was negatividtiedeto total season

nymphal tick densities, suggesting that sub-threshold humidity epis@lésin duratior
naturally lowered nymphal blacklegged tick abundance. Furthermore, EEAMere

positively related to the ratio of tick abundance early in theosea$ien compared to late

season, suggesting that lower than average tick abundance for gepveasulted from tic
mortality and not from other factors.

Conclusions

Our results clarify the mechanism by which environmental moistiieets blacklegged tig
populations, and offers the possibility to more accurately prediciathundance and hum

LB incidence. We describe a method to forecast LB risk in endeggions and identify the

predictive role of microclimatic moisture conditions on tick encounter risk.
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Background

Lyme borreliosis (LB) is the most prevalent vector-borne deseascurring in north
temperate regions worldwide, spread by ticks of the gbwdles [1,2]. To accurately predict
disease incidence, and to design effective management prograressential to understand
those factors that regulate tick population dynamics. In the casleeoblacklegged tick
(Ixodes scapularis), the primary vector of Lyme disease, babesiosis, and human smapla
in North America, authors have suggested several factors thatrnoé vector survival and,
therefore, abundance. Such factors include the population density oftalaite deer, the
primary adult tick reproductive host [3,4], and the population density selagde reservoir
rodents [5], which can be influenced by acorn mast production [6] and ewefat/8].
Assessing the effects of weather-related variables can iye ceenplex because of the
potentially confounding effects of host-related dynamics, the potentidiifting importance
of different population regulating factors from year to year, [@d the difficulty in
determining which weather variables actually affect tick survival.

Abundance and LB infection prevalence of questing ticks are impoviamables in
determining disease risk to humans. An entomological index has prgvimesh developed
for Rhode Island (RI), USA, providing a measure of infected nymphacapularis
encountered per unit of time sampled [10]. This index was stromgtiigive of LB risk for
the state, supporting the hypothesis that case distribution wadylaagéunction of
peridomestic risk. However, Mather et al. [10] observed extreme&biay of tick
abundance in similar habitats, suggesting that additional environniactials may regulate
tick population dynamics. Given their diminutive sizescapularis nymphs can display
sensitivity to conditions of low environmental moisture, with laboragtuglies confirming
greater nymphal mortality under low humidity conditions [11,12].

Nymphs ofl. scapularis are more susceptible to desiccation when questing for their nex
blood meal because of their high surface to volume ratio [11]. Indeeaphay ticks can
desiccate within 48 h if deprived of moisture, even though they aret@liebibe water
moisture from partially saturated air [13,11]. However, fieldd&s on the relationship
between environmental moisture, tick populations, and LB incidence, have @doduc
conflicting results. Some investigators have documented associdigingen climatic
variables such as drought and precipitation events with both tick populé@joasd LB
incidence [14,15]. In contrast, other studies have found only modest or nonshgi
between precipitation and tick numbers [5,16]. One plausible explanatiorthése
confounding results is that the weather variables measured dibmsistently reflect the
environmental conditions experienced by the ticks. Weather stattan ate generally
collected from airport monitoring areas and might not be relatedsimple fashion to the
microclimatic conditions within the leaf litter habitats whengmphall. scapularis dwell.
Furthermore, tick survival might bear a more complex relatiortshgmvironmental moisture
than previously documented. Indeed, Rodgers et al. [12] reported signifiganuthal |.
scapularis mortality after the ticks were continuously exposed to atmosphemisture below

an 82% relative humidity (RH) threshold for more than 8 hours, even witrwas
subsequently increased to favorable levels.

In this study, we present new insight into the mechanism by wihidnoemental moisture
regulates blacklegged tick populations and tick encounter risk. This witr igsult of a 14-
year retrospective analysis of a statewide tick surveillgorogram and corresponding
weather monitoring data in Rl between 1997-2010.



Methods

We examined the relationship between extended periods of sub-threshmdplaeric
moisture and tick populations using 14 years of nymphatapularis surveillance data
collected in RI. The TickEncounter Risk Survey
(http:/ltickencounter.org/multimedia/rhode_island_map), an extensive witate tick
surveillance program focused on nymphatcapularis, has been in continuous operation
since 1993 [17,18]. Although RI is geographically the smallest istdtee United States, the
nymphal blacklegged tick surveillance database is potentialljntst extensive available of
the annual abundance of this tick species. This unique database ttatasrs substantial
amount of inter-annual variability in nymphal blacklegged tick abuod (Figure 1) despite
a well-established presence of this vector within the region.

Figure 1 Inter-annual variability in the seasonal spatial abundance of nymphalxodes
scapularisticks over several years in the state of Rhode Island.

Samples are collected by drag-sampling from more than 60 fotestttns throughout RI.
For each sampling location, a 0.3 white flannel flag is dragged across the leaf litter at 30
second intervals as described [10]. A total of 90 drags are cauglat each location, per
sampling round (n = 180 annually). All field sites are sampled thwteveen late May and
August following these standardized sampling protocols. Each yees, aié assigned a
random sampling order during Round 1 (late May-late June) and ti@gdaated in Round 2
(July-August), effectively capturing the entire peak of nympitil dbundance during their
typical summertime seasonal phenology. Forested areas, reprgsaumtable tick habitats
were sampled, and simple tick count totals were recorded for st@chOf more than 60
sampling sites currently being visited, the 37 that had been continugamlyled over the
entire period were used for this retrospective study.

Hourly RH data were obtained from the National Oceanic and Atmosphdministration’s
(NOAA) National Climatic Data Center (NCDC) Local Chwological Data (LCD)
(http://lwww7.ncdc.noaa.gov/CDO/dataproduct). An interactive graphisaEr interface
(GUI) database processing software system was developgtilitate downloading and
cleaning the NOAA data into a manageable format. To correspohdtaiewide nymphal
scapularis seasonal abundance totals, all hourly RH data were averagedetatgea single
statewide hourly RH database for each year included in the analysis.

Of the RI weather stations available, three recorded continuousbBétvations over the 14-
year period (1997-2010) were included in this analysis: (1) Newpoe Stgtort, Newport,
RI; (2) Theodore F. Green State Airport, Providence, RI; and (3) a¥esState Airport,
Westerly, RI. To determine the RH conditions actually experiebgetthe ticks, we placed
HOBO data loggers (H8 Pro Series, #H08-032-08 Temp/RH Dataet®ggdnset Computer
Corp., Bourne, MA) at leaf litter level in 18 RI sites in 2007, and ldgeel a relationship to
transform the weather station data into RH values for theliteaf habitat of the tick [19].
Since the maximum RH of 100% is frequently sustained in leaf,lithe relationship is
expected to be asymptotic in nature, so we fit the data to aisighturve (MatLab, version
7.5.0) of the form: P(x) = K/(1 +8. The best fit curve (R= 0.70, P < 0.001) is shown in
Figure 2: P(x) = 100/(1 + 7.21458°%°%), We used this relationship to quantify the number
of tick adverse moisture events (TAMES) experienced by nymjakal in Rl each June (the
first full month of nymphal activity) during the 14-year study period.



Figure 2 Best fit sigmoid curve predicting RH at loggers in leaf litter from RH recorded
at airport weather stations in Rhode Island.

Calculations of TAMEs from hourly NOAA RH data were carried asing a series of
if/then statements to determine the total number of sub-82% RH events over a e [ger
h in duration. All data transformations and TAME calculations vperformed in Microsoft
Excel (2010). All statistical analyses were performed uSIA$ 9.2 (SAS Institute, Cary,
NC, USA). Sub-optimal RH events occurring in typical tick habieach year were analyzed
as predictors of the total seasonal abundance of nymphal blackleggedn Rl between
1997-2010.

Results

Mean total annual tick abundance sampled across all sites (1997-2G1Q)608. Total
number of TAMEs recorded during June of those years averaged 11.6 €Vable 1).
Departures from the 14-year averages of both TAMEs and tickt@ésn@tigure 3) indicated
that years characterized by a greater number of TAMEs in gemerally resulted in below
average seasonal totals for nymphadcapularis abundance. Linear regression of the total
number of TAMEs recorded during June successfully predicted t@sbisal nymphal tick
abundance recorded for the same year (coefficient = -69.57, SE =RZ6®).027) (Figure
4).

Table 1June TAMES reduce seasonal abundance values of nympHabdes scapularis

Year Total Ticks Sampled per Year Total June TAMEs (>8 h)
1997 765 20
1998 1744 12
1999 825 20
2000 1025 11
2001 1922 14
2002 2638 13
2003 1193 8
2004 912 16
2005 2044 3
2006 2541 7
2007 1740 14
2008 1417 11
2009 2118 4
2010 1631 9
Median 1685.5 115
Mean 1608.2 11.6
Standard Deviation 589.99 4.98

Relative seasonal abundance values of nympkadles scapularis determined in 37
continuously drag-sampled study sites distributed across Rhode IslatatanbAMES (>8
h) recorded by Rhode Island NOAA stations in June of the same year (1997-2010).



Figure 3 Time series plot of departures from a 14-year average of nymphal blacklegged
tick abundance and June TAMESs recorded for Rhode Island, 1997-201Dashed line
represents departure from a 14-year tick abundance mean. Solid line repiepartigre

from a 14 year average of June TAMEs.

Figure 4 Linear regression of seasonal nymphadixodes scapularis abundance totals
recorded across 37 continuously drag-sampled study areas versus total numiwodr
TAMESs (>8 h) recorded in June of the same year (1997-2010).

To determine whether the predictive value of low humidity events teelsdtom tick
mortality, we compared early season to late season tick coflsadn an annual basis. The
ratio of ticks collected in Round 1/Round 2 was positively related touh&er of TAMES
in June (coefficient = 0.0344, SE = 0.0P55 0.040) (Figure 5).

Figure 5 Linear regression of the ratio of nymphall xodes scapularis collected during
round one and round two sampling campaigns across 37 continuously drag-sampled
study areas versus total number of TAMESs (>8 h) recorded in June (during rowhone)
of the same year (1997-2010).

Multiple regression of a four-parameter model incorporating degrfe winter severity
(defined by total days below 32°C) recorded between 1997 and 2010, failggifaantly
improve model functionR = 0.660). The three additional variables added to the simple linear
model were: (1) TAMEs (>8 h) for June two years prior, (2) gk below 32°C during the
prior winter, and (3) total days below 32°C two winters prior. €hadditional parameters
examined the role of June moisture availability and winter ggar the two-year life cycle

of |I. scapularis, but did not significantly improve the analysis.

Discussion

TAMEs likely have their greatest impact on ticks questing abovearer the top of the leaf

litter surface. The few estimates available suggest thahhpd@% of the total. scapularis
population in leaf litter is questing at any given time [20]htdwever, TAMES occur early

and often enough in the seasonal phenology of the tick, they may depXe of the
guesting population. If TAMEs induced tick mortality, the number of TAMBEsuld predict

the ratio of the collections in Round 1 to those in Round 2. Our data supgéestn
accumulation of TAMEs in June led to significantly lower seasogaiphall. scapularis
abundance totals in some years. Likewise, years with below avaxsegphall. scapularis
abundance in RI (1997, 1999, 2000, 2003, 2004, 2008) tended to have higher than average
numbers of TAMESs during June (Figure 3).

We quantified TAMEs using a single threshold of 82% RH at typR&lsummer
temperatures to simplify our analysis. However, laboratory stsiiggest that even lower
ambient RH levels, and longer durations of below-threshold RH levelsresalt in more
severe effects on tick survival [I12]. Quantification of the d@femn tick survival over a broad
range of values for environmental moisture, and for duration of bimshold conditions,
could be used to refine predictions of the effects of extended periodssafcation on
nymphal blacklegged tick populations.



The importance of accumulated time periods of desiccating condifitwngsck survival
apparently also applies to tick species other thacapularis. For example, ‘high-saturation
deficit events’ were associated with increased tick moytahd reduced questing periods of
l. ricinus in the suburban forests of Neuchatel, Switzerland [21]. Simple s\g@deViding
insight into the duration of questing behaviorloficinus ticks as a result of immediate
environmental conditions have been developed previously [22]; however, fewsshadie
been able to elucidate the relationship between readily availabl®m®mental parameters
and seasonal population dynamics [23,24]. Individual tick species diffedeoaily in their
tolerance of low humidity levels, so studies would be needed for eechsgecies to
determine threshold RH levels, and population-level responses to speesiiccating
conditions. The results presented in this study are speciflc $capularis of RI, but may be
applicable for adjacent LB endemic areas with similar diem@onditions. The validation of
this model to the rest of New England and Mid-Atlantic stategladvbe necessary to further
confirm our findings.

Other factors governing nymphal tick availability during sangplmay include host density
patterns, which were not accounted for in this retrospective studgnapdexplain some of
the observed noise in Figure 3. Additionally, temperature has a pro&tead on RH and
may help to explain the behavioral activity of questing nymphs [25]it lbvds not included
in this retrospective analysis. However, the results of our sulayfy the association
between environmental moisture and tick survival by demonstrasigndicant relationship
between TAMEs and tick abundance each year. Previous studies have ragrednd) the
differences between relative humidity (RH) in leaf littedat weather stations, (2) the RH
threshold that affects nymphal blacklegged tick survival, and (3)rtteerequired below the
threshold to induce mortality. We suggest that by accounting for thes®s, we are able
predict total tick abundance for the year by calculating the numbenoisture limiting
events early in the life cycle of the tick.

We envision the TAMEs identified in this study could be effecyivieicorporated in a
weather-based forecast system of tick encounter exposure for ieng@pulations. Public
warnings could be improved and targeted during periods of greaegerny. fewer TAMES
events during early and mid-summer). Knowledge of how to protect dbreseh in tick
habitats would be better targeted during periods of greatestetickunter exposure.
Additionally, preventative measures such as perimeter spragud be better timed to more
effectively reduce questing nymph populations by incorporating our addedekigsvon
TAMEs and their influence on tick survival. Lastly, we propose that vhalidation of a
laboratory-identified RH threshold on tick survival could be incorporetiedthe framework
of models predicting the effects of climate change on tick encounter risk.

Conclusion

Our results provide new insight into the means by which environmeatature influences
tick survival. Previous studies [5,8,15,16] have had variable success attipgedick
population densities or tick-borne disease incidence. Potentially cuhifmu effects may
have been due to the use of weather data from remote weati@nsstvhere RH values are
not linearly related to RH in tick habitats (Figure 2), orapelication of broad measures of
environmental moisture, such as long-term values for RH or prempitaficks do not
respond to these factors directly because of a physiological threshold vigildwsurvival is
affected. Selected climatic variables are often too coarsapture the specific component
affecting tick survival: extended periods of below-threshold desiccating mordit



Previous studies that have demonstrated weak relationships betueate ctariables and
tick abundance have utilized coarse candidate climate variablesasuotal growing season
precipitation in the current year [5] or Palmer Hydrologic @tttuindex, PHDI [14]. Our
results suggest that these variables do not capture the moistutangli dynamics,
biologically relevant to tick survival, that occur on a daily baarsj only provide weak
associations to total tick abundance. The TAMES reported in our studg@avariable that
is both biologically relevant and temporally sensitive to modeling human expodiBe to

Current climate change models predict increased precipitativenges [26], which would
result in periods of high environmental moisture as well as peabdsought. Our results
suggest that these changes will have profound effects soapularis populations. More
accurate predictability of within-season tick population trends allbw better targeted
public education and tick control efforts, so as to more efficienitigate the growing public
health impact of tick-borne diseases.
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