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Severe Fever with Thrombocytopenia Syndrome (SFTS), caused by SFTS phlebovirus transmitted primarily by Haemaphysalis
longicornis ticks, has emerged as a significant public health concern in Japan since its first confirmed domestic case in 2013.
This study examined climatic and environmental factors associated with SFTS incidence across all 47 Japanese prefectures
from 2013 to 2025 and explored how projected future climate change may be associated with the geographic pattern of this
relationship. Prefecture-level data on monthly mean temperature (April-October), cumulative temperature exposure (CTE; the
sum of monthly mean temperatures multiplied by the number of days in each month over the exposure window), precipitation,
relative humidity, population, and forest cover rate were compiled from government databases. In a pooled negative binomial
regression model with population as an offset, higher CTE, relative humidity, and forest cover rate were significantly associated
with higher SFTS incidence (all p < 0.001), while precipitation was not independently associated with incidence (p = 0.121).
The positive association between CTE and incidence remained after adjustment for year fixed effects (incidence rate ratio [IRR]
per 100-unit increase, 1.704; 95% CI, 1.595-1.821), but was substantially attenuated and no longer statistically significant after
additionally accounting for prefecture fixed effects (IRR, 0.933; 95% CI, 0.728-1.198; p = 0.586) or spatial structure (IRR,
0.995; 95% CI, 0.857-1.155; p = 0.945), suggesting that the strong ecological association observed in simpler models may
largely reflect persistent geographic differences between prefectures rather than within-prefecture annual temperature variation.
Spline analysis confirmed a non-linear association between CTE and SFTS incidence (likelihood ratio )(2 = 34.70, df = 2,
p < 0.001); however, sensitivity analyses indicated that this pattern did not correspond to a robust biological threshold. Applying
this fitted exposure-response relationship to future climate scenarios (RCP2.6, historical linear extrapolation, and RCP8.5)
suggested a potential northward shift in areas with climatic conditions associated with higher SFTS incidence, particularly under
RCP8.5, although these projections should be interpreted as approximate, scenario-based estimates of climate-associated relative
risk rather than predictions of future SFTS endemicity or incidence. These findings suggest that the geographic distribution
of SFTS in Japan reflects climate in combination with persistent regional ecological characteristics, rather than a simple,
independent short-term effect of temperature.
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Introduction

Severe Fever with Thrombocytopenia Syndrome (SFTS) is
an emerging infectious disease caused by SFTS phlebovirus
(genus Bandavirus, family Phenuiviridae), transmitted mainly
through the bite of Haemaphysalis longicornis ticks 2. First
identified in China in 2009, SFTS was subsequently confirmed
in Japan in 2013, with cases initially concentrated predomi-
nantly in western and southwestern regions>.

More recent nationwide surveillance data have shown a pro-
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gressive increase in SFTS notification rates and an eastward
expansion of reported infection areas. Most reported patients
are older adults, and the case-fatality ratio based on national
vital statistics has remained approximately 20%*.

Tick activity and survival are strongly influenced by tem-
perature and humidity>®. Haemaphysalis longicornis, an im-
portant vector of SFTSV in Japan, exhibits marked seasonal
activity from spring through autumn’, while its development
is strongly influenced by ambient temperature®.

In Japan, SFTS cases are reported predominantly from late
spring through autumn: a nationwide observational study cov-
ering 2013-2022 found that 80.8% of cases occurred be-
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tween May and October, with a peak in May—June®. Studies
from China have demonstrated marked geographic variation
in SFTS seasonality, with peak incidence ranging from May
in several central endemic provinces to June in Shandong and
July in Liaoning, consistent with an influence of regional cli-
matic and ecological conditions on the timing of SFTS trans-
mission 1.

These epidemiological patterns suggest that the thermally
relevant exposure window for SFTS transmission begins ap-
proximately one month before the main case season—that
is, from April onward. Previous studies in East Asia have
demonstrated associations between SFTS incidence and mete-
orological and environmental factors, including temperature,
relative humidity, precipitation, and vegetation-related char-
acteristics !!. However, systematic prefecture-level analyses
spanning the full observation period in Japan, incorporating
non-linear thermal effects and future climate projections, re-
main limited.

This study aimed to (1) examine climatic and environmental
factors associated with SFTS incidence across all 47 Japanese
prefectures from 2013 to 2025 using negative binomial re-
gression, (2) evaluate the robustness of these associations
to within-prefecture temporal variation, persistent between-
prefecture differences, and spatial dependence by comparing
pooled, year fixed-effects, prefecture-and-year fixed-effects,
and spatially adjusted models, (3) characterize the functional
form of the association between cumulative temperature ex-
posure and SFTS incidence using spline analysis, and (4) ex-
plore how projected future climate change may be associated
with the geographic pattern of climate-associated SFT'S risk in
Japan through 2095.

Methods

Data Sources

SFTS case counts by prefecture and year (2013-2025) were
obtained from the Infectious Disease Surveillance weekly re-
ports published by the Japan Institute for Health Security
(JIHS), formed in April 2025 through the merger of the Na-
tional Institute of Infectious Diseases (NIID) and the National
Center for Global Health and Medicine; surveillance data used
in this study were originally compiled under NIID. !> Monthly
mean temperatures (April through October), daily mean tem-
peratures used for the GDD sensitivity analyses, precipitation,
and relative humidity data for each prefecture were obtained
from the Japan Meteorological Agency (JMA) historical cli-
mate database. Prefecture-level population data and forest
cover rates were obtained from the Statistics Bureau of Japan
(e-Stat).

Future temperature projections were obtained separately
from prefecture-specific climate projection reports published

by the JMA. These reports provide projected temperature
changes for the end of the 21st century (2076-2095) relative
to the end of the 20th century (1980-1999) under the RCP2.6
and RCP8.5 scenarios. Details of the derivation of future CTE
values are provided in the Climate Projections subsection.

Prefectural boundary data used for map visualization and
spatial analyses were obtained from the National Land Nu-
merical Information database (Administrative Boundary Data
NO03-2026) provided by the Ministry of Land, Infrastructure,
Transport and Tourism of Japan. Spatial data processing and
map visualization were performed in R (version 4.3) using the
sf package.

Variable Construction

Cumulative temperature exposure (CTE) for April-October
was calculated as the sum of monthly mean temperatures
multiplied by the number of days in each month across the
seven-month period. Because this measure does not sub-
tract a biological base temperature, it is referred to as cu-
mulative temperature exposure rather than growing degree-
days (GDD), which are conventionally calculated relative to
a specified base temperature. The April-October window was
selected based on two epidemiological observations: (1) ap-
proximately 80.8% of SFTS cases in Japan between 2013
and 2022 occurred from May through October, with a peak
in May—June?; and (2) recent multicity evidence from China
has demonstrated that the effects of meteorological condi-
tions on SFTS incidence may be delayed by approximately
1-2 months !, suggesting that climatically relevant exposure
may precede the main seasonal peak in reported human cases.
April was therefore included as the effective start of the ex-
posure window. This metric captures the integrated seasonal
thermal exposure during the main transmission season. As a
sensitivity analysis, conventional growing degree-days (GDD)
were additionally calculated from daily mean temperatures
as GDD = Y max (Tyaily mean — Thase, 0) from April 1 through
October 31, using base temperatures of 10.2°C, 11.8°C, and
12.2°C, corresponding to previously reported developmental
thresholds for larval moulting, nymphal moulting, and egg
hatching, respectively, in H. longicornis®.

Relative humidity was averaged across the April-October
period. The outcome variable was the annual number of re-
ported SFTS cases in each prefecture. Prefecture-years with
no reported SFTS cases were retained as zero counts rather
than treated as missing observations.

Statistical Analysis

Because SFTS case counts are non-negative integers with sub-
stantial overdispersion relative to a Poisson distribution, a neg-
ative binomial regression model was employed '3. The natural
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logarithm of prefectural population was included as an off-
set to model SFTS incidence rates while retaining annual case
counts as the outcome. The pooled model included cumulative
temperature exposure (CTE), relative humidity, precipitation,
and forest cover rate as predictor variables:

log{E(Y;)} =log(Population;, ) + By + B; CTE;+
B> Humidity,, + B3 Precipitation,, + B4 Forest;,

where Yj; denotes the annual number of SFTS cases in pre-
fecture i in year ?.

Because 47 prefectures were observed repeatedly from
2013 to 2025, observations within the same prefecture are
not independent, and pooled estimates may be confounded by
stable between-prefecture differences in climate, ecology, and
surveillance. We therefore additionally fitted (1) a model in-
corporating year fixed effects to account for secular temporal
trends common to all prefectures, including potential changes
in surveillance, diagnostic practices, reporting, and other un-
measured time-varying factors, and (2) a model incorporat-
ing both prefecture and year fixed effects, which restricts in-
ference to within-prefecture annual variation and thereby ad-
dresses potential confounding by persistent geographic differ-
ences between prefectures. Multicollinearity among the ex-
planatory variables was assessed using variance inflation fac-
tors (VIFs); for models including year fixed effects, adjusted
generalized VIFs [GVIFY/(*PD] were used'*. To assess
spatial dependence, symmetric four-nearest-neighbor spatial
weights were constructed using representative geographic co-
ordinates for each prefecture, and Moran’s I was calculated
for Pearson residuals from the year fixed-effects model sepa-
rately for each study year!3. As a spatial sensitivity analysis,
we additionally fitted a negative binomial generalized additive
model (NB-GAM) incorporating a two-dimensional smooth
function of prefectural longitude and latitude, together with
the climatic and environmental covariates, year fixed effects,
and the population offset. Residual spatial autocorrelation was
reassessed using Moran’s I after spatial adjustment. To as-
sess potential non-linearity in the association between CTE
and SFTS incidence, CTE was modeled using a natural cubic
spline with internal knots at the 35th and 65th percentiles and
boundary knots at the 5th and 95th percentiles of the observed
CTE distribution in a negative binomial model including year
fixed effects '°. Model fit was compared between the linear
and spline models using a likelihood ratio test. The stability of
spline-derived features—the location of maximum slope and
the location of the fitted maximum—was evaluated using al-
ternative boundary-knot and internal-knot specifications.

Sensitivity analyses were conducted using alternative sea-
sonal temperature-exposure windows (April-October, May—
October, April-September, and May—September), a 1-year lag
in CTE, exclusion of Hokkaido and Okinawa, and alternative

combinations of climatic and environmental covariates. Be-
cause SFTS outcomes were available as annual prefecture-
level counts, sub-annual temperature lags that may more
closely correspond to the interval between tick activity and
human SFTS onset could not be directly evaluated; we there-
fore examined a 1-year lag as an exploratory analysis only. A
zero-inflated negative binomial model was additionally fitted
as a sensitivity analysis to assess whether explicit modeling of
excess zero counts materially altered the primary estimates or
improved model fit. All analyses were conducted in R (ver-
sion 4.3) using the MASS package for negative binomial re-
gression, the splines package for spline fitting, mgcv for the
spatial NB-GAM, spdep for Moran’s I, and pscl for the zero-
inflated negative binomial sensitivity analysis.

Climate Projections

Future climate-associated relative risk was explored under
three scenarios: RCP2.6, historical linear extrapolation, and
RCPS8.5. For the RCP2.6 and RCP8.5 scenarios, future tem-
perature projections were obtained from prefecture-specific
climate projection reports published by the Japan Meteoro-
logical Agency (JMA). These reports provide projected tem-
perature changes for the end of the 21st century (2076-2095)
relative to the end of the 20th century (1980-1999) under the
RCP2.6 and RCP8.5 scenarios used in the Intergovernmental
Panel on Climate Change (IPCC) Fifth Assessment Report 7.
Prefecture-specific projected temperature changes were used
to derive future CTE values under each scenario, with values
for intermediate future years estimated by linear interpolation.
As a reference scenario, a historical linear extrapolation was
also constructed using prefecture-specific long-term warming
rates obtained from JMA historical climate records. These
warming rates were extrapolated linearly to derive future CTE
values through 2095. This scenario does not correspond to a
specific IPCC emissions pathway and was included only as a
reference based on historically observed warming trends.

Future CTE values at each time point were transformed
through the fitted spline exposure—response function (see Sta-
tistical Analysis) to estimate continuous climate-associated
relative risk, with the median observed CTE used as the refer-
ence (relative risk = 1). Rather than defining discrete tempera-
ture thresholds or future endemic zones, these projections rep-
resent scenario-based changes in the climate-associated com-
ponent of the observed prefecture-level ecological relationship
and should not be interpreted as predictions of future SFTS in-
cidence, transmission establishment, or endemicity.
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Results

Descriptive Statistics

The dataset comprised 611 prefecture-year observations
across 47 prefectures from 2013 to 2025. SFTS cases were
heavily concentrated in western Japan, particularly in prefec-
tures of the Chugoku, Shikoku, and Kyushu regions, while
northern prefectures (Tohoku and Hokkaido) recorded few or
no cases throughout the observation period (Figure 1). Cu-
mulative temperature exposure (CTE) ranged from approxi-
mately 3,444 (Hokkaido, 2013) to 5,891 (Okinawa, 2024), re-
flecting the large latitudinal span of the dataset.

Negative Binomial Regression

The pooled negative binomial model identified CTE, rela-
tive humidity, and forest cover rate as significantly associ-
ated with SFTS incidence, while precipitation was not inde-
pendently associated with incidence (Table 1). No substantial
multicollinearity was detected among the climatic and envi-
ronmental covariates (VIFs, 1.10-1.58); adjusted GVIFs also
remained low (1.07—1.40) after inclusion of year fixed effects.

Because 47 prefectures were observed repeatedly across 13
years, we compared the pooled model with models incorporat-
ing year fixed effects and both prefecture and year fixed effects
(Table 1). The positive association between CTE and SFTS
incidence remained strong after adjustment for year fixed ef-
fects (IRR per 100-unit increase, 1.704; 95% CI, 1.595-1.821;
p<0.001), indicating that the ecological association was not
attributable solely to secular temporal trends common across
prefectures. However, after additionally accounting for pre-
fecture fixed effects, the association was substantially atten-
uated and was no longer statistically significant (IRR, 0.933;
95% CI, 0.728-1.198; p=0.586). A similar pattern of attenua-
tion was observed for relative humidity (IRR, 1.015; 95% CI,
0.965-1.068; p=0.553). Forest cover rate was not separately
estimable in the prefecture fixed-effects model because it was
time-invariant within prefectures and was therefore absorbed
by the prefecture indicators.

These findings suggest that the strong ecological associa-
tion between CTE and SFTS incidence observed in the pooled
and year-adjusted models may largely reflect persistent geo-
graphic differences between prefectures, rather than year-to-
year temperature variation within individual prefectures. This
pattern was reproduced using conventional growing degree-
days calculated from daily temperatures across three biologi-
cally plausible base temperatures for H. longicornis (10.2°C,
11.8°C, and 12.2°C): higher GDD was consistently associ-
ated with higher SFTS incidence in year fixed-effects mod-
els (IRRs per 100 GDD, 1.729-1.761; all p<0.001), whereas
these associations were not evident after additionally account-
ing for prefecture fixed effects (IRRs, 0.954-0.964; all p >

0.70; Supplementary Table S1).

The positive association between CTE and SFTS incidence
in the year-adjusted model was robust to alternative seasonal
temperature windows, exclusion of Hokkaido and Okinawa,
and alternative covariate specifications (Supplementary Table
S2). Results were also robust to explicit modeling of ex-
cess zeros'®. The ZINB model produced an almost iden-
tical CTE estimate to the standard negative binomial model
(IRR per 100-unit increase, 1.542; 95% CI, 1.427-1.665; p <
0.001) and did not improve model fit (AIC, 1970.1 vs. 1969.0
for the standard negative binomial model). A 1-year lagged
CTE was also positively associated with incidence in the year
fixed-effects and prefecture-and-year fixed-effects models, but
this association was attenuated after spatial adjustment (IRR,
1.060; 95% CI, 0.913-1.231; p=0.441).

Spatial Autocorrelation

Residuals from the year fixed-effects model showed signifi-
cant positive spatial autocorrelation in 10 of 13 study years,
with a mean annual Moran’s I of approximately 0.19 (Sup-
plementary Table S3). In a spatially adjusted negative bi-
nomial generalized additive model that additionally incor-
porated a two-dimensional smooth of prefectural longitude
and latitude, the spatial smooth was strongly associated with
SFTS incidence (edf = 7.98, p < 0.001), while the associ-
ation between CTE and SFTS incidence was further attenu-
ated (IRR per 100-unit increase, 0.995; 95% CI, 0.857-1.155;
p = 0.945). Following spatial adjustment, significant resid-
ual spatial autocorrelation remained in only 3 of 13 years, and
the mean annual Moran’s / decreased to approximately 0.006.
These findings suggest that persistent spatial heterogeneity—
potentially reflecting overlapping geographic patterns in cli-
mate, vegetation, vector ecology, wildlife reservoirs, land use,
and surveillance—contributes importantly to the strong eco-
logical association observed in the simpler models.

Non-Linear Spline Analysis

The association between CTE and SFTS incidence was sig-
nificantly non-linear (likelihood ratio x> = 34.70, df = 2,
p < 0.001; Figure 2). In the primary spline specification,
the fitted relative risk reached a maximum at approximately
5,169 CTE units, and this fitted maximum was relatively stable
under alternative spline specifications (approximately 5,169—
5,211 units). The fitted maximum occurred near the sparsely
observed upper tail of the CTE distribution (95th percentile,
5,216 units), where uncertainty in the fitted curve increased.
In contrast, the location of maximum slope was sensitive to
spline specification and therefore was not interpreted as a ro-
bust transition point or biological threshold. No CTE-based
categories were used in subsequent analyses.
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Figure. 1 Geographic distribution of cumulative SFTS cases across Japanese prefectures, 2013-2025. The map shows cumulative reported
SFTS cases by prefecture, with darker blue indicating higher case counts. The accompanying bar chart displays the same cumulative counts,

with prefectures ordered geographically from north to south.

Table 1 Negative binomial regression models of SFTS incidence across Japanese prefectures, 2013-2025

Variable Pooled NB

Year FE Prefecture + Year FE

CTE, per 100 units
Relative humidity, per 1%

1.541 (1.458-1.629), p< 0.001
1.093 (1.051-1.136), p< 0.001
1.032 (0.992-1.075), p=0.121
1.085 (1.074-1.097), p< 0.001

Precipitation, per 100 mm
Forest cover, per 1%

1.704 (1.595-1.821), p< 0.001
1.113 (1.069-1.158), p< 0.001
1.007 (0.965-1.052), p= 0.740
1.089 (1.077-1.101), p< 0.001

0.933 (0.728-1.198), p=0.586

1.015 (0.965-1.068), p= 0.553

1.027 (0.994-1.061), p=0.104
Not estimable

Values are incidence rate ratios (IRRs) with 95% confidence intervals. All models included the log of prefectural population as an
offset. Model 2 included year fixed effects, and Model 3 included both prefecture and year fixed effects. Forest cover was not separately
estimable in Model 3 because it was time-invariant within prefectures and was therefore absorbed by prefecture fixed effects. Fixed-
effect coefficients are omitted for clarity. CTE, cumulative temperature exposure; FE, fixed effects; IRR, incidence rate ratio; NB,

negative binomial.

Future Projections

Future CTE values under three climate scenarios (RCP2.6,
historical linear extrapolation, and RCP8.5) were transformed
through the fitted spline exposure—response function to esti-
mate continuous climate-associated relative risk, referenced
to the median observed CTE (relative risk = 1; Figure 3).
Under all three scenarios, climate-associated relative risk was
projected to increase in prefectures of northern Honshu and
Hokkaido over the course of the century, with the extent and
timing of this shift differing by scenario: changes were most
gradual under RCP2.6, intermediate under the historical ex-
trapolation, and most pronounced under RCP8.5. Prefectures
in Kinki, Shikoku, and Kyushu generally remained within

relatively elevated ranges of climate-associated relative risk
across the scenarios. However, projected CTE values in some
prefectures, particularly in later years under RCP8.5, extended
into the sparsely observed upper tail of the CTE distribution.
Overall, 496 of 1,128 prefecture-year projections (44.0%) ex-
ceeded the 95th percentile of the observed CTE distribution
(5,216 units), including 223 of 376 (59.3%) under RCP8.5.
These estimates should therefore be interpreted as approx-
imate scenario-based patterns of climate-associated relative
risk rather than precise forecasts of future SFTS incidence,
endemicity, or the timing at which any prefecture will become
high-risk.
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Nonlinear association between CTE and SFTS incidence
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Figure. 2 Nonlinear association between cumulative temperature exposure and SFTS incidence. The solid line represents the fitted relative
risk from the negative binomial regression model incorporating a natural cubic spline for cumulative temperature exposure (CTE), adjusted for
relative humidity, precipitation, forest cover, and year fixed effects. The shaded area represents the 95% confidence interval, and relative risk
was standardized to the median observed CTE. Rug marks along the x-axis indicate the distribution of observed CTE values. The fitted curve
reached its maximum at approximately 5,169 CTE units. The vertical dashed line indicates the 95th percentile of the observed CTE distribution
(5,216 units), beyond which observations were sparse and uncertainty in the fitted association increased. The fitted maximum represents a
descriptive feature of the spline curve and should not be interpreted as a biological threshold.

Discussion

In this prefecture-level ecological analysis of SFTS incidence
across Japan from 2013 to 2025, cumulative temperature ex-
posure (CTE), relative humidity, and forest cover rate were
significantly associated with SFTS incidence in pooled and
year-adjusted models. However, the association between CTE
and SFTS incidence was substantially attenuated after ac-
counting for prefecture fixed effects (IRR, 0.933; 95% CI,
0.728-1.198; p=0.586) and after adjustment for spatial struc-
ture (IRR, 0.995; 95% CI, 0.857-1.155; p=0.945), and a sim-
ilar pattern was observed for relative humidity. This pat-

tern was reproduced when CTE was replaced with conven-
tional growing degree-days across three biologically plausible
base temperatures for H. longicornis. Together, these find-
ings suggest that the strong ecological association observed
in the pooled and year-adjusted models may largely reflect
persistent geographic differences between prefectures, rather
than providing evidence that warmer-than-usual years within
the same prefecture are associated with higher SFTS inci-
dence. If the observed CTE association primarily reflected
a short-term within-prefecture temperature effect, an associ-
ation would be expected to persist within prefectures across
years. That this association was not observed after adjust-
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Figure. 3 Projected climate-associated relative risk of SFTS across Japanese prefectures under alternative climate scenarios. Future cumulative
temperature exposure (CTE) values were transformed using the fitted spline exposure-response function, with the median observed CTE as the
reference (relative risk = 1). Rows show the RCP2.6, historical extrapolation, and RCP8.5 scenarios, and columns show 2025, 2045, 2065, and
2095. Colors represent continuous climate-associated relative risk rather than predefined temperature categories. These projections represent
scenario-based changes in the climate-associated component of the observed ecological relationship and should not be interpreted as predictions
of future SFTS incidence or endemicity.
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ing for prefecture identity or spatial location suggests that the
geographic distribution of SFTS in Japan reflects climate in
combination with a broader set of persistent regional ecologi-
cal characteristics, rather than an isolated, short-term effect of
temperature. Recent studies have similarly highlighted geo-
graphic heterogeneity in climate—SFTS associations and asso-
ciations with environmental and land-cover characteristics'!.
Candidate contributors include the geographic distribution of
Haemaphysalis longicornis'®, variation in wildlife host com-
munities and associated tick abundance?®, and regional dif-
ferences in land use, agricultural activity, elevation, and other
ecological characteristics>'. Unmeasured geographic differ-
ences in patterns of human-tick contact, surveillance inten-
sity, or access to diagnosis may also contribute to the ob-
served spatial heterogeneity. These measured and unmeasured
regional characteristics may also be spatially correlated with
climate across Japan. Recent reports of temporally clustered
SFTS cases involving both humans and free-roaming domes-
tic cats in Japan further illustrate the potential importance of
human—animal—tick interactions within the regional ecology
of SFTSV transmission?2. Forest cover rate, which remained
positively associated with SFTS incidence in the pooled and
year-adjusted models but could not be separately estimated
once prefecture fixed effects were included (because it was
time-invariant within prefectures in our dataset), illustrates
this point: rather than confirming a direct biological contri-
bution of forest habitat to disease risk, forest cover at the pre-
fecture level may serve as a marker of broader ecological and
geographic conditions, including rurality, land use, wildlife
habitat, and elevation, that are also part of this regional ecolog-
ical context. CTE itself may partly reflect this same regional
ecological context rather than acting as an independent short-
term climatic driver. Although the adjusted analyses did not
support a simple within-prefecture annual temperature effect,
CTE remained a prominent marker of the geographic ecologi-
cal pattern of SFTS in Japan, and we therefore further charac-
terized the functional form of this association. Spline anal-
ysis supported a non-linear ecological association between
CTE and SFTS incidence (likelihood ratio xz =34.70,df =2,
p < 0.001). The fitted association increased markedly across
the central range of observed CTE and reached a maximum
in the upper part of the exposure distribution. However, ob-
servations were sparse at high CTE values and confidence in-
tervals widened substantially, limiting inference regarding the
precise shape of the association in this range. Accordingly,
the spline should be interpreted as describing the observed ge-
ographic CTE—incidence relationship rather than identifying a
biological threshold. Recent multicity evidence from China
has similarly demonstrated a non-linear temperature—SFTS
association, with substantial geographic heterogeneity in the
exposure—response relationship!!. Similar findings were ob-
tained using conventional growing degree-days calculated rel-

ative to biologically plausible developmental base tempera-
tures for H. longicornis, supporting the robustness of the geo-
graphic temperature—incidence association to alternative tem-
perature metrics without implying that tick developmental bi-
ology directly determines SFTS incidence.

Because CTE remained a prominent correlate of the ge-
ographic pattern of SFTS despite the attenuation observed
in the fixed-effects and spatial models, we used the fitted
exposure—response relationship to explore how this climate-
associated component of the geographic pattern might change
under future climate scenarios. Under all three scenarios ex-
amined, climate-associated relative risk was projected to in-
crease across parts of northern Honshu and Hokkaido, most
gradually under RCP2.6 and most substantially under RCP8.5.
These projections represent only the climatic component of
the ecological association observed in the present study. Cli-
matic suitability alone does not imply the establishment of
SFTSV transmission, which also depends on factors such as
the presence and abundance of competent tick vectors, suit-
able animal hosts, and opportunities for human exposure ',
The projected maps should therefore not be interpreted as
forecasts of future SFTS endemicity or incidence, but as ge-
ographic projections of climate-associated relative risk un-
der the fitted ecological model. Uncertainty in these projec-
tions should also be considered: later projections under high-
emission scenarios frequently extended into the sparsely ob-
served upper tail of the CTE distribution, where uncertainty
in the fitted exposure-response relationship was greater, and
the historical linear extrapolation scenario does not incorpo-
rate physical climate feedbacks. Accordingly, the projected
patterns should be interpreted as approximate, scenario-based
estimates rather than precise forecasts of the timing or magni-
tude of future risk.

Because all analyses were conducted at the prefecture level,
the observed associations are ecological and should not be in-
terpreted as individual-level effects?3. In particular, higher
prefecture-level CTE, humidity, or forest cover does not im-
ply that an individual residing in that prefecture necessarily
has a higher risk of SFTS. Individual-level risk is likely influ-
enced by factors not captured in this study, including occupa-
tional and recreational outdoor exposure, direct contact with
ticks and animal hosts, and local land-use conditions?*, and
individual preventive behaviors. Our findings should there-
fore be interpreted as describing geographic patterns in SFTS
incidence associated with prefecture-level climatic and envi-
ronmental characteristics, rather than as estimates of individ-
ual susceptibility or exposure. The attenuation of the CTE
association after accounting for prefecture-specific and spatial
heterogeneity further underscores the importance of interpret-
ing these findings at the ecological rather than the individual
level.

Our findings are broadly consistent with observations from

8 | NHSJS 2026

© The National High School Journal of Science 2026



other regions where climatic conditions have been associated
with the geographic distribution of tick habitats and tick-borne
diseases. In China, ecological niche modeling has predicted
substantially larger suitable habitats for several medically im-
portant tick species than their currently documented distri-
butions, suggesting substantial under-detection and the po-
tential for broader geographic occurrence. More specif-
ically, recent ecological niche modeling of H. longicornis
has suggested that climate change may alter and expand the
geographic distribution of environmentally suitable habitats
for this important SFTSV vector'®. Similarly, Hyalomma
ticks have expanded their geographic range into previously
unaffected and more northerly regions of Europe?®?’, while
Ixodes scapularis has progressively expanded into Canada and
more northerly regions of North America in association with
rising temperatures 8.

Although SFTS is currently endemic mainly in East Asia,
regions worldwide that come to share similar climatic and
ecological conditions could plausibly become more suitable
for SFTSV transmission if competent tick vectors and animal
reservoirs are also present; this remains an area for future com-
parative research rather than a conclusion supported directly
by the present ecological analysis.

Several limitations should be acknowledged. First, the
RCP2.6 and RCP8.5 scenarios were based on prefecture-
specific temperature changes reported in JMA climate pro-
jection reports, which are themselves subject to uncertainty,
particularly when applied to prefecture-level ecological pro-
jections. Intermediate-year values were estimated by linear
interpolation and should therefore be interpreted as approx-
imate scenario trajectories rather than year-specific climate
forecasts. The historical linear extrapolation assumes that past
warming rates continue unchanged through 2095, does not in-
corporate physical climate feedbacks, and should therefore be
interpreted as a reference rather than a physically based pro-
jection. Together, these three scenarios illustrate a range of
possible changes in the climate-associated component of the
observed ecological relationship but do not capture the full
uncertainty of future climate trajectories. Second, tempera-
ture data were obtained from meteorological stations located
at prefectural capitals, and intra-prefectural geographic vari-
ation in climate was not accounted for; this may introduce
measurement error in CTE estimates, particularly for large
or topographically diverse prefectures. Future analyses us-
ing gridded climate data (e.g., JMA mesh climate data) would
improve spatial resolution. Third, the analysis does not in-
corporate projections of how forest cover or other land use
may change under future scenarios, which could alter habi-
tat availability for ticks. Fourth, although we performed ex-
tensive sensitivity analyses, including alternative temperature
windows, a 1-year lag, alternative spline specifications, exclu-
sion of Hokkaido and Okinawa, and alternative covariate sets

(Supplementary Tables S1-S3), SFTS outcomes were avail-
able only as annual prefecture-level counts, precluding eval-
uation of the sub-annual lag between tick activity and human
symptom onset that is likely to be biologically most relevant.
Fifth, residual spatial autocorrelation, though substantially re-
duced, remained significant in 3 of 13 years after spatial ad-
justment, indicating that some spatially structured confound-
ing may remain unmeasured. Finally, as discussed above, the
ecological study design precludes causal and individual-level
inference, and residual confounding by unmeasured socioeco-
nomic, behavioral, or ecological factors cannot be excluded.

Conclusion

This prefecture-level ecological analysis found that cumula-
tive temperature exposure, relative humidity, and forest cover
rate were associated with SFTS incidence in Japan in pooled
and year-adjusted models. However, the association between
CTE and incidence was substantially attenuated after account-
ing for prefecture fixed effects and spatial structure, suggest-
ing that climate should be interpreted as part of a broader, per-
sistent regional ecological context rather than as an isolated
short-term driver of incidence. Spline analysis confirmed a
non-linear geographic association between CTE and SFTS in-
cidence but did not support a specific biological threshold. Fu-
ture climate projections based on this fitted association sug-
gest a potential northward shift in areas with climatic condi-
tions associated with higher SFTS incidence, particularly un-
der high-emission scenarios; however, these projections rep-
resent potential shifts in the climate-associated component of
SFTS geography rather than predictions of future endemicity
or individual-level risk. These findings support continued, ge-
ographically informed surveillance and tick-avoidance mes-
saging, while underscoring the need for individual-level and
multi-factorial ecological data to clarify the mechanisms un-
derlying the observed geographic pattern of SFTS in Japan.
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