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Abstract

Objective Scrub typhus, a natural epidemic disease that seriously impacts the health of the population, has imposed
a substantial disease burden in Shandong Province. This study aimed to determine the periodicity of the scrub
typhus incidence and identify the environmental risk factors affecting scrub typhus to help prevent and control its
occurrence in Shandong Province.

Methods Monthly cases of scrub typhus, mean air temperature, relative humidity, cumulative precipitation, and
Normalized Difference Vegetation Index (NDVI) data in Shandong Province from 2006 to 2021 were collected.
Wavelet analysis was used to determine the incidence period of scrub typhus and to explore the relationships
between environmental factors and the incidence of scrub typhus. Additionally, partial wavelet coherence (PWC)
was employed to identify whether meteorological factors affect the association between NDVI and scrub typhus
incidence.

Results Our results showed that scrub typhus incidence has a predominantly one-year period, followed by a less
powerful six-month period. The wavelet coherence results revealed positive correlations between scrub typhus
incidence and temperature, precipitation, relative humidity, and NDVI. Meteorological factors had a lagged effect of
approximately 1-2 months (The phase angles of temperature, precipitation, and relative humidity were 59.15°, 56.57°,
and 47.17° respectively) on scrub typhus incidence, whereas NDVI showed a lagged effect of approximately 1-2
weeks (The phase angle of NDVI was 18.11°). On the basis of partial wavelet analysis, we found that temperature and
precipitation affected the association between NDVI and scrub typhus incidence.
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Conclusion Meteorological factors and NDVI play important roles in the occurrence of scrub typhus in Shandong
Province. Moreover, temperature and precipitation can affect the role of NDVI. This study provides valuable
recommendations and resources for the timely detection, mitigation, and management of scrub typhus in Shandong

Province.
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Introduction

Scrub typhus is a naturally occurring bacterial infectious
disease caused by Orientia tsutsugamushi (OT). It is also
a zoonotic disease transmitted through bites from chig-
ger mites. The chigger mite is a group of mites and is the
only vector for the intracellular bacterial pathogen of the
genus Orientia [1]. It is mainly parasitic on wild verte-
brates such as mammals and reptiles. Rodents are one of
the primary hosts, and humans are also parasitic as occa-
sional hosts [1]. Infected individuals usually experience a
sudden onset of clinical symptoms such as fever, crusts
and ulcers, swollen lymph nodes, and a skin rash [2], with
skin scabs and fever being the main clinical symptoms
that cause hospital admissions in scrub typhus patients.
In severe cases, it may lead to meningitis, myocardi-
tis, and even changes in mental symptoms, affecting the
normal physiological and psychological functions of the
body [3-5].

Scrub typhus has been widely spread throughout the
Asia-Pacific region since it first reported in Japan in 1899.
However, in recent years, scrub typhus has been detected
in Africa, South America, and other regions as well [6,
7], suggesting that scrub typhus has spread to several
regions of the world. To date, the annual number of scrub
typhus cases have been estimated to exceed 1 million [8].
It is worth noting that more than half of the world’s pop-
ulation lives in the “tsutsugamushi triangle” where scrub
typhus is widespread, and about 55% of the population
is at risk of contracting scrub typhus [9, 10], particularly
in the Asian. One study showed that the serologic preva-
lence of scrub typhus in Asia ranged from 9.3 to 27.9%,
with a median of 22.2% [11]. A study in 2015 showed that
the median untreated mortality rate for scrub typhus was
about 6%, and although the mortality rate was reduced to
1.4% after treatment [12], still higher than that of other
common infectious diseases, such as influenza (<0.1%)
[13], indicating a higher disease burden associated with
scrub typhus. Moreover, due to the lack of a specific vac-
cine, scrub typhus will continue to significantly impact
the health of the population in the future and present a
public health issue that cannot be ignored.

In China, although the first case of OT was isolated in
Guangzhou as early as 1948 [14], for a long time, scrub
typhus was found only south of the Yangtze River, and
the coastal area was the main incidence area. Since 1986,
scrub typhus has been reported in northern regions of
the Yangtze River [14], and the number of scrub typhus

cases in the northern region has increased more than
tenfold compared with that reported in the past 30 years
[15], such as in Shandong and Jiangsu Province. Shan-
dong, the province in the northern region where scrub
typhus first appeared, has experienced a rapid increase in
the number of scrub typhus cases. In 2014, the number
of cases was 1,496, an increase of 7 times compared to
213 cases in 2006, the incidence of scrub typhus in Shan-
dong Province fluctuated and declined after 2014. How-
ever, a study in Qingdao, Shandong Province, found that
about 70% (more than 6 million people) of the popula-
tion in Qingdao were at risk of scrub typhus disease [16],
suggesting that we cannot ignore the potentially serious
disease burden of scrub typhus. Another report from
counties and cities within Shandong Province indicate
that the disability-adjusted life years (DALY) due to scrub
typhus and the incidence rate are increasing year by year
since 2009 [17]. According to the information system
of the Chinese Center for Disease Control and Preven-
tion, the overall incidence rate in Shandong Province
has consistently ranked among the top of the “autumn-
winter type” cases in regions north of the Yangtze River
in China. These all indicate that scrub typhus currently
poses a serious disease burden in Shandong Province.
Importantly, scrub typhus infection is associated with
the survival and reproduction of rodents and chiggers,
which are influenced by the environment, with meteo-
rological factors being particularly crucial. An increas-
ing number of studies have found associations between
temperature, precipitation, relative humidity, and scrub
typhus [18-20]. In addition to meteorological factors,
deforestation has been suggested to create a favorable
environment for rodents [21]. The normalized difference
vegetation index (NDVI) is a comprehensive indicator
of vegetation growth and cover. Some studies found that
an increase in NDVI led to an increase in the incidence
of scrub typhus [22, 23]. Therefore, NDVI may serve
as a potential indicator for exploring the risk of scrub
typhus. NDVI, as a comprehensive indicator, is affected
by various factors. It has been found that the dynamics
of NDVI respond to temperature and precipitation [24,
25]. Among them, temperature may affect the duration of
vegetation growth and accelerate photosynthesis and the
nitrogenization and decomposition of soil humus to form
nutrients to influence the effect on NDVI [26-28]; while
precipitation may affect the growth and development of
vegetation, with suitable precipitation providing a more
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favorable growth environment for the survival of vegeta-
tion [25], thereby influencing the effect of NDVI. Hence
we considered whether meteorological factors influence
the effect of NDVI on scrub typhus.

However, in the majority of previous studies on scrub
typhus, statistical models were directly employed to
investigate the meteorological risk factors of scrub
typhus. This approach not only overlooked the explora-
tion of the periodicity of scrub typhus incidence and the
influence of NDVI but also failed to pay attention to the
co-variation and phase relationship between meteorolog-
ical factors and scrub typhus. On the other hand, scrub
typhus data frequently present in the form of time series.
In the real world, time series often exhibit non-stationar-
ity, and the likelihood of non-stationarity increases as the
duration of the time series expands [29].

Wavelet analysis is developed on the basis of Fou-
rier analysis, replacing the infinite-length trigonometric
function in the Fourier transform with a wavelet func-
tion. This substitution addresses the limitation of Fourier
analysis in accurately capturing temporal information.
Wavelet analysis does not depend on the linear or non-
linear characteristics of the time series and can decom-
pose them on a local time scale, overcoming the issue of
non-stationarity. It has been demonstrated that wavelet
analysis can be used to analyze the main periods, trends,
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risk factors, and influencing factors of various dis-
eases efficiently [30-34]. Therefore, we included NDVI
in our analysis, and wavelet analysis was necessary to
explore the periodicity of scrub typhus incidence and the
strength of the association between environmental fac-
tors and scrub typhus. This exploration is conducive to
understanding the current incidence of scrub typhus and
can help establish a more effective local monitoring, pre-
vention, and control system.

In this study, we aim to explore the effects of tempera-
ture, precipitation, relative humidity, and NDVI on the
incidence of scrub typhus in Shandong Province from
2006 to 2021 through a series of methods using wavelet
analysis. Finally, we also find out whether the effect of
NDVI is influenced by meteorological factors.

Materials and methods

Study area

Shandong Province is located in East China, between
the north latitude of 34°22.9'N to 38°24.1'N and the east
longitude of 114°47.5'E to 122°42.3'E. It is the earliest
region in China where scrub typhus has appeared north
of the Yangtze River, covering a land area of approxi-
mately 155,800 km? (Fig. 1). Located on the coastline
of East China and the lower region of the Yellow River,
this province experiences a warm-temperate monsoon
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Fig. 1 Location of the study area in Shandong Province in the geographical region of China. The base maps used are from the China Resource and Envi-

ronmental Science Data Platform (https://www.resdc.cn/),
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climate characterized by concentrated year-round pre-
cipitation, with the highest amount of rainfall typically
observed during the summer months. By the end of 2021,
the permanent population of Shandong Province totaled
101.7 million (http://tjj.shandong.gov.cn/).

Scrub typhus incidence

Monthly scrub typhus case data were obtained from the
China Information System for Disease Control and Pre-
vention (CISDCP) from 1 January 2006 to 31 Decem-
ber 2021. The system is the most official and reliable for
notifiable infectious diseases in China. Every infectious
disease case in every region of China is reported to the
system through the web-based direct reporting system,
which collates and stores information on relevant infec-
tious diseases. The scrub typhus data we used collected
detailed personal information about each scrub typhus
patient, including sex, age, occupation, current address,
type of case, onset date, and diagnosis date. The onset
date of scrub typhus was used in this study, which is
more applicable for epidemiological research.

All cases of scrub typhus in this study were diagnosed
on the basis of clinical or laboratory examinations follow-
ing the uniform criteria issued by the Chinese Ministry
of Health (https://www.chinacdc.cn/). Among them, the
clinical diagnosis must include the following criteria: (1)
a history of field activity in a scrub typhus-endemic area
3 weeks before the onset of disease; (2) nonspecific clini-
cal symptoms such as fever, enlarged lymph nodes, and
rash; and (3) specific crusting or ulceration. A laboratory
diagnosis must meet all of the above clinical diagnostic
criteria and include one of the following laboratory con-
firmatory criteria: (1) Positive Exophthalmos test: single
serum OXK potency>1:160; (2) Positive Indirect Immu-
nofluorescence test: double serum IgG antibody titer
4-fold or more elevated; (3) Positive PCR nucleic acid
test; (4) Isolation of the OT pathogen from clinical speci-
mens. This study excluded suspected cases and included
all clinically and laboratory-confirmed cases.

In addition, the resident population data of Shandong
Province from 2006 to 2021 were used in this study to
calculate the monthly scrub typhus incidence from the
Statistical Yearbook of Shandong Province (http://tjj.sha
ndong.gov.cn/).

Environmental variables

The environmental data from 2006 to 2021 included
meteorological data and NDVI data. Meteorologi-
cal data were obtained from the European Centre for
Medium-Range Weather Forecasts (ECMWE: https://
cds.climate.copernicus.eu/), including monthly mean
temperature (°C), monthly mean relative humidity (%),
and monthly cumulative precipitation (mm). NDVI data
were obtained from the Moderate Resolution Imaging
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Spectroradiometer (MODIS) dataset (https://modis.gsfc.
nasa.gov/). For the NDVI data, we firstly extracted the
NDVI raster data of Shandong Province from the whole
China, and then used the Maximum Value Composi-
tion (MVC) to generate the layer to get the NDVI data of
Shandong Province. The data resolution is 1 km X 1 km,
and the coordinate system used is WGS1984.

Data pre-processing

Before conducting the wavelet analysis, the environ-
mental data and the scrub typhus incidence were square
root transformed and log-transformed, respectively, to
eliminate the effects of outliers. Subsequently, all the data
were standardized to eliminate the potential impacts of
scale and extremes caused resulting from singular data.

Wavelet analysis

Wavelet analysis was initially applied in climate science
[35] and has been increasingly utilized in the field of
infectious diseases, including dengue [36], influenza [37],
and hemorrhagic fever with renal syndrome [19]. The
fundamental concept of wavelet analysis is to examine the
time-frequency variability of a time series by extracting
the frequency domain information of the signal through
local time scale decomposition of the original sequence
[38]. In this study, we used the Morlet mother wavelet to
conduct a continuous wavelet transform (CW'T) on all
the aforementioned time series:

WT(a,T):\/%/;:Xo qj*(t;T)dt (1)

where X denotes each time series, ¢ (t) denotes the
Morlet mother wavelet, o« denotes the scale, T denotes
the translation, and * denotes the complex conjugate.
The wavelet power spectrum was calculated via Equa-
tion (1) to analyze the periodicity of each time series [39].

In addition, to explore the effects of each meteorologi-
cal factor and NDVI on scrub typhus incidence, we used
cross wavelet transform (XWT) analysis:

WTXY (Ck) ZWTX (CK)WT; (Oé) (2)

where WT xy denotes the cross-wavelet power. Equa-
tion (2) reveals the common high-power regions between
each environmental variable and scrub typhus incidence
[40], reflecting the strength of their common period in
determining the correlation between them.

We also used wavelet coherence analysis (WTC) to
discover common regions of variation between each
environmental variable and scrub typhus incidence. This
analysis revealed their local phase locking behavior, fur-
ther helping to identify a significant association between
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these factors and scrub typhus incidence [40]. Wavelet
coherence analysis is defined by the following equation:

|S (OL _IWTxy(Oz ))|2

R* =
S (0 W @)F) o 8 (oW Ty (0)f)

®3)

where S is the smoothing operator which defines the
measured coherence covariance scale by smoothing the
time and frequency scales.

To further determine the lagged effects of each environ-
mental variable on scrub typhus, we calculated the phase
angle between the two time-series and produced plots for
phase comparisons at specific period. Significance tests
were performed via a red noise test that included first-
order autoregression (AR1) generated via Monte Carlo
techniques to determine the 95% confidence level [41].

In the cross wavelet and wavelet coherence spectrum,
the arrows indicate the relative phases [36]. The left and
right directions indicate the correlation between the two
time-series. If the arrow points to the right (left), the two
variables are in phase (anti-phase). The up and down
directions of the arrows indicate the order of appearance
of the two time-series. If the arrow is up (down), the for-
mer is ahead (behind) the latter.

Finally, to specify the independent effect of NDVI on
scrub typhus incidence, we used partial wavelet coher-
ence (PWC). It is designed to explore the coherence
between NDVI and scrub typhus incidence after control-
ling for the effects of each meteorological factor, respec-
tively [42]. Similar to partial correlation, PWC is defined
by the following equation:

_ [R@.21) — Ry, 22)R(y,x)"[*
1- R(y,:L'g)]2[l - R(ZL'27LL'1)]2

RP? (y,x1,1,) (4)

where x; denotes the controlled meteorological fac-
tor, x2 denotes NDVI, y denotes the incidence of scrub
typhus and RP? represents the square of the partial
wavelet squared coherence, and R(y,z2) denotes the
wavelet coherence between NDVI and scrub typhus inci-
dence. Compared with the original wavelet coherence
spectrum, if the partial wavelet power spectrum does not
exhibit a significant region at the same period, it indi-
cates that scrub typhus incidence is more influenced by
x;. However, if a similar significant region still emerges at
the same period, it indicates that scrub typhus incidence
is influenced by both x; and x,, which are independent of
each other.

All wavelet analysis was performed using the “Wavelet-
Comp” and “biwavelet” packages in R sort 4.3.2.
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Results

Descriptive analysis of the epidemiology of scrub typhus
and environmental factors

From 1 January 2006 to 31 December 2021, a total of
10,225 cases of scrub typhus were reported in Shandong
Province. During the study period, the highest num-
ber of cases was recorded in 2014 with 1496 cases and
an annual incidence rate of 1.53/100,000. The highest
monthly incidence of scrub typhus was 1.17/100,000 in
October of that year (Fig. s1). During these sixteen years,
the patients were predominantly female, with a male to
female ratio of 1:1.27. Additionally, the onset age of scrub
typhus was wide, with cases occurring between the ages
of 5 months and 95 years, particularly affecting individu-
als aged 1459 years (Table s1). The occupational records
of patients revealed that the vast majority (88.30%) of
scrub typhus cases occurred among farmers, followed by
workers, retirees, and students.

The incidence of scrub typhus in Shandong Province is
seasonal, with the peak of the epidemic typically occur-
ring from September to November (Fig. 2). The average
monthly case is 53.26 cases. The median mean temper-
ature, total precipitation, mean relative humidity, and
NDVI in Shandong Province were 13.97°C, 57.74 mm,
60.76%, and 0.43, respectively (Table 1). All four of these
environmental factors were also seasonal. The mean
temperature and NDVI did not vary significantly among
years, while the total precipitation and relative humid-
ity showed certain difference among years (In particular,
the difference in precipitation is about 37 mm between
the highest year 2021, and the lowest year 2019, while the
difference in relative humidity is about 7% between the
highest year 2007, and the lowest year 2019).

Periodicity of environmental variables and scrub typhus
incidence

The wavelet power spectrum of scrub typhus incidence
and each environmental variable in Figure 3 showed that
there were two periods of scrub typhus incidence. Scrub
typhus incidence showed a 1-year period during the
study period and statistically significant, with intermit-
tent half-year periods occurring in some years, such as
2006-2009 and 2012-2021. However, the average power
was poor, indicating that the main period was one year
(Fig. 3a). Similarly, temperature, precipitation, relative
humidity, and NDVI were significant on a one-year scale,
indicating that they also had a 1-year primary period, and
all were statistically significant (Fig. 3b, c, d, e).

Correlation between environmental variables and scrub
typhus incidence

Figure 4 displays the cross-wavelet power and wave-
let coherence spectrum of temperature, precipitation,
relative humidity, and NDVI in relation to scrub typhus
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Fig. 2 Time series of scrub typhus incidence, mean temperature, cumulative precipitation, mean relative humidity and NDVI in Shandong Province from

2006 to 2021

Table 1 Descriptive analysis of scrub typhus cases and environmental variables in Shandong Province from 2006 to 2021

Mean S.D. Min P, Median Pys Max CV (%)
cases 53.26 15374 0.00 1.00 4.00 11.25 1147.00 288.66
Temperature ('C) 13.97 9.73 -349 511 14.85 22.85 27.98 69.65
Precipitation(mm) 57.74 62.94 1.98 14.04 3253 57.74 285.80 109.01
Humidity (%) 60.76 10.57 3730 5290 58.66 68.19 83.57 17.40
NDVI 043 0.15 0.16 0.31 041 053 0.72 34.88

S.D.: Standard deviation; CV: coefficient of variation

incidence, respectively. Since the wavelet power spec-
trum shows that the period of each environmental vari-
able and the scrub typhus incidence is dominated by one
year (Fig. 3), it indicates that the period of the closest
relationship between the environmental variables and
the scrub typhus incidence should be 1 year. Therefore,
a 1-year period was chosen in this study to explore the
correlation. In both figures, the arrows mostly point to
the right and up, indicating that temperature, precipita-
tion, relative humidity, and NDVI were positively corre-
lated with scrub typhus incidence at a 1-year period, and
all these factors contribute to a lagged effect on scrub
typhus incidence. Moreover, from the power level in the
cross-wavelet analysis legend, it can be seen that the cor-
relation between temperature and the incidence of scrub
typhus is the strongest, followed by NDVI.

However, it was found that the time of the lagged effect
of different variables on scrub typhus varied, as obtained
by calculating the phase angle between each environ-
mental variable and the scrub typhus incidence (Fig. 5).
The increase in the incidence of scrub typhus was associ-
ated with the rise in temperature, precipitation, relative
humidity, and NDVI by 1.98 (phase angle=59.15°), 1.89
(phase angle=56.57°), 1.58 (phase angle=47.17°), and
0.6 (phase angle=18.11°) months later, indicating that
temperature, precipitation, and relative humidity had a
lagged effect on the incidence of scrub typhus for approx-
imately 2 months, while NDVI had a lagged effect of 2-3
weeks. Additionally, the reconstructed time series of
environmental variables and the scrub typhus incidence
confirmed these results (Figs. s2-s5).
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Fig. 3 Wavelet power spectrum (left) and average power plots (right) of scrub typhus incidence (a), mean temperature (b), cumulative precipitation
(c), mean relative humidity (d), and NDVI (e) in Shandong Province from 2006 to 2021. The outline outlined by the bold white lines is the test at the 5%
significance level, the solid black line represents the corresponding period, the red dots indicate significant periods at the 5% level (P<0.05)

The effect of climatic variables on the relationship between
NDVI and scrub typhus incidence

Figure 6 illustrates the cross-wavelet power spectrum of
NDVTI in relation to scrub typhus incidence when consid-
ering both the controlled and uncontrolled for effects of
temperature, precipitation, and relative humidity.

A comparison of Figure 6a reveals that the region of
significant coherence between NDVI and scrub typhus
incidence occurs in the frequency band of 8-16 period
when meteorological factors are not controlled. Never-
theless, the region of significant coherence between the
two at period 8-16 disappears completely after control-
ling for temperature, suggesting that there is a significant
effect of temperature on the correlation between NDVI
and scrub typhus incidence. Figure 6¢c shows that after
controlling for the effect of precipitation, most of the
correlations between NDVI and scrub typhus incidence
disappeared. However, some years still exhibit significant
coherence, suggesting a residual confounding effect of
precipitation, albeit to a lesser extent than temperature.
In contrast, the significance of the association between
NDVI and scrub typhus incidence in the 8-16 period
remained mostly unchanged after controlling for the

effect of relative humidity in Figure 6d. This suggests that
relative humidity does not significantly impact on the
association between NDVI and scrub typhus incidence.

Discussion
Scrub typhus, a significant public health concern in
China, has become a prominent topic in infectious dis-
ease research. Most previous studies have focused on
regions south of the Yangtze River, where the incidence
is relatively high [43—45].In contrast, our study in Shan-
dong Province, which has the earliest and highest inci-
dence north of the Yangtze River, explored the impact
of environmental factors such as temperature, precipi-
tation, relative humidity, and NDVI on the scrub typhus
incidence. These findings can help us develop a more
nuanced understanding of the environmental factors that
drive scrub typhus. This understanding will aid in the
development of more sophisticated predictive models,
which can contribute to early warning systems for scrub
typhus.

In this study, we first conducted a descriptive analysis
of scrub typhus in Shandong Province from 2006 to 2021.
We found that the incidence of scrub typhus increased
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gradually and steadily from 2006 to 2013, but the inci-
dence increased sharply from 2014 to 2016, which may be
related to the maturity of the surveillance and examina-
tion system in medical institutions and the shortening of
the time interval from onset to diagnosis due to the clari-
fication of diagnostic criteria [46]. The decreasing trend

of scrub typhus after 2016 may be closely related to the
continuous improvement of medical service, the continu-
ous enhancement of primary health care service, and the
continuous renewal of public awareness of prevention in
China in recent decades [47, 48]. For the characteristics
of the affected population, we found that the number of
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female cases exceeded that of male cases, and the major-
ity of cases were farmers. Additionally, the age of onset
was widespread, with the highest incidence occurring
between 14 and 59 years. This result is similar to other
studies [44, 49]. This similarity may be attributed to the
fact that most males are employed outside the home,
whereas [44] females predominantly work in agriculture
at home, thereby increasing their likelihood of exposure
to scrub typhus. Meanwhile, after middle age, the body’s
immunity decreases, leading to an increased likelihood of
illness [50].

This study found that the primary inter-annual varia-
tion in scrub typhus incidence in Shandong Province
occurred on a yearly basis, which aligns with findings
from a nationwide study [51]. In contrast, a study in
Guangzhou [52] found two trends in scrub typhus inci-
dence in Guangzhou Province: a short-term trend lasting
8-12 months period and a long-term trend lasting 26—32
months period. However, both trends were still predomi-
nant within a 1-year period, suggesting that the trend
of scrub typhus incidence may be influenced by climate
change in different regions and the life cycle of differ-
ent types of scrub typhus. Regardless, the predominant
1-year period of scrub typhus implies that it is a con-
stant threat that needs to be addressed annually. How-
ever, due to the current lack of information on the scrub
typhus incidence period in other regions, more evidence
is needed to further define its incidence period.

The cross wavelet analysis and wavelet coherence anal-
ysis revealed that scrub typhus in Shandong Province is
strongly associated with temperature, precipitation, and
relative humidity. All of these meteorological factors had
a positive effect on the incidence of scrub typhus, simi-
lar to the results of other studies [22, 53, 54]. A study of
Guangzhou, China [22] used random forests to deter-
mine that high temperature, high humidity, and heavy
rainfall provide favorable conditions for the transmission
of scrub typhus, thereby increasing the incidence of scrub
typhus. Another study on a nationwide scale in China
[54] found that for every 1 °C increase in temperature, 1%
increase in humidity, and 1 mm increase in precipitation,
there was a 15.4%, 12.6%, and 0.7% rise in scrub typhus
incidence, respectively. Meteorological factors affect the
growth and reproduction of chigger mites, and the activ-
ity of the host animal. However, some studies have shown
that northern scrub typhus and southern scrub typhus
are caused by different types of chigger mites, leading to
variations in the impact of meteorological factors. North-
ern scrub typhus is an autumn-winter type of case, with
L. scutellare as the main vector, preferring a cold and dry
environment, while southern scrub typhus is a summer
type of case, with L. deliense as the main vector, prefer-
ring a hot and humid environment [55, 56]. While the
duration of this study spanned 16 years, the scrub typhus
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genotypes and rat species in Shandong Province may vary
over an extended period [57], resulting in fluctuations in
the impact of meteorological factors. On the other hand,
various socio-economic conditions and natural environ-
mental factors, such as altitude in different regions, can
influence behavioral habits and awareness of protection,
resulting in variations in the study outcomes. Therefore,
the key to controlling scrub typhus lies in adapting to
local conditions and implementing tailored measures for
different populations.

Moreover, all three meteorological factors had a lag
time of about 1-2 months on the incidence of scrub
typhus, which is consistent with the results of other stud-
ies [58, 59]. Although some research [60] have concluded
that meteorological factors have longer effects on scrub
typhus, it suggests that we need to pay more attention to
meteorological factors and provide warnings for scrub
typhus at least 2 months in advance.

NDVI, as a comprehensive indicator of vegetation
cover, can be used to understand the impact on scrub
typhus by demonstrating the status and extent of veg-
etation growth. This study revealed a positive correla-
tion between NDVI and scrub typhus incidence, with a
lag effect of 2—3 weeks. This finding is in agreement with
studies conducted in other regions and countries [61—
63]. An Indian research [63] showed a 4-week lag effect
between NDVI and scrub typhus incidence, indicating a
notable rise in scrub typhus cases when NDVI remained
consistently high for 4 weeks. Vegetation is essential for
the survival and reproduction of many infectious disease
vectors, so the increase of vegetation leads to an expan-
sion in the abundance of mites and rodents, consequently
raising the risk of scrub typhus incidence. Although cur-
rent research is inconclusive about the lag time of NDVI,
our study is based on a comprehensive wavelet analysis
conducted over an extended time series (2006—-2021) to
calculate the phase difference between NDVI and scrub
typhus incidence, providing an ideal method to deter-
mine the lag time. The 2—3 week lag effect of NDVI may
be related to the fact that L. deliense, the main vector of
scrub typhus, takes 2 weeks to develop into infectious
chigger mite larvae [64]. However, there is currently a lack
of research on this lag effect. In the future, more biologi-
cal mechanisms and delayed diagnosis of scrub typhus
can be considered to explore this effect. Nevertheless, a
Korean study [65] found that deforestation increased the
incidence risk of scrub typhus, implying that a reduction
in forest cover led to an increase in scrub typhus inci-
dence, the reason may be the inconsistency between the
focus of our study and theirs, with they discussing the
loss of biodiversity in the environment caused by defor-
estation, which affects the population of host rodents and
vector mites for scrub typhus, whereas our study discuss-
ing the destruction of habitats for rodents and mites due
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to the decrease in NDVI, leading to their inability to grow
and reproduce, and ultimately reducing the incidence
of scrub typhus. In the face of different NDVI effects, in
the future, we need a more comprehensive and multidis-
ciplinary approach to explore and explain the impact of
NDVI on the incidence of scrub typhus.

In this study, we used PWC to explore the effect of
meteorological factors on the association between NDVI
and scrub typhus incidence. It was found that among
these three variables, temperature and precipitation
could affect the relationship with a lag of 2—3 weeks. This
is similar to the findings of other studies. A study in Inner
Mongolia, China [66] similarly found that temperature
and precipitation affect NDVI with certain periodicity
and lag effects. Another study on seven regions [67] used
residual analysis and random forests to quantitatively
explain that the contribution of meteorological factors
to NDVI, although not as significant as anthropogenic
activities, led to some changes in NDVI. This may be due
to the fact that temperature and precipitation can affect
the growth of vegetation, such as increasing the duration
of leaf opening in plants [68]. On the other hand, the type
and distribution of vegetation can be influenced by mete-
orological factors, which in turn leads to a change in the
original association of NDVI with scrub typhus. How-
ever, there is a lack of studies on the lag time of NDVI
in response to temperature and precipitation, which
requires further investigation for more conclusive results
in the future. Our results also show that relative humid-
ity does not have a significant effect on the association of
NDVI with scrub typhus. The impact of relative humid-
ity has been seldom explored in other studies, with most
focusing on temperature and precipitation as the primary
factors affecting NDVI.

This study has some limitations. Firstly, the number of
cases used in this study were based on reported cases in
hospitals, which may overlook asymptomatic or mildly
symptomatic patients. Secondly, due to the lack of rodent
data, we did not consider the potential impact of rodents
as intermediate hosts. Moreover, the NDVI data used in
our study is the monthly average of Shandong Province,
which may cause ecological fallacy, and the impact of
NDVI should be considered at a finer spatial-temporal
scale in the future. Thirdly, due to the long duration of
our study, the gradual maturation of our healthcare and
diagnostic techniques over the study period, and differ-
ences in diagnostic techniques may have led to differ-
ent criteria for scrub typhus cases in each year, resulting
in possible classification bias. In addition, our study
period included the time when the COVID-19 outbreak
occurred, and we neglected the effect of COVID-19 on
scrub typhus patients. Lastly, the correlations derived
from wavelet analyses do not represent causality, thus
further exploration of causal relationships between
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environmental factors and scrub typhus incidence at dif-
ferent scales needs to be warranted in the future.

Conclusion

In conclusion, we found that meteorological factors in
the preceding 1-2 months and NDVI in the preceding
2-3 weeks may increase the risk of scrub typhus. Addi-
tionally, temperature and precipitation can influence the
relationship between NDVI and scrub typhus incidence.
These results provide a theoretical framework and refer-
ence value for the prevention and control of scrub typhus
in Shandong Province, and can help public health work-
ers to effectively make early warnings and preparations
for scrub typhus.
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