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Abstract

Background Rigorous assessment of the effect of malaria control strategies on local malaria

dynamics is a complex but vital step in informing future strategies to eliminate malaria.

However, the interactions between climate forcing, mass drug administration, mosquito

control and their effects on the incidence of malaria remain unclear.

Methods Here, we analyze the effects of interventions on the transmission dynamics of

malaria (Plasmodium vivax and Plasmodium falciparum) on Hainan Island, China, controlling for

environmental factors. Mathematical models were fitted to epidemiological data, including

confirmed cases and population-wide blood examinations, collected between 1995 and 2010,

a period when malaria control interventions were rolled out with positive outcomes.

Results Prior to the massive scale-up of interventions, malaria incidence shows both inter-

annual variability and seasonality, as well as a strong correlation with climatic patterns linked

to the El Nino Southern Oscillation. Based on our mechanistic model, we find that the

reduction in malaria is likely due to the large scale rollout of insecticide-treated bed nets,

which reduce the infections of P. vivax and P. falciparum malaria by 93.4% and 35.5%,

respectively. Mass drug administration has a greater contribution in the control of P. falci-

parum (54.9%) than P. vivax (5.3%). In a comparison of interventions, indoor residual

spraying makes a relatively minor contribution to malaria control (1.3%–9.6%).

Conclusions Although malaria transmission on Hainan Island has been exacerbated by El

Nino Southern Oscillation, control methods have eliminated both P. falciparum and P. vivax

malaria from this part of China.
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Plain language summary
Several malaria control strategies

have been implemented on Hainan

Island, China, and it is important to

determine which of these have been

effective to guide future efforts to

control malaria. Here, we use math-

ematical and statistical methods to

assess the effectiveness of control

methods using data on malaria cases

on Hainan, considering the impact of

climate change simultaneously, since

malaria transmission is affected by

the climate. We observe time-related

trends in malaria incidence and a

strong relationship with climate

before the large-scale rollout of

malaria control interventions. We

find that insecticide-treated bed nets

are the most effective strategy in

decreasing malaria incidence, while

mass drug administration and indoor

residual spraying also contribute to

malaria control. Our findings provide

evidence that a combination of stra-

tegies reduces the burden of malaria

in affected regions.
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Malaria is a mosquito-borne infectious disease caused by
single-celled microorganisms of the Plasmodium group
and spread by Anopheles mosquitoes. Although global

malaria incidence and mortality rates have decreased since 2000,
it remains one of the world’s most serious public health concerns,
with 228 million new cases reported in 20181, particularly in
lower and middle-income countries. Although the World Health
Organization (WHO) has set the goal of reducing malaria burden
by 90% by 20302, a recent study has suggested that the complete
eradication of malaria by 2050 may be feasible if the appropriate
strategies and actions are implemented3. For endemic areas, the
main priority is to control and ultimately eliminate malaria4–6.
Considering many Southeast Asian countries are still trying to
eliminate this disease by 2030 or 2040, there’s an urgent need to
conduct studies using real-world data of malaria interventions in
the west-pacific region.

A few countries have been successful in eliminating malaria
using a combination of control strategies4,7 and those interven-
tion methods have also been well documented8–10. In addition,
changes in environmental conditions11–18 can drive malaria
dynamics by influencing the mosquito and parasite life
cycles19–29. Rainfall is required to establish suitable mosquito
habitats, adequate levels of humidity enable high activity and
survival of mosquitoes, and temperature affects multiple stages of
mosquito and parasite development, as well as biting rates30–32.
However, assessment of the effects of interventions on local
malaria dynamics is complex33–35, and an evaluation of their
effectiveness at reducing incidence is difficult to ascertain due to
the presence of multiple factors36,37. Little is known about the
effectiveness of interventions at reducing the malaria burden
when accounting for the potential effects of climate changes34,38.

The epidemiological and parasitological surveys conducted on
Hainan Island between 1995 and 2010 provide a longitudinal and
comprehensive dataset for the assessment of the relative impacts
of interventions, including mass antimalarial drug administration
(MDA), indoor residual spraying (IRS), and insecticide-treated
bed nets (ITNs), as well as climatic factors on driving malaria
epidemics. Specifically, we quantify multiple exposures, nonlinear
feedbacks, and complex interactions between interventions and
transmission dynamics, which is an essential component of suc-
cessful malaria control. A number of factors make the area well
suited for analysis in this study; it has undergone both passive and
active surveillance of cases, and our entomological survey indi-
cates that mosquito population abundance has remained
approximately constant over time39,40. In this study, we assess the
effectiveness of control methods using mathematical and statis-
tical methods. We find that ITNs are the most effective strategy in
controlling malaria transmission in Hainan. It is also shown that
MDA has a greater contribution in the control of P. falciparum.

Methods
Description of study sites. The study area Qiongzhong is located
in the highland area of Hainan Island, China, with a population
of more than 200,000. The county covers 2704.66 km2, and has a
population density of over 70/km2. Its altitude ranges between
1200 m above sea level in the south to 1400 m in the north and to
1800 m in the west. The main epidemic season occurs from May
to October during the rainy season.

Epidemiological data. A time series of monthly cases of Plas-
modium falciparum and Plasmodium vivax infections were
obtained from the Hainan Provincial Centre for Disease Control
and Prevention. Each case was confirmed through a microscopic
examination of blood slides from clinical (febrile) patients seeking
a diagnosis and treatment, according to the diagnostic criteria of

the Chinese Ministry of Health39. Experimental procedures
were performed in compliance with guidelines established by
the Chinese Centre For Disease Control and Prevention and have
been approved by ethics committee of Hainan Centre for Disease
Control and Prevention. As the research involved no risk to the
subjects and it used data from an anonymized dataset, informed
consent was not required in this study.

Between 1995 and 2010, mass blood examinations were
conducted annually, comprising 293,117 blood smears. Anti-
malarial drug campaigns were conducted biannually in both
previously infected and uninfected people in April and August,
together with vector control (indoor residual spraying, IRS) and
prevention (insecticide-treated bed nets, ITNs). A total of 122,510
people took antimalarial medication, with a strategy that consume
8 days of piperaquine with primaquine. An area of 4,231,517 m2

was sprayed on indoor areas and 170,129 insecticide-treated nets
were used, with the rate of bed net using ranging from 0.37 to
7.88 per 100 people each year. All these statistics were gathered in
Qiongzhong highland. The time series for the population sizes of
inhabitants was obtained from the Hainan Statistical Yearbook.

Climate data. Climate data, including temperature and rainfall,
were obtained from the local meteorological station in Qiongz-
hong from 1995 to 2010. The Niño 3.4 index41 is calculated as the
difference between the monthly average sea surface temperatures
in the region 5°N–5°S, 120°W–170°W. Only Niño 3.4 index was
included as a climatic component in both statistical model and
mathematical model.

Statistical model. The associations between climate, antimalarial
drug campaigns, IRS, and ITNs with malaria incidence were
assessed with a statistical model, Generalized Additive Model
(GAM). We fitted separate negative binomial regression models
to the monthly incidence of P. vivax and P. falciparum.

Yt � NegBinðμt; θÞ

logðμtÞ ¼ αþ f SEASðMonthtÞ þ βCLIMt þ γMDAt þ φIRSt þ λINTst

ð1Þ
where Y is the monthly malaria incidence, t is the time, α is the
intercept, and β, γ, φ and λ are regression coefficients. fSEAS is a
nonlinear smoothed functions of seasonality. CLIM is Niño 3.4
index. IRS is the area of IRS and ITNs is the number of
insecticide-treated bed nets. The statistical model was used for
exploring initial relationships between climate, intervention fac-
tors, and malaria incidence. Only significant variables were
included in the epidemic model.

Epidemic modelling. To investigate the impact of climate con-
dition and specific control intervention on malaria mitigation, we
established a mechanistic model20,42,43 by fitting to the number of
new confirmed cases reported each month using Bayesian Mar-
kov Chain Monte Carlo methods44. Comparing to these previous
models, we included new parameters representing for ITNs and
IRS in mosquito classes. To estimate the impact of MDA, the class
T (antimalarial drug treatment with temporary immunity) has
also been included. We used the fitted model, with posterior
estimates of parameters (SI Appendix, Fig. S7, Table S2), to
simulate malaria epidemic, with and without control measures.
The model is:

P. falciparum model

dS1=dt ¼ bN � λS1þ μS2S1S2þ μTS1T � TA � dS1

dE=dt ¼ λS1� μEIE � dE
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dI=dt ¼ μEIE � ð1� tSÞμIS2I þ sIλS2� tsμIT I � dI ð2Þ

dS2=dt ¼ ð1� tSÞμIS2I � μS2S1S2� sIλS2� TT � dS2

dT=dt ¼ TA þ TT þ tSμIT � μTS1T � dT

P. vivax model

dS1=dt ¼ bN � λS1þ μS2S1S2þ μTS1T � TA � dS1

dE=dt ¼ λS1� μEIE � dE

dI=dt ¼ μEIE � ð1� tSÞμIS2rIHI þ sIλS2� tsμIT I þ nμHI � dI

dH1=dt ¼ ð1� tSÞμIS2rIHI � nμHIH1 � dH1 ð3Þ

dHi=dt ¼ nμHIHi�1 � nμHIHi � dHi ½for i ¼ 2; ¼ ; n�

dS2=dt ¼ ð1� tSÞð1� rIHÞμIS2I � μS2S1S2� sIλS2� TT � dS2

dT=dt ¼ TA þ TT þ tSμIT � μTS1T � dT

where human classes consist of S1 (susceptible), E (exposed), I
(infected), S2 (recovered subpatent status, with partial immunity
to reinfection), H (dormant liver stage), and T (antimalarial drug
treatment with temporary immunity). Multiple Hi classes were
used to partition the dormant stage into a sequence of identical
stages (i= 2, …, n)42. TA and TT represent preventative
antimalarial drug treatments administered to the general
population and patients with previous malarial infections before
the epidemic season in April and August every year, respectively.
S1+ E+ I+H+ S2+ T=N, and b and d are birth and death
rates of the population, both of which were obtained from
statistical yearbook. λ is the force of infection at the current time.
μ represents transition rate between classes. ts is the treatment
success probability. sI represents superinfection from S2 to I and
rIH is the rate at which the infected population transits into
dormant liver stage. The observed monthly cases equal the
number of new cases predicted by the model multiplied by the
reporting rate r. The annual number of reported cases is strongly
correlated with positive rate of blood examinations in our study
area, a constant reporting rate over time is then assumed.

The role of mosquitoes in transmission is represented through
a delayed equation between the latent f and current λ force of
infection, taking into account the extrinsic incubation period τ20.

df 1=dt ¼ ðf � f 1Þκ=τ

df i=dt ¼ ðf i�1 � f iÞκ=τ ð4Þ

dλ=dt ¼ ðf κ�1 � λÞκ=τ

f ðtÞ ¼ IðtÞ þ sf S2ðtÞ
NðtÞ βðtÞ ð5Þ

βðtÞ ¼ βseasðtÞβtrendðtÞ ð6Þ

βtrendðtÞ ¼ CLIMðtÞ þ IRSðtÞ þ ITNsðtÞ ð7Þ

βseasðtÞ ¼ ∑
n

i¼1
φiΔiMonthi ð8Þ

where IRS (t)= θIRS × area of IRS (m2/per person) (t), ITNs
(t)= θITN × coverage of insecticide-treated nets (t), CLIM (t)=
θCLIM × Niño 3.4. Seasonality, βseas, is modelled nonparametri-
cally through the coefficients βi of the periodic cubic B-spline

basis φi (t). Δ is a vector of dummy variables of length 12. We
developed the model shown in Fig. S1. We use k= 2 in the model.

We fit the malaria model using a Bayesian state space framework.
Model fitting was performed using Metropolis–Hastings Markov
chain Monte Carlo (MCMC) algorithm with the MATLAB (version
R2016b) toolbox DRAM (Delayed Rejection Adaptive Metropolis).
In model parameterization, we chose a Gaussian prior for the
distribution of parameters, with a mean value of 0 and a variance of
102. After a burn-in of 1 million iterations, we ran the chain for 10
million iterations sampled at every 1000th step to avoid auto-
correlation (SI Appendix, Fig. S7). We also fitted our model and
estimated the parameters using 1995–2004 data, and then predicted
malaria cases in 2005–2010. We found that our model is able to
predict and capture the trend of malaria, which reflects the effect of
interventions on malaria transmission (SI Appendix, Fig. S8).

Wavelet. Wavelet analyses were performed to investigate peri-
odicity of ecological time series45–47. Wavelet analysis estimates
the spectral characteristics of time series as function of
time45,46. This method with the wavelet power spectrum (WPS),
allows us to determine the contribution of variance at different
times and periods. Here for the wavelet decomposition we
adopted Morlet wavelet to analyze the P. vivax and P. falci-
parum time series. Additionally, a bootstrapping method was
used to evaluate the statistical significance of the WPS (more
details are found in ref. 47).

Reporting summary. Further information on research design is
available in the Nature Research Reporting Summary linked to
this article.

Results
Temporal trends. Qiongzhong highland is located at the middle
of Hainan Island, with a population of more than 200,000. The
county covers 2704.66 km2 and has a population density of over
70/km2. Between 1995 and 2010, 5619 cases of malaria (598P.
falciparum cases and 5021P. vivax cases) were reported in
Qiongzhong, with an annual incidence ranging from 0.3 to 54.0
infections per 10,000 individuals (Fig. 1a) and a prevalence of
4.6–259.4 infections per 10,000 individuals (assessed by a blood
examination of 293,117 individuals) (Fig. 1b). Anopheles minimus
was the primary vector of malaria. All the above statistics were
gathered in Qiongzhong highland.

Climate (particularly the Niño 3.4 index and sea surface
temperature in the region 5°N–5°S, 120°W–170°W) is correlated
with the long-term trends of malaria incidence. For example, a
notable malaria outbreak occurred during the 1998 El Niño event
(represented by the Niño 3.4 index). The incidence and
prevalence of malaria increased with the Niño 3.4 index between
1999 and 2005, indicating a critical role of climate in malaria
transmission, but decreased after 2006, which might due to the
malaria control measures (Fig. 1a, b). Each year there was a steady
increase in malaria incidence that began in February, reached a
peak in the rainy season July, and then decreased (SI Appendix,
Fig. S1). There was a 3-month time lag between peak malaria
incidence and Niño 3.4 (R= 0.36, P < 0.01) and a 1-month
between peak malaria incidence and temperature (R= 0.51,
P < 0.01), suggesting that sea surface temperature-related changes
potentially represent good indicators of the variability and
magnitude of malaria epidemics. However, the peak in rainfall
lagged behind the annual peak malaria incidence. Because rainfall
is abundant in our study area (SI Appendix, Fig. S2), it will not be
included in the further analyses reported in this study.

Meanwhile, we observe a dramatic decrease in malaria
incidence and changes in endemic periodicity after 2005
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(SI Appendix, Fig. S3), a period when large scale interventions
were rolled out. This suggests that there may be an impact of
control or prevention activities that have effectively reduced
human-mosquito transmission (Fig. 1c).

Transmission model and effects of malaria control interven-
tions. To assess the effects of control strategies, we first used a

negative binomial regression model to analyze how malaria inci-
dence varied with climatic and intervention covariates (Table 1).
The variables were in low collinearity with each other (SI
Appendix, Table S1). The result of the regression model suggests
that interventions were associated with a reduction in the number
of cases. By fitting an epidemic model (SI Appendix, Fig. S4, Table
S2) to the time series of reported cases, we investigated the pos-
sible effects of interventions on the trajectory of the epidemic.
Transmission dynamics were modelled in five different ways: (i)
only using a seasonal component (Seas), (ii) using a combination
of Seas and the climatic component (CLIM), (iii) using a combi-
nation of Seas, CLIM, and MDA, (iv) using a combination of Seas,
CLIM, MDA, and IRS, and (v) using a combination of Seas,
CLIM, MDA, IRS, and insecticide-treated bed nets (ITNs). Our
model (with ITNs) captures the observed seasonal/interannual
patterns of the epidemics (Fig. 2) and is superior to models
without ITNs (Table 2). In addition, the model also estimates the
total number of P. vivax and P. falciparum infections (a constant
reporting rate is assumed based on epidemiological investigation,
SI Appendix, Fig. S5, Table S3), which exhibits a good fit to the
annual malaria prevalence obtained from mass blood examina-
tions over time (Fig. 3).

On the basis of the fit of the model to case reports, we
investigated the possible effects of malaria control measures on
the trajectory of the epidemic. Our model suggests that changes in
the numbers of clinical and laboratory diagnosed cases of both

Fig. 1 Summary of the Qiongzhong highland malaria epidemic between 1995 and the elimination of endemic malaria in 2010. a Monthly incidence of
Plasmodium vivax (orange) and Plasmodium falciparum (green) and the Niño 3.4 index (black line). The Niño 3.4 index uses a 5-month running mean. b The
changes in malaria prevalence in the population measured using an annual blood examination. c Malaria control strategy used in the study area.
Antimalarial drug campaigns (orange), area of indoor spraying with the pesticide dicophane (DTT) (purple), and use of deltamethrin-treated nets (green).
IRS, indoor residual spraying. ITNs, insecticide-treated bed nets. MDA, mass antimalarial drug administration.

Table 1 Parameter estimates included in the negative
binomial regression model.

Covariates Coefficient (standard error)

P. vivax P. falciparum

Intercept −3.76 (2.27) −5.10 (6.71)
Seasonality EDFa 3.75** EFD 2.52
CLIM 0.17 (0.08)* 0.13 (0.24)
MDA −0.09 (0.11) 0.09 (0.29)
IRS 0.11 (0.22) −0.10 (0.64)
ITNs −0.30 (0.04)** −0.29 (0.12)*

CLIM climatic component, MDA mass antimalarial drug administration, IRS indoor residual
spraying, ITNs insecticide-treated bed nets.
**P < 0.01, *P < 0.05.
aEFD effective degrees of freedom.
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P. vivax and P. falciparum after 2005 largely followed patterns of
increased ITN coverage. Crucially, ITNs account for an estimated
93.4 and 35.5% of the decreases in the total infections of P. vivax
and P. falciparum malaria by 2010, respectively (Fig. 4a, b). We
estimate that malaria control interventions have prevented more
than 7000 clinical cases since 1995 and that malaria prevalence
decreased from 2.5% and 0.4% to less than 0.1% for P. falciparum
and P. vivax, respectively, after the coverage of ITNs exceeded
15% in 2008 (Fig. 4a, b, SI Appendix, Fig. S6). According to
our estimates, MDA had a greater contribution to eliminating
P. falciparum malaria (54.9%) than P. vivax malaria (5.3%).

Simulations highlight that increased use of ITNs and maintaining
existing MDA would have reduced the malaria prevalence to less
than 0.1% in a shorter period by reducing the transmission rate.
Otherwise, this reduction in the regional infection and prevalence
rates would have taken longer (Fig. 4c, d).

Discussion
Using a process-based transmission model, we formulate a
dynamic model of surveillance data that enables us to evaluate the
effectiveness of interventions on reducing malaria incidence while
simultaneously considering the impacts of climate change. We
find that climate variability and intervention campaigns over the
past few decades have shaped the pattern and long-term trend of
malaria transmission in the highland area on Hainan Island. In
Hainan, malaria has been successfully locally controlled, through
a combination of control interventions, mainly due to the
increased usage of ITNs on a large scale.

Previous studies have debated the relationship between climate
factors and malaria transmission in China. Some studies reported
a significant association between malaria transmission and
temperature48,49 but others did not50,51. The effects of rainfall and
humidity have also been debated39,49. In this study, we use Niño
3.4 index as the climate variable. Niño 3.4 index is one of several
El Niño/ Southern Oscillation (ENSO) indicators based on sea
surface temperature and could be used to reflect characters of
temperature and rainfall. We found a significant association
between Niño 3.4 and malaria transmission, which is consistent
with previous studies52,53. The 3-month time lag between peak
malaria incidence and Niño 3.4 indicates ENSO state could be

Fig. 2 Mathematical model simulations of clinical malaria cases. a The time series of number of clinical cases. b The seasonal pattern of number of
clinical cases. Observations are shown as points (number of reported malaria cases). The solid lines correspond to the simulations, and the dark grey
indicates the 95% credible intervals. We only present the final results, focusing on the median of posterior distributions and 95% credible intervals
extracted from 10,000 runs. Seasonal pattern for the observed cases (points and error bars represent average monthly cases and the 95% confidence
interval, respectively) and the median of model simulations (black line).

Table 2 Comparison of the dynamic models including the
seasonal component, climatic component, vector control,
and prevention of transmission of observed malaria
epidemics.

Model P. vivax P. falciparum

R2 *DIC R2 DIC

Seas 0.25 897.64 0.36 117.45
Seas+ CLIM 0.34 893.27 0.47 117.72
Seas+ CLIM+MDA 0.34 882.90 0.48 113.33
Seas+ CLIM+MDA+ IRS 0.33 832.35 0.48 114.88
Seas+ CLIM+MDA+ IRS+ ITNs 0.68 500.14 0.49 109.44

Seas seasonal component, CLIM climatic component, MDA mass antimalarial drug
administration, IRS indoor residual spraying, ITNs insecticide-treated bed nets. *DIC deviance
information criterion.
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used to predict malaria and including only one climate variable in
the model has the benefit of reducing the impact of co-linearity.
However, considering the so-called “ENSO spring barrier”, which
means ENSO forecasts are intrinsically more uncertain connection
with Northern Hemisphere spring, further researches should
consider multiple study areas and various time units to evaluate
the performance of ENSO forecasts on malaria prediction.

Our results are consistent with findings concerning the use of
MDA to treat P. falciparum8,54–56, confirming that MDA reduces
P. falciparum malaria transmission. However, our analysis further
reveals a comparatively lower level of effectiveness of MDA (using
chloroquine & primaquine) at eliminating P. vivax malaria,
probably due to its ability to relapse from the dormant liver stage
from weeks to years after clearance of the blood stage, which
might allow this pathogen to maintain transmission during MDA
treatment33,57,58. As total malaria incidence decreases, the pro-
portion of infections due to P. vivax increases in Qiongzhong,
Hainan Island. However, it’s difficult to precisely quantify the
effectiveness of MDA because the evidence of patient compliance
is not available. Furthermore, the increasing proportion of
P. vivax malaria might result from the rapid decrease of
P. falciparum malaria. In contrast to most previous studies, we
provide a rare assessment of the differences in climate variability
over time through transmission forcing and simultaneously
compare the effectiveness of interventions on eliminating malaria
risk using a mathematical model.

China has made great efforts to eliminate malaria, including
strengthening the case reporting system, improving access to
treatment, control of vectors, and health education59. The num-
ber of reported cases decreased dramatically with great changes

to epidemiological characteristics, which has benefited from
powerful control methods59–61. Apart from the interventions
included in our model, several other interventions have been
proved useful in malaria control. For example, it is reported that
behavioural change communication strategy significantly
decreases malaria infections in mountain workers in Hainan
province62. Improving knowledge on malaria is beneficial for the
effectiveness of malaria-related interventions. It is also well
known that socioeconomic development can reduce malaria risk
and China has undergone substantial socioeconomic growth and
urbanization since the 1980s63,64. These factors have also attrib-
uted to the decrease in malaria transmission in Qiongzhong
highland. It may explain the declines in cases before 2005, when
large scale interventions were rolled out, especially for P. falci-
parum malaria. The impact of these factors are not included in
our analysis due to lacking of detailed records in such a long
period.

Malaria control using a combination of ITNs and IRS has been
shown to reduce the risk of malaria infection65–69. By incorpor-
ating field data and epidemiological records, our model explores
the effects of multiple malaria control interventions used in
combination, and ITNs might play the main role in eliminating
malaria. Although confounding effects cannot be excluded (such
as the socio-economic growth and housing improvement are
associated with the decline of malaria transmission), ITNs appear
to reduce the risk of malaria infection in Qiongzhong, including
both the malaria incidence and prevalence, particularly for
P. vivax malaria, since the coverage of ITNs has increased more
than two- to three-fold to nearly 16%. However, due to the lack of
experimental studies, we are unable to assess the effectiveness of a

Fig. 3 Malaria prevalence in humans. a P. vivax and b P. falciparum. The annual malaria prevalence was obtained from mass blood examinations. The
observed data are plotted as green (P. vivax) and orange (P. falciparum) points with 95% confidence interval. The solid lines correspond to the malaria
prevalence in humans estimated by epidemic model, and the grey areas correspond to pointwise 95% credible intervals.
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single intervention alone in the present study. Encouragingly, if
high ITN coverage is achieved, malaria transmission can be
controlled locally, even when climate conditions are favourable
for high intensity transmission.

One limitation of our study is that the results must be
interpreted with caution due to data availability. The lack of
data about other factors, such as socioeconomic changes
and urbanization, might induce an overestimation of the effect
of interventions included in our model. We use the people who
took antimalarial medication and number of insecticide-treated
nets, but data about their compliance and the proportion of
people sleeping under bed nets are not available. It hinders us to
understand the relationship between interventions and malaria
transmission more accurately. Similarly, insecticide resistance
was not considered due to data availability. Although insecticide
resistance might have reduced the effect of the massive scale-up
of insecticide-treated bed nets because they would be less
effective at killing mosquitoes, a multicountry cohort study

indicates that insecticide-treated bed nets provide some pro-
tection against malaria, regardless of the presence of insecticide
resistance36. Besides, our model was developed for P. falciparum
and P. vivax separately. Although a higher risk of P. vivax
malaria after treatment for P. falciparum infection in co-
endemic regions has been described in a previous study from
Thailand70,71, other factors, such as economic development,
urbanization, and improvement in living conditions, and even
human behaviour, change over time and might contribute to an
overall reduction in the infection risk63. However, in the first 10
years, the epidemic magnitude (P. falciparum and P. vivax)
remains constant until the massive scale-up of insecticide-
treated bed net use. Furthermore, mosquito ecology was not
included in our model, which is complex and changes non-
linearly along with climate change and human behaviour espe-
cially the use of interventions such as IRS and ITNs72,73. For-
tunately, only two species, Anopheles minimus and Anopheles
dirus, were verified as major malaria vectors on Hainan island,

Fig. 4 Changes in endemicity and effects of interventions conducted from 1995 to 2010. a P. vivax and b P. falciparum. Bars represent the predicted
cumulative number of clinical malaria cases averted by interventions at the end of each year. The specific contribution of each intervention is distinguished
after accounting for the effect of long-term climate forcing using mechanistic models. Mathematical models were fit to epidemiological data collected from
1995 to 2010, as well as ITNs, IRS, and MDA interventions. See the Methods for a detailed description of the mathematical models. c The time (years)
required to control the annual malaria prevalence <0.1% for P. vivax and d P. falciparum. Malaria prevalence as a function of ITNs and MDA interventions in
the simulation beginning in 1995. Estimates were obtained with all other covariates set to original values, such as climate conditions and population.
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which might reduce the uncertainties of our estimation. Our
routine monitoring and previous studies74,75 show that these
two species of mosquitoes still prefer to bite at night, when
people spend more time at home and sleeping.

In summary, this study provides evidence that treating
malaria with a combination of strategies controls malaria
transmission and reduces the burden of malaria in co-endemic
regions. Additionally, our findings are generalizable to regions
in Southeast Asia, as our intervention provides easy access to
health services. Our results comprise one component of a broad
evidence baseline, including the effectiveness of malaria inter-
ventions and their interactions with climate variability, which
should be considered in disease burden calculations and future
risk models. It is important to apply our model to wider
epidemiological zones.

Data availability
The source data for the main figures in the manuscript can be available in GitHub,
https://github.com/huaiyutian/Malaria-dynamic-model-Hainan-Qiongzhong and
Zenodo, https://doi.org/10.5281/zenodo.581526576. The data of population size can be
obtained from Hainan Provincial Bureau of Statistics, http://stats.hainan.gov.cn/tjj/. The
Niño 3.4 index can be obtained from the NOAA Physical Sciences Laboratory (PSL),
https://www.psl.noaa.gov/. The malaria data that support the findings of this study are
available from Hainan Centre for Disease Control and Prevention but restrictions apply
to the availability of these data, which were used under license for the current study, and
so are not publicly available. Data are however available from the authors upon
reasonable request and with permission of Hainan Centre for Disease Control and
Prevention. The climate data are available from National Meteorological Information
Centre but restrictions apply to the availability of these data, which were used under
license for the current study, and so are not publicly available. Data are however available
from the authors upon reasonable request and with permission of National
Meteorological Information Centre.

Code availability
The code used in this study is available on GitHub, https://github.com/huaiyutian/
Malaria-dynamic-model-Hainan-Qiongzhong and Zenodo, https://doi.org/10.5281/
zenodo.581526576.
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