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Abstract

Environmental temperature is a key driver of malaria transmission dynamics. Using
detailed temperature records from four sites: low elevation (1800), mid elevation
(2200m), and high elevation (2600-3200m) in the western Himalaya, we model how
temperature regulates parasite development rate (the inverse of the extrinsic incu-
bation period, EIP) in the wild. Using a Briére parametrization of the EIP, combined
with Bayesian parameter inference, we study the thermal limits of transmission for
avian (Plasmodium relictum) and human Plasmodium parasites (P. vivax and P. falcipa-
rum) as well as for two malaria-like avian parasites, Haemoproteus and Leucocytozoon.
We demonstrate that temperature conditions can substantially alter the incubation
period of parasites at high elevation sites (2600-3200m) leading to restricted par-
asite development or long transmission windows. The thermal limits (optimal tem-
perature) for Plasmodium parasites were 15.62-34.92°C (30.04°C) for P. falciparum,
13.51-34.08°C (29.02°C) for P. vivax, 12.56-34.46°C (29.16°C) for P. relictum and
for two malaria-like parasites, 12.01-29.48°C (25.16°C) for Haemoproteus spp. and
11.92-29.95°C (25.51°C) for Leucocytozoon spp. We then compare estimates of EIP
based on measures of mean temperature versus hourly temperatures to show that
EIP days vary in cold versus warm environments. We found that human Plasmodium
parasites experience a limited transmission window at 2600 m. In contrast, for avian
Plasmodium transmission was not possible between September and March at 2600 m.
In addition, temperature conditions suitable for both Haemoproteus and Leucocytozoon
transmission were obtained from June to August and in April, at 2600 m. Finally, we
use temperature projections from a suite of climate models to predict that by 2040,
high elevation sites (~2600m) will have a temperature range conducive for malaria
transmission, albeit with a limited transmission window. Our study highlights the im-
portance of accounting for fine-scale thermal effects in the expansion of the range of

the malaria parasite with global climate change.
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1 | INTRODUCTION

Changes in climate, especially temperature and precipitation,
are shifting the geographic ranges of species (e.g., birds; Chen
etal.,, 2011; Freeman et al., 2018). These have a significant influence
on parasite transmission dynamics, either by exposing immunolog-
ically naive hosts to longer transmission seasons or bridging novel
host-parasite interactions (Patz & Reisen, 2001). Among vector-
borne pathogens, malaria parasites have remained the most virulent
group, with high sensitivity to climatic factors, which continue to
threaten humans, avian species, and non-human primates (van Riper
etal., 1986).

Temperature is the key environmental driver influencing the
transmission dynamics and distribution of malaria parasites. The
rate of malaria parasite transmission and intensity of infection are
strongly determined by the extrinsic incubation period (EIP: also
known as the duration of sporogony), the time it takes for a para-
site to develop within a mosquito and become transmissible (Ohm
etal, 2018). Therefore, the EIP determines the parasite development
rate in the midgut after many replication cycles before it migrates as
a sporozoite (infective stage) in the salivary glands of an arthropod
vector. The development rate of a parasite depends on host, parasite,
and environmental conditions (Beck-Johnson et al., 2013; Paaijmans
et al.,, 2009). These conditions must be conducive for transmission
of the parasite. For example, the EIP of human Plasmodium is de-
pendent on temperature and the parasite generally takes 8-14 days
to develop under optimal conditions of temperature (20°-25°C),
so if adult Anopheles mosquitoes die before or within a 12-day pe-
riod, they are unlikely to contribute to parasite transmission (Killeen
et al.,, 2000; Ohm et al., 2018; Paaijmans et al., 2009). In addition,
temperature plays a central role in regulating mosquito population
dynamics, age structure in a population, life-history traits, fitness,
and phenology of vectors and parasites, leading to complex spatial
and temporal patterns of distribution (Beck-Johnson et al., 2013).

Until 2010, most mechanistic models of human Plasmodium
transmission were based on the degree-day model of Detinova
(Detinova, 1962). More recently, multiple mechanistic models ex-
plained unimodal or nonlinear relationship between temperature and
length of parasite development period (Beck-Johnson et al., 2013;
Mordecai et al., 2019; Villena et al., 2022). The Detinova model as-
sumes a linear relationship between ambient temperature (T) and
the parasite development rate (PDR). For example, for Plasmodium
falciparum, the following relationship is assumed to hold: EIP (in days)
=111/(T-16), where 111 is the cumulative number of degree-days
required for the parasite to complete development, T is the average
ambient environmental temperature, and the relationship assumes
that the temperature threshold below which development cannot
occur is 16°C. However, although this equation is used in many

studies, it fails to capture daily temperature fluctuations, which
could potentially alter the rate of parasite development and malaria
transmission in a population. Extensive empirical and theoretical
studies revealed nonlinear influence of temperature on physiolog-
ical and life-history traits. Mordecai et al., 2019 reviewed 11 patho-
gens transmitted by 15 mosquito species where temperature effects
on transmission varied by both parasite and mosquito species and
different traits (mosquito development rate, bite rate, fecundity,
proportion of eggs surviving to adulthood, vector competence, mor-
tality rate, and parasite development rate) predict the temperature
dependence of transmission across vectors, pathogens, and envi-
ronments. Beck-Johnson et al. (2013) modeled temperature-driven
temporal changes in changes in mosquito age structure and popula-
tion dynamics to predict shift in malaria seasonality and disease risk.
Villena et al. (2022) showed that the effect of temperature on para-
site transmission could vary by mosquito species—the upper thermal
limits varied significantly between the parasite transmission by the
same mosquito species (An. stephensi) and between mosquitoes car-
rying P. falciparum. Other thermodynamic models propose a nonlin-
ear relationship between temperature and growth or development
(Paaijmans et al., 2009). These models can be generalized to consider
temperature fluctuations, which alter the length of parasite incuba-
tion period and malaria transmission rates. Therefore, epidemiologi-
cal models should improve from combining local micro-climate data
using loggers by teasing apart diurnal temperature fluctuations to
understand the biological significance of temperature in shaping
parasite transmission dynamics.

Temperature is considered as the main driver for mosquito emer-
gence and spring phenology (e.g., budburst, leaf-out, and flowering)
in temperate regions (e.g., Hallfors et al., 2020). In the context of
epidemiology of avian malaria, the overlap in seasonal emergence
of vectors produces spring relapses in chronic infections (para-
site phenology) and new infections in breeding host populations
(Applegate, 1970; Beaudoin et al., 1971). However, the implications
of temperature variation for avian malaria parasite development
across temperate regions are less understood.

The western Himalayas are a species-rich and highly seasonal
ecosystem with distinct physiographic climatic conditions, which
drive bird migration, spring phenology, and vector emergence (Barve
et al., 2016; Ishtiaq & Barve, 2018). In general, birds harbor a huge
diversity of three genera of haemosporidian parasites—Plasmodium,
Haemoproteus, and Leucocytozoon, which are more ubiquitous and
cosmopolitan (except Antarctica) (Valkitnas, 2005). These parasites
are transmitted by dipteran insects, e.g., mosquitoes (Plasmodium),
biting midges (Haemoproteus), and black flies (Leucocytozoon) and
have significant negative effects on the host survival and longev-
ity (Asghar et al. 2015), reproductive success, and body condition
(Marzal et al., 2005). In this montane system, birds exhibit two
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migration strategies; species are either year-round high-elevation
residents (sedentary) or seasonal elevational migrants. Elevational
migrants winter at low elevations or in the plains (<1500m above
sea level; a.s.l.) and move to breeding grounds at higher elevations
(2600-4000ma.s.l. or even higher) during the summer season (Dixit
et al., 2016). The elevational migrants are exposed to a large suite
of parasites and vector fauna, especially in low elevations and move
to high elevation breeding grounds only during the summer season
(“migratory escape,” Loehle, 1995). By contrast, sedentary counter-
parts potentially experience little or no exposure to parasites at high
elevations in winters. Given that a competent vector and optimal
thermal conditions are present, elevational migrants could act as
“bridge hosts” of parasite species and potentially increase transmis-
sion risk between wintering and breeding areas. This potentially in-
creases the risk of infection to naive resident birds at high elevations,
which might not have evolved to cope with parasite infection. In ad-
dition, the emergence of insect vectors (e.g., Culicoides) is driven by
temperature and does not coincide with peak bird breeding season
(April-May) in a high-elevation environment suggesting a mismatch
in phenology of vectors and avian hosts (Ishtiaq et al. unpublished,
e.g., Gethings et al., 2015). This mismatch potentially alters the de-
gree of interaction between host and vector species, thereby influ-
encing parasite transmission dynamics. Only if the arrival of infected
birds (with infective stages in the bloodstream) coincides with the
peak of vector abundance, can transmission of pathogens from mi-
gratory birds to vectors be facilitated. There are currently no studies
undertaken to understand the influence of environmental factors on
vector phenology and what changes in parasites' distribution ranges
are expected with climate change.

In this study we model the change in temperature and parasite
transmission dynamics in four western Himalayan sites across an el-
evational gradient. Using fine-scale meteorological data, we explore
limits of parasite transmission as a function of temperature in the
western Himalayan landscape. Specifically, we ask the following
questions:

(i) Is parasite transmission restricted by temperature in high-
elevation environments?

(i) Is there spatial and temporal variation in parasite transmission
dynamics?

(iii) How will climate change affect the distribution of malaria and
the parasite transmission window?

2 | MATERIALS AND METHODS

2.1 | Study area and collection of temperature data
We selected four sites across an elevational gradient in the western
Himalayas, Uttarakhand, India: low-elevation site, Mandal [1800m:
N30.44685° E79.27328°], mid-elevation site, Anusuya [2200m:
N30.47888°E79.28503°], and two high-elevation sites, Kanchula
[2600m: N30.45913° E79.22744°] and Shokharakh [3100-3400m:
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N30.47860°E79.217980°; Figure 1] to record detailed temperature
records from 2014 to 2015. For micro-climate data, we deployed
the Thermochron iButton (Maxim Integrated Products, http://www.
maxim-ic.com/) around 2 m above the ground on tree trunk shielded
from direct sunlight to record temperature data every hour on a
round-the-clock basis at each sampling site.

2.2 | Quantifying the effects of environmental
temperature on parasite development (extrinsic
incubation period)

The extrinsic incubation period is the reciprocal of the parasite de-
velopment rate (PDR). A convenient representation of the PDR fol-

lows from the Briére equation (Briére et al., 1999).
PDRparasite M=cT (T_Tmin)* \/(Tmax - T) (1)

where T . and T__ are the minimum and maximum temperatures
that can sustain parasite development, and c is a constant, the scal-
ing parameter. These parameters must be estimated or fit against ex-
perimental data. This model was based on thermodynamic principles
and shown to capture accurately the form of the EIP in Plasmodium
falciparum and Plasmodium vivax as described previously by others
(Cator et al., 2013; Paaijmans et al., 2009).

2.3 | A Bayesian approach to the calculation of the
extrinsic incubation period

Given the Briére equation (Briére et al., 1999), we first use Bayesian
methods to find the best estimates for the parameters Tmin’ T... @and
¢ (Bolstad & Curran, 2016; Gelman et al., 2013; McElreath, 2016).
Bayesian inference approach allows us to incorporate prior knowl-
edge into a description of data, capturing parameter uncertainties.
The codes are archived at https://github.com/f-mozaffer/Malar
ia-EIP/.

We used thermodynamic models to estimate the influence of
both mean and diurnal temperature fluctuation on malaria trans-
mission (Paaijmans et al., 2009). Specifically, we selected parasite
species that have been recorded in the western Himalayan birds.
We extracted the temperature-dependent EIP values for two
human malaria parasites—P. falciparum, P. vivax, and avian parasites
in the genera Plasmodium (Plasmodium relictum), Haemoproteus, and
Leucocytozoon using parasite specific temperature data summarized
in Table 1. Specifically, for Haemoproteus, we selected the average
(midpoint of the range) as only temperature ranges were available
(Table 1).

To estimate the EIP of a parasite species, two main parameters are
required: the life span of arthropod vectors and temperature data.
The two human malaria parasites—P. falciparum, P. vivax are transmit-
ted by species of Anopheles mosquito. The avian malaria, P. relictum,
is primarily transmitted by Culex quinquefasciatus. It takes the malaria
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FIGURE 1 Daily temperature sampling site of the western Himalaya Mandal (1800 m), Anusuya (2000 m), Kanchula (2600 m), and
Shokharakh (3200 m). We have used the Madhmaheshwar site as an alternative to Shokharakh for modeling future parasite range expansion,

as explained in the main text

parasite 56 days to develop in the mosquito at 18°C, which is longer
than the life span of the mosquitoes. At 22°C it takes only 19 days
and at 30°C only 8days (Githeko, 2007). The upper limit of longevity
of mosquitoes can be up to 56 days as used in previous studies (Craig
et al., 1999; Paaijmans et al., 2009) depending upon environmental
conditions. We considered an upper threshold for the EIP for mos-
quitoes as 56days. For human Plasmodium, we did not consider any
specific Anopheles mosquito species as only three Anopheles species
from 300 to 2000m were reported in the western Himalayan re-
gion, and no information on their role in malaria transmission (Devi
& Jauhari, 2004). The vectors of Haemoproteus sp. are biting midges
(Culicoides sp.) and black flies (simulids) for Leucocytozoon. The life
span of biting midges is ~10-20days (Sick et al., 2019), whereas black
flies can survive for 2-3weeks (Adler, 2004). We thus considered
the upper threshold for the EIP for both biting midges and black flies
to be 20days.
We describe our methods in more detail in subsections below:

2.3.1 | Estimation of model parameters

We estimate the parameters 6 = {T T ¢, o} using Bayesian

min’ " max’
inference methods (Bolstad & Curran, 2016; Gelman et al., 2013;
McElreath, 2016) implemented using the available data. The pa-

rameters T ., T and ¢ have been defined earlier. We have used

min’ " max’
a normal distribution with an assumed standard deviation & for the
likelihood to estimate values of the unknown parameters in equa-
tion (1). Our implementation of the inference strategy uses STAN
(https://mc-stan.org/), a platform for statistical modeling and high-
performance statistical computation. STAN performs Bayesian sta-

tistical inference with Markov Chain Monte Carlo (MCMC) sampling.

It also provides diagnostic tools to evaluate the accuracy and conver-
gence of the MCMC while allowing for posterior predictive checks.

2.3.2 | Priors distribution

Bayesian approaches incorporate prior knowledge about the param-
eters into the model. Our choices for these distributions are summa-
rized in (Table 2) below for each parasite. We choose a common prior
for Sigma, 1/gamma (0.0001,0.0001), and scale parameter (c), gamma
(1,10), in all cases. We selected a flat prior for T

min @and T within a
defined range. We used a gamma distribution as both the scaling pa-

rameter and sigma are non-negative continuous positive values.

2.3.3 | Likelihood

We choose a normal distribution with mean parameter p given by
the Briére equation (Briére et al., 1999) as the likelihood of the data
and standard deviation 6. We run STAN (https://mc-stan.org/) for
four chains of 1000 iterations each, discarding 500 iterations in each
case for warmup. ﬁ the convergence statistic reported by STAN, is
close to 1 (<1.05), indicating the four Markov chains are in close
agreement with one another.

24 |
(EIP)

Calculation of the extrinsic incubation period

The EIP was calculated using mean daily temperature and
mean hourly temperature for P. falciparum, P. vivax, P. relictum,


https://mc-stan.org/
https://mc-stan.org/
https://mc-stan.org/

MOZAFFER ET AL.

Ecology and Evolution 50f17
=t S VY LEY- 2"

TABLE 1 Complete development of P. falciparum, P. vivax, P. relictum, Haemoproteus, and Leucocytozoon in the vector at constant
temperatures (°C)

Temperature No. of days
(average temp. (average
Parasite species °C) days) Host Location Reference
Human Plasmodium
P. falciparum 15.384 - Human The Kenyan Highland Paaijmans et al. (2009)
P. vivax 14.2442 - Human Chennai Cator et al. (2013)
Bird Plasmodium
P. relictum® 12.97 - Pekin ducklings Maui and Hawaii LaPointe et al. (2010)
P. relictum 19 16 Siskin Curonian Spit in the Baltic Valkitnas et al. (2015)
Sea
P. relictum 24 7 Passer hispaniolensis - Valkitinas (2005)
P. relictum 27 9 Pigeon - Ball and Chao (1964)
Malaria-like parasite
H. balmorali 14-18 (16) 5 Flycatcher Curonian Spit, Baltic Sea Valkitnas et al. (2002)
H. tartakovskyi 14-18 (16) 5 Chaffinch Curonian Spit, Baltic Sea Valkitnas et al. (2002)
H. dolniki 14-18 (16) 5 Crossbill Curonian Spit, Baltic Sea Valkitnas et al. (2002)
H. minutus® 15-18 (16.5) 7 Blackbird Curonian Spit, Baltic Sea Ziegyté et al. (2014)
H. belopolskyi 15-18 (16.5) 7 Icterine Warbler Curonian Spit, Baltic Sea Ziegyté et al. (2014)
H. noctuae 16-18 (17) 7-9 (8) Long eared Owl Curonian Spit, Baltic Sea Bukauskaité
et al. (2015)
H. syrnii 16-18 (17) 7-9 (8) Tawny Owl Curonian Spit, Baltic Sea Bukauskaité
et al. (2015)
H. pallidus 14-24 (19) 6-7 (6.5) Blue-headed Wagtail Curonian Spit, Baltic Sea Ziegyté et al. (2017)
H. majorish 14-24 (19) 6-7 (6.5) Blue tit Curonian Spit, Baltic Sea Ziegyté et al. (2017)
H. motacillae 14-24 (19) 5-10(7.5) Pied Flycatcher Curonian Spit, Baltic Sea Ziegyté et al. (2017)
H. balmorali 14-24 (19) 5-10(7.5) Flycatcher Curonian Spit, Baltic Sea Ziegyté et al. (2017)
H. tartakovskyi 22-23(22.5) 7-11(9) Siskin Curonian Spit, Baltic Sea Ziegyteé et al. (2016)
H. belopolskyi 24-25 (24.5) 7-9 (8) Icterine Warbler Lithuania Chagas et al. (2019)
H. hirundinis 24-25(24.5) 7-9 (8) Northern House Lithuania Chagas et al. (2019)
Martin
H. nucleocondensus 24-25(24.5) 7-8(7.5) Northern House Lithuania Chagas et al. (2019)
Martin
H. lanii® 24-25(24.5) 6-9 (7.5) Great Reed Warbler Lithuania Chagas et al. (2019)
H. be!opolskyib 14-18 (16) 5-8(6.5) Eurasian Blackcap Curonian Spit in the Baltic Valkiunas and
Sea lezhova (2004)
H. fringilae® 14-18 (16) 5-8(6.5) Chaffinch Lithuania Valkiunas and
lezhova (2004)
H. lanii 14-18 (16) 5-8(6.5) Red-Backed Shrike Lithuania Valkiunas and
lezhova (2004)
L. simondi® 13-14 7 Pekin Duck Palearctic region Valkitnas (2005)
L. tawaki 15 6 Fiordland Crested Kaikoura, New Zealand Allison et al. (1978)
Penguin
L. tawaki 15-22(18.5) 10-12 (11) Fiordland Crested South Island, New Fallis et al. (1976)
Penguin Zealand
L. simondi 20 5 Duck Northern Holarctic Valkitnas (2005)
L. simondi 25 3 Duck Algonquin Park, Canada Fallis et al. (1951)
L. dubreuili 21 5 Robin Algonquin Park, Canada Khan and Fallis (1970)
L. fringillinarumb 21 5 Grackles Algonquin Park, Canada Khan and Fallis (1970)

(Continues)
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TABLE 1 (Continued)
Temperature No. of days
(average temp. (average
Parasite species °C) days) Host Location Reference
L. mirandae 22 5 Robin Algonquin Park, Canada Fallis and
Bennett (1962)
L. bonasae 22 5 Grouse Algonquin Park, Canada Fallis and
Bennett (1962)
L. fringillinarum 22 5 White-throated Algonquin Park, Canada Fallis and
Sparrow Bennett (1962)

Note: No. of days shows total number of days taken to complete the sporogony cycle at constant temperature (°C). Parasite host species is mentioned

in the host column. Location refers to where the study has been done.
T .n (Cator et al., 2013).
PParasites recorded in Himalayan birds.

TABLE 2 Prior values for the thermodynamic model parameters to estimate using Bayesian modeling

Parasite T.in (°C) T _(°C)

max

P. falciparum

Uniform (15,19)

Uniform (33,38)

P. vivax Uniform (13,15) Uniform (31,38)
P. relictum Uniform (0,15) Uniform (31,38)
Haemoproteus Uniform (11,14) Uniform (28,32)
Leucocytozoon Uniform (11,13) Uniform (28,32)

© c

Gamma (1,10) 1/gamma (0.0001,0.0001)
Gamma (1,10) 1/gamma (0.0001,0.0001)
Gamma (1,10) 1/gamma (0.0001,0.0001)
Gamma (1,10) 1/gamma (0.0001,0.0001)
Gamma (1,10) 1/gamma (0.0001,0.0001)

Leucocytozoon, and Haemoproteus parasites. The mean hourly tem-
perature is used to estimate the effect of diurnal temperature fluc-
tuation on EIP. The diurnal temperature range (DTR) variation across
these four sites is the difference between maximum and minimum
temperatures on each day of the month at each site. This was done
for each day of the month for all four sites. Since all four sites are at
different elevations, it is possible that for a few days of a month, the
temperature was marginally above the minimum threshold tempera-
ture for the development of parasites. The EIP calculated using these
temperatures can thus become anomalously high. We thus set the
EIP to 90days whenever the computed EIP exceeded that number
and within the suggested vector life span between 20 and 56days.
We calculated the mean EIP using both the mean daily temperature
and mean hourly temperatures for the month with the following pro-
cedure: We calculated the EIP using the mean temperature for each
day of the month. We then average this EIP over the entire month.
We used a similar procedure for the mean hourly temperature. We
set the upper threshold temperature to about 5°C above the maxi-
mum threshold temperature (T _..) following Hu and Appel (2004)
and Cator et al. (2013).

2.5 | Modeling future parasite range expansion
with warming climate

We used a series of climate-based models to predict the change in
parasite range with temperature. First, we extracted monthly values
for minimum temperature and maximum temperature for the years
2021-2040 for four Himalayan sites. We used Madhmaheshwar

(30°38'13"N 79°12'58"E), a nearby site, as an alternative to
Shokharakh due to nonavailability of data.

We used data from eight global climate models available on
WorldClim (www.worldclim.org). These global climate models (GCM)
are BCC-CSM2-MR, CNRM-CM6-1, CNRM-ESM2-1, CanESMS5,
IPSL-CM6A-LR, MIROC-ES2L, MIROC6, MRI-ESM2-0. We extracted
temperature data for the years 2021-2040 at a spatial resolution of
2.5 minutes to estimate the effect of future climate change on malaria
transmission. A set of scenarios have been chosen to provide a range of
distinct end of century climate change outcomes by the energy model-
ing community, which mainly deals with greenhouse gas emission sce-
narios driven by different socioeconomic assumptions. We considered
the shared socioeconomic pathway SSP2-4.5, which provides one sce-
nario for global emissions, consistent with certain assumptions about
how socioeconomic trends might evolve in the future. We selected
SSP2-4.5 because it represents a “middle of the road” scenario, i.e.,
the world follows a path in which social, economic, and technological
trends do not shift markedly from historical patterns.

To extract the minimum temperature and maximum tempera-
ture for the years 2021-2040 values, we use the GIS software
QGIS (https://www.qggis.org). We compute the average of predicted
monthly mean temperature across all eight GCM models.

2.6 | Comparison of EIP calculated using local
meteorological data and WorldClim data

The temperature collected from data loggers is the real temperature
experienced by the malaria vectors in the field. Therefore, data from
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loggers can be expected to provide more precise and local results as
compared with the weather station temperature data. To understand
variation in temperature modeling based on the local temperature
records and WorldClim (www.worldclim.org) data, we calculated the
EIP using mean temperature collected from both datasets from May
to April 2014 to 2015.

3 | RESULTS

We estimated the extrinsic incubation temperature of three
Plasmodium and two malaria-like parasites—Haemoproteus and
Leucocytzoon using 1-year field-collected data across four sites in
the western Himalayas. Mean daily temperatures were warmest
(18°C) for the low-elevation site at 1800 m (Mandal), followed by the
mid-elevation site (2000 m, Anusuya) (13°C). The two high-elevation
sites at 2600m (Kanchula) and 3200m (Shokharakh) had the cool-
est temperatures, 10°C and 8°C, respectively (as shown in Figure 2).

3.1 | Explicit formulae for the extrinsic
incubation period

The EIP of each parasite, in the Briere parametrization, requires
three parameters to be specified. The distributions of these param-
eters must be obtained using prior knowledge and the available data,

together with statistical methods. We obtained parameter values
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describing the EIP using the Bayesian methods described above,
for P. relictum, Haemoproteus, and Leucocytozoon. The parameter
values obtained together with the appropriate confidence interval
are shown in Table 3. We display our results in Figure. 3, together
with those derived earlier for P. falciparum and P. vivax by Cator
et al. (2013) for the vector An. stephensi.

For P. falciparum and P. vivax, we rederived the forms obtained by
Cator et al. (2013) through these Bayesian methods. We find exact
consistency with these earlier results, demonstrating the validity
of our numerical methods. Our results extrapolate from the limited
data available, together with non-informative estimates of the rele-
vant priors, to obtain what appear to be reasonable fits to the data,

together with uncertainty bounds.

3.2 | Effects of environmental temperature on
parasite development (extrinsic incubation period)

Using the thermodynamic parasite development model, we esti-
mated the effect of using the mean daily temperature and mean
hourly temperature on the calculation of the EIP for each site
(1800-3200m). Our methods described the rate of parasite de-
velopment for Plasmodium species (two human and one avian
Plasmodium), Haemoproteus, and Leucocytozoon parasites (Figure 3)
at varying temperatures. For high-elevation sites (3200 m), the EIP
estimates for all parasites using both measures suggested that

transmission was not possible throughout the year. Below, we
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FIGURE 2 Daily temperature records at an hour interval across four sites in the western Himalaya. Mean temperature (upper panel) and
DTR (diurnal temperature range) (lower panel) for all four sites. Each point shown in color represents a value of daily temperature (in°C,
right hand bar) from May 2014 to April 2015 of that site. The solid lines represent average temperature. The black vertical bar represents

standard deviation.
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describe where results from both measures coincide, for other el-
evations and parasites, as well as where they differ in detail. We
find that both measures, based on either the diurnal temperature
range or the mean temperature, very largely give similar results
for the periods of the year where the EIP is within the allowable
range for transmission. However, for specific months, it is possible
that transmission is possible within one scheme but not within the
other (Figure 4).

For the 2600m site, there was no parasite transmission pre-
dicted using the EIP based on both temperature measures for
P. falciparum and P. vivax from May to March. However, in June,
the mean temperature range predicted no transmission of P. vivax,
whereas the EIP days of 46.9 +15.71 using the diurnal temperature
range. In April, the EIP days for P. vivax were longer by 13.95days
using the diurnal temperature range (EIP days: 36.08 + 3.5) than the
mean temperature (EIP days: 22.13 +4.04). The EIP days for P. fal-
ciparum were 5.62 days shorter using mean temperature measures
(EIP days:40.29+12.11) than the diurnal temperature (EIP days:
45.91+10.64) in April.

For avian Plasmodium relictum, using both mean temperature
and diurnal temperature range, September-March was predicted
as no transmission period and May-August and April as predicted
transmission, at 2600m. In April, the EIP was 18.7days longer
using the diurnal temperature range (EIP days:32.95 +16.29) than
the mean temperature range (EIP days:14.25+2.25). For two
malaria-like avian parasites, Haemoproteus and Leucocytozoon,
September-March was predicted as no transmission period and
June-August was predicted as the transmission period (<1 day
difference in EIP estimates) using both temperature measures.
However, diurnal temperature range predicted no parasite trans-
mission in April, whereas mean temperature range estimated
the EIP days of 8.27+1.1 and 5.62+0.75, for Haemoproteus and
Leucocytozoon, respectively.

For the 2000m site (Anusuya), October-March was predicted
to have no transmission period for P. falciparum and P. vivax using
both temperature measures. In April, using the mean temperature
predicted EIP days of 37.12 +27.34 for P. falciparum and 34.73 + 9.66
for P. vivax; however, no transmission was obtained using the diurnal
temperature range. Using the mean temperature, there was no P.

falciparum transmission predicted for May and September. However,

the diurnal temperature range approach predicted EIP days of
51.7 +17.94 in May and 50.7 +17.02 in September.

Among avian parasites, P. relictum transmission window was
predicted from May to September using both temperature mea-
sures. However, there was no P. relictum transmission predicted in
October using mean temperatures while the diurnal temperature
range method estimated EIP days of (47.4 +19.46). In March, use of
the diurnal temperature range predicted no P. relictum transmission,
whereas the mean temperature range measure suggested EIP days
of 46.03+17.43. In April, both temperature measures predicted P.
relictum transmission; however, EIP days using diurnal temperature
range were 3.06 longer than for the mean temperature. For two
malaria-like parasites, Haemoproteus and Leucocytozoon, transmis-
sion was predicted from June to September using both tempera-
ture measures. There was no Haemoproteus transmission predicted
for October-April using both temperature measures. In May,
Haemoproteus showed no transmission using mean temperature,
whereas, using the diurnal temperature, transmission was predicted,
which showed EIP days of 15.44+8.54. However, Leucocytozoon
transmission was not predicted from November to February, while
only the mean temperature supported EIP days of 17.71+13.56 in
March and April. The diurnal temperature range method indicated
transmission in October with EIP days of 19.81+7.8.

For the lowest-elevation site (1800m), P. falciparum and P. vivax
showed no transmission from December to February using both
measures, the DTR and the mean temperature. An exception was
for P. vivax where the use of the diurnal temperature range showed
an EIP of 51.6 +10.72days in the month of February. The effect of
daily temperature variations on P. falciparum and P. vivax predicted
a transmission window from May to October, March, and April. In
November, there was no transmission using the mean temperature
for both P. falciparum and P. vivax. The use of the diurnal temperature
range predicted transmission for both parasites in that month, with
EIP more than 45days in both cases.

In contrast, for P. relictum, use of the diurnal temperature range
suggested transmission throughout the year. However, the use of
the mean temperature showed no transmission across the months
December-February. For the two malaria-like parasites, transmis-
sion months ranged from May to October for Haemoproteus and

from May to November, as well as April, for Leucocytozoon. The

TABLE 3 Estimated parameter values of minimum and maximum temperature, scaling parameter ¢ and ¢ using Bayesian method for all

parasites
Parasite T.in (°C)(2.5,97.5) %Cl T __ (°C)(2.5, 97.5) %ClI
P. falciparum 15.624 (15.02, 17.09) 34.921(33.38, 36.97)
P. vivax 13.51 (13.02, 14.58) 34.08 (31.97, 36.81)
P. relictum 12.56 (9.06, 14.41) 34.46(31.38, 37.72)

12.01 (11.04, 13.79)
11.92(11.083, 12.94)

Haemoproteus spp.

(
(
(
(

Leucocytozoon spp. 29.95(28.1, 31.94)

29.48 (28.03, 31.78)

C (2.5, 97.5) %Cl 6(2.5,97.5) %Cl

0.000116 (9.6e-5, 1.5e-4)
0.000122 (9.8e-5, 1.5e-4)
0.000157 (1.0e-4, 2.2e-4)
0.000299 (1.4e-4, 4.7e-4)
0.000425 (1.9e-4, 7.0e-4)

0.01 (9.0e-3, 0.03)
0.02 (0.01, 0.03)
0.01 (6.3e-3,0.03)
0.08 (0.05, 0.16)
0.11 (0.05, 0.23)

Note: % Cl is the confidence interval. The quantity C and ¢ represent scaling parameter and standard deviation assuming normal distribution of the

likelihood. % Cl is the confidence interval.
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exceptions were: using the mean temperature led to transmission in
March while using the diurnal temperature range led to transmission
in April for Haemoproteus. In March, there was no transmission pre-
dicted using the diurnal temperature range while mean temperature
range predicted EIP days of 12.79 +11.96 for Leucocytozoon.

Our comparisons of mean temperature collected using experi-
mental logger data and WorldClim data from 2014 to 2015 showed
threshold temperature not supporting parasite transmission at
the high-elevation site (3200m) throughout the year (Figure 5).
However, at the 2600m site, P. vivax transmission was predicted
from May to September and April, whereas experimental data sug-
gested only in April. For avian parasites, P. relictum, Haemoproteus,
and Leucocytozoon, the window in which transmission is predicted
is largely similar using these two source datasets, albeit leading to
longer EIP days with experimental data, with the only exception
for the month of April where these systematics are reversed. This
larger pattern was reversed at 1800m, with shorter EIP days with
experimental data as compared with using WorldClim data, with the
only exception again being for the month of April. The 2000 m site
showed closely similar transmission patterns for all parasites using
both datasets, again except for the months of March and April, for P.
relictum and Leucocytozoon.

3.3 | Predicting parasite range expansion

Using computed monthly mean temperatures extracted from global
climate projections (2021-2040) and our field data collected from
2014 to 2015, we compared the EIP for avian as well as the human
malaria parasites across the four Himalayan sites (Figure 6). The main
point was that for virtually all parasites, climate change scenarios
lead to an expansion of the transmission period in which parasite
survival is guaranteed as well as the lower EIP. The only exception
was the low-elevation site, Mandal (1800m), where a decrease in
average temperature is predicted leading to an increase in EIP. The
effects of climate change are known to be inhomogeneous, in gen-
eral, even as there is a secular increase in overall mean temperatures.

This counterexample to the general trend supports that observation.

3.4 | Comparison of EIP using historical and future
climate data

To understand the effect of climate change with the historical and
future climate temperature on the EIP, we have used average tem-
perature for the years 2000-2018 (historical temperature data) and
average temperature of 2021-2040 (future temperature data), using
data from WorldClim. The EIP calculated using both these data is
shown in Figure 7. The effects of global warming are clearly seen,
i.e., with high temperature for the years 2021-2040, the EIP is
shorter as compared with the lower temperatures across the period
2000-2018.
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4 | DISCUSSION

Understanding how changing global temperature affects the para-
site development rate is crucial to modeling the range of viability
of the malaria parasite changes with time. We explore these ques-
tions using a thermodynamic model that describes the nonlinear
relationship between developmental rate and temperature, for
five blood-borne parasites and their arthropod hosts. For this we
use a parametrization of the EIP proposed by Briére et al. (1999),
using Bayesian inference methods to estimate the relevant param-
eters using prior knowledge assembled using an extensive literature
search. For avian haemosporidia—P. relictum, Leucocytozoon spp.,
Haemoproteus spp.—we are not aware of any prior attempt to obtain
the constants defining the EIP as parameterized for the Briére equa-
tion. We believe this calculation presents those results for the first
time.

Using measures of mean temperature versus the diurnal fluc-
tuating temperature in the field, we demonstrated both spatial
and temporal variations in malaria transmission risk in the western
Himalayan region. Both human malaria and avian malaria prevalence
vary with season and intensity across these sites. We showed that
for all five vector-borne parasites, transmission was most strongly
constrained by temperature in high-elevation (3200m) environ-
ments throughout the year, and that different models provided
largely consistent results for lower elevations.

While the temperature and transmission windows we calculate
could fit within the life span of Anopheles species in general, it is im-
portant to note here that our study was primarily designed for the
forested habitat with no records of Anopheles species (Fl unpublished
data). We did not consider life span of any specific Anopheles mos-
quito species as only three Anopheles species from 300 to 2000m
were reported in the western Himalayan region and none implicated
for their role in malaria transmission (Devi & Jauhari, 2004). Given
that thermal tolerance differs by mosquito species when trans-
mitting the same pathogen (Villena et al., 2022) and could change
spatial extent of suitability of parasite transmission, our parasite
development rate could change if mosquito species were consid-
ered as the main factor. Nonetheless, malaria incidence has been
reported from human dominated hilly areas below 2000 m in west-
ern Himalayan region with high prevalence for Anopheles mosqui-
toes incriminated as prime malaria vectors (Shukla et al., 2007). Our
analysis showed that the temperature conditions are not condu-
cive for malaria transmission in the current scenario and the diurnal
temperature fluctuation has no effect on malaria transmission biol-
ogy. In line with the Government of India's National Framework for
Malaria Elimination in India 2016-2030 Program (NVBDCP, 2016),
it is crucial now to apply such approaches for identification of
hotspots using fine-scale data, which can help in addressing the
ecological drivers of malaria transmission (Mishra et al., 2016).
These temperature estimates have implications on defining the
parasite transmission limits across spatiotemporal scales: (i) EIP

responds in a nonlinear fashion to temperature and is sensitive to
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parameters

small changes in temperature, which could have significant effects
on the parasite transmission window (e.g., Blanford et al., 2013);
(i) hourly fluctuations in temperature are experienced in the field
by both mosquito and parasite, which could provide site-specific
insights into parasite transmission range at a small spatial scale.
While our data do capture these effects explicitly using mean ver-
sus DTR measures, we emphasized that using site-specific data is
important for deriving insights into malaria transmission range. Our
comparisons of EIP calculated using local meteorological data and
WorldClim data showed that relying on weather station data might
underestimate the parasite development in a highly seasonal eco-
system with distinct physiographic climatic conditions (e.g., Ishtiaq
& Barve, 2018; Srinivasan et al., 2018). It is important to highlight
those two temperature datasets will also affect other life-history
traits of mosquitos (e.g., survival, feeding frequency, vector compe-
tence, emergence, etc.), which are important in driving the parasite
transmission biology (Lalubin et al., 2013). Temperature is consid-
ered as the main driver for mosquito emergence and spring phenol-
ogy. The overlap in phenology of parasites and vectors produces
spring relapses and new infections in breeding avian host popu-
lations (Santiago-Alarcon et al., 2011). Generally, mosquito-borne

pathogens rely on frequency-dependent transmission where abun-
dance, community composition, and their contact rates govern the
parasite transmission (Lalubin et al., 2013). Vector phenology and
abundance are mainly driven by ambient temperatures that trigger
larval development (Beck-Johnson et al., 2013; Jarosik et al., 2011)
and precipitation that provides egg-laying opportunities. However,
vector populations respond nonlinearly to both temperature and
precipitation, e.g., increasing temperatures and precipitation favor
reproduction and may result in higher abundances, but this will be
reversed when exceeding the thermal optimum or a precipitation
threshold (Mordecai et al., 2019).

The changing climate has rapidly influenced the rainfall, tem-
perature, and vegetation phenology. These changes are causing
shifts in the timing of species activity. For example, a surge in tem-
perature has shifted timing and length of breeding season in birds
(Hallfors et al., 2020), leading to mismatch with optimal resource
abundance, which is vital for reproductive success. For short-lived
ectotherms, the spread of mosquito species to new habitats in high
elevations, short generation times, high population growth rates,
and strong temperature-imposed selection could lead to fast adap-
tation (Couper et al., 2021).
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FIGURE 4 Extrinsic incubation period (EIP) in days of P. falciparum, P. vivax, P. relictum, Haemoproteus, and Leucocytozoon for four sites
of the western Himalayas. These are calculated using mean temperature (circle) and diurnal temperature range (DTR) (star) from May 2014 to
April 2015. Bar represents the standard deviation.
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FIGURE 5 Extrinsic incubation period (EIP) in days of P. falciparum, P. vivax, P. relictum, Haemoproteus, and Leucocytozoon for four sites in
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FIGURE 6 Comparison of extrinsic incubation period (EIP) in days of P. falciparum, P. vivax, P. relictum, Haemoproteus, and Leucocytozoon
for four sites of the western Himalayas. Using mean temperature data (May 2014-April 2015, circle) and future climate data (2021-2040,

triangle). Bar represents the standard deviation.
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FIGURE 7 Comparison of extrinsic incubation period (EIP) in days of P. falciparum, P. vivax, P. relictum, Haemoproteus, and Leucocytozoon
for four sites of the western Himalayas. Using mean temperature data (May 2000-April 2018, hexagon) and future climate data (2021-2040,

triangle).
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In the western Himalayan context, the thermodynamic model
showed that the EIP days do not support transmission of avian hae-
mosporidians parasites at high-elevation sites (3200m). However,
EIP days have limited transmission windows for Plasmodium,
Haemoproteus, and Leucocytozoon from 1800 to 2000 m. This further
implies that low- to mid-elevation sites have optimal conditions and
lack thermal constraints for parasite transmission during peak breed-
ing season (April-May). Ishtiag and Barve (2018) showed that the
probability of infection with Plasmodium parasite declines steeply
with elevation. In contrast, Leucocytozoon spp. infection risk in-
creases with elevation; however, most of these infections were sub-
microscopic in high elevation in breeding season (April-May). This
contrasts with studies on the ecology of haemosporidia in temper-
ate regions where birds with latent infections return to the breeding
grounds and experience a relapse, with increase in parasites visible
in the blood stages (Applegate, 1970; Becker et al., 2020). In general,
parasite intensity showed a significant decline with elevation in the
breeding season (April-May) and an increase across mid-elevations
in the nonbreeding season. The absence of gametocytes (infective
stage) in the blood during spring season or late emergence of vec-
tors due to environmental conditions could lead to the disruption of
transmission cycles (migratory mismatch).

Our data support the hypothesis that avian Plasmodium,
Haemoproteus, and Leucocytozoon are currently restricted by ther-
mal gradient and provide an ecological explanation for absence
of gametocytes in breeding season at high elevation. This further
implies that fledgelings might be at the risk of haemosporidian
(Haemoproteus) infections from June to August, which coincides with
peak emergence of Culicoides spp. in 2000-2600m sites (Ishtiaqg et al.
unpublished data). Using a thermodynamic model, we supported the
Plasmodium relictum transmission scenario in Hawaiian Islands using
degree-day models with 13°C as minimum temperature and 30°C as
maximum temperature threshold to complete sporogonic develop-
ment (LaPointe et al., 2010).

We used climate models to interrogate how changing tempera-
ture from 2021 to 2040 could potentially lead to an expansion of
the temperature range conducive for malaria transmission in high-
elevation zones. Using mean temperature data, we found low-
elevation sites (1800 m) might experience unsuitable conditions for
parasite transmission in the future, which suggests that some hab-
itats that are currently too cool to sustain vector populations may
become more favorable in the future, whereas others that are drying
may become less conducive to vector reproduction. Therefore, the
geographic ranges of mosquitoes may expand or be reduced, which
may cause parallel changes in the population of malaria pathogens
they transmit. Such expansion also increases the time window of
malaria transmission resulting in a larger number of generations
of parasites per year that can positively affect parasite abundance
(Schroder & Schmidt, 2008).

One of the limitations of our study is the use of 1-year data to
define these thermal effects at a small spatial scale. To quantify
these temperature effects at a fine scale, we need long-term data
across multiple sites. Nevertheless, the mean temperature variation
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using field data and WorldClim records exhibited similar patterns in
parasite transmission range. Furthermore, our modeling using mean
versus hourly temperatures captures the EIP variation, which is cor-
roborated by the prevalence and intensity of parasites characterized
in avian hosts. Our data illustrate the contrasting thermal environ-
ments that can exist across relatively small spatial scales within a
region and can have divergent effects on parasite development. Our
modeling approach can be applied to other life-history traits of par-

asites or vectors.
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