Protocol S2: Developing global biological limits for Plasmodium falciparum transmission

The temperature mask

Temperature affects many aspects of mosquito physiology [1]. One aspect critical for malaria transmission is the temperature dependence of sporogony: the time it takes for sporozoites to develop and become infectious in Anopheles. A method for estimating the duration of sporogony has been proposed, based on the number of degree-days required by the parasite to complete development [2,3], for malaria the sum of the number of degrees in a day by which the mean temperature exceeds the minimum required for the development of sporozoites. Nikolaev [4] showed that the degree-days required for the maturation of sporozoites in an An. maculipennis population from Russia were 105 for P. vivax, 111 for P. falciparum and 144 for P. malariae and that parasite development ceased below 16oC for P. falciparum and P. malariae and below 14.5oC for P. vivax. The duration of sporogony (DS) in days can thus be calculated as:
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where DD are the parasite species-specific degree-days, TMEAN is the mean ambient temperature and TMIN is the minimum temperature required for parasite development.

Figure 1 plots the results of the above equation for P. falciparum, P. vivax and P. malariae development in An. maculipennis. It shows that P. vivax is able to develop at the lowest temperatures, followed by P. falciparum and P. malariae, thus helping explain the species specific latitudinal limits of the parasites globally [5,6]. The figure also shows that the length of sporogony of P. falciparum increases rapidly when temperatures drop below 22oC. The curve never reaches a true asymptote on the y-axis; but the duration of sporogony becomes so extended that few anophelines will survive long enough to inoculate humans and at 16oC parasite development ceases entirely. Conversely, as temperature increases the duration of sporogony decreases, so that at 30oC it can take less than ten days. Obviously, the duration of sporogony then becomes limited by parasite and vector survival, which plummet as temperatures rise above 32oC [7]. The duration of sporogony is dependent fundamentally on enzyme kinetics [8] and thus widely assumed to be relatively independent of vector species. It is the interplay between the duration of sporogony and the species-specific longevity of the Anopheles vector that forms the basis of the temperature mask.
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Protocol S2, Figure 1. The relationship between the duration of sporogony and temperature for P. falciparum (dark red), P. vivax (blue) and P. malariae (green). The open circle indicates the temperature below which the length of sporogony for P. falciparum is not outlived by most vectors, which corresponds to 31 days at circa 19.58oC (dotted orange lines). The dashed red line indicates the absolute temperature below which P. falciparum development ceases at 16oC.

Kiszewski et al. 


[9] ADDIN EN.CITE  provide a comprehensive review of the longevity of Anopheles from natural and experimental studies of the bionomics of 33 malaria vectors worldwide that were viewed to be dominant contributors to local transmission. The resulting summary of daily survival rates for adult anophelines was found to be so variable that the authors used a median value for all vectors for their malaria stability index. The mean daily survival rate was 0.846 for all Anopheles, ranging from 0.682 for An. albimanus to 0.950 for An. sergentii.
We have further limited the criteria for dominant vector species by insisting that they were indicated as dominant in local malaria transmission by all four of the following authors 


[9-13] ADDIN EN.CITE . The daily survival rate for the 19 main/dominant vectors by region was used to determine the fraction of the population surviving over successive days (Figure 2). Although temperature will affect other parameters of the basic reproduction rate of infection [14], including biting and resting vector habits, it seems reasonable to consider the proportion of the population surviving 31 days as the critical point of interruption of P. falciparum transmission. To a close approximation, most vector populations would have been reduced to 99% of their original population size within 31 days. The regional variation encountered in this approximation was then explored further.

In AMRO, the mean daily survival probability for the five regionally dominant vectors is 0.782. This means that 99.95% of an initial population would not survive 31 days (Figure 2, top left). By far the longest-lived vector in the region is An. pseudopunctipennis for which 98.09% of the population will have perished in 31 days; this makes this vector resistant to higher altitudes across its distribution in the Andean slopes [15]. Similarly, the mean daily survival probability for the three regionally dominant vectors in AFRO is 0.780. This means that 99.95% of an initial population would not survive 31 days (Figure 2, top right). In SEARO/WPRO the mean daily survival probability for the eight regionally dominant vectors is 0.836. This predicts that 99.62% of an initial population would not survive 31 days (Figure 2, bottom right). The longest lived vector in the region is An. dirus, for which 93.41% of the population will have perished in 31 days. This species is mainly a forest dweller 


[16,17] ADDIN EN.CITE  and therefore is restricted geographically and ecologically to a niche that does not suffer extreme temperature limits. Excluding areas where average temperatures were such that sporogony would not complete in 31 days was thus considered a biologically plausible and conservative limit of P. falciparum malaria transmission in these regions.

In EMRO the mean daily survival probability for the five regionally dominant vectors is 0.846. This indicates that 99.45% of an initial population would not survive 31 days (Figure 2, bottom left). This mean disguises two relatively long-lived vectors in the region: An. sergentii, which is an oasis breeder, and An. superpictus, which is another mountain foothill breeder 


[11,12,18] ADDIN EN.CITE . These species have longevities that predict that only 79.61% and 82.69% of their populations would have died after a 31-day period. The 31 days time limit was applied for this region, except where these species are dominant, where it was doubled to 62 days. This duration would result in a population mortality of 95.84% and 97.00% for An. sergentii and An. superpictus, respectively. The distributions of these vectors described by White [13] were digitized and the 62-day rule applied within these species ranges.
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Protocol S2, Figure 2. The fraction of the original population of Anopheles surviving by day for each dominant vector species of the World Health Organization (WHO) geographical regions. (AFRO, African Regional Office of the WHO, AMRO, American Regional Office of the WHO, EMRO, Eastern Mediterranean Regional Office of the WHO, EURO, European Regional Office of the WHO, SEARO, South East Asian Regional Office of the WHO and WPRO, Western Pacific Regional Office of the WHO). In all panels, the red line is the average survival fraction for the region and each species is identified by a unique colour shown in the top right of the panel. The black dotted lines mark the 31 days duration of sporogony limit. The green dotted line in the EMRO/EURO panel marks the 62 days criterion applied for An. sergentii and An. superpictus.

In summary, with the exception of An. sergentii and An. superpictus, it is rare for adult dominant vectors of malaria to survive longer than a month, with more than 99% of the average population dying after 31 days. The longer-lived vectors are generally those adapted to survive at higher altitudes or harsher conditions, such as is the case of An. superpictus and An. sergentii. Despite the fact that a relatively small proportion of the populations of these vectors are normally able to survive longer than one month, the numbers of individuals surviving might still pose a significant risk for malaria transmission by being able to support parasite development at lower temperatures. After two months, however, most individuals of both species (>95%) would also have succumbed.

Using average monthly temperature records estimated from a global climate surface [19], the duration of P. falciparum sporogony was estimated for each month. Those pixels where the duration of sporogony was 31 days or less were identified in each month. This provided 12 images with a binary outcome of whether P. falciparum sporogony could be completed in more or less than 31 days. The images were combined to identify the number of temperature suitable months available in a synoptic year (Figure 3). All pixels where the 31 days limit was not achieved for any single month (i.e. grey pixels in Figure 3), or two consecutive months in the geographic range of An. sergentii and An. superpictus, were used as a conservative mask to exclude areas where transmission is highly unlikely to occur.
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Protocol S2, Figure 3. An overlay of 12 monthly images of where the duration of sporogony exceeds 31 days, restricted to P. falciparum Malaria Endemic Countries (PfMECs). Pixels where the temperature did not reach 19.58oC in any single month of a synoptic year (here shown as grey areas within the PfMECs) were used to mask in all areas (except within the range of An. sergentii and An. superpictus were two consecutive months were required).

The aridity mask
Upper temperature limits were not defined on the basis of physiological tolerances of vectors measured in laboratories 


[20-23] ADDIN EN.CITE  as these were so high as to be rarely achieved in nature and often subject to behavioural avoidance 


[20] ADDIN EN.CITE . We preferred a partial surrogate for extreme aridity: a hybrid measure encompassing both high temperature and low water availability.

The ability of adult vectors to survive long enough to contribute to parasite transmission and their eggs and larvae to survive in sufficient numbers to sustain transmission is dependent on the level of humidity and the species-specific ability to withstand arid conditions 


[24-26] ADDIN EN.CITE . Hyper-aridity is the main criterion used to define a desert biome [27] and, therefore, identifying desert extents was assumed to be an accurate proxy for the extreme mask to limit the risk of malaria transmission.

These potentially limiting conditions prevail in deserts and their fringes found in malaria endemic countries, notably the Sahara (and the Sahel), the Namib, the Arabian and the Thar deserts, as well as the northern arid areas of East Africa and Peru (Figure SI B4). Since in these areas optimum growth of most plants is hindered, a proxy for vegetation cover can be used to classify arid areas [28]. Such a proxy can be derived from satellite sensors by combining the information of different channels of the electromagnetic spectrum to derive vegetation indices [29]. One of the most commonly used is the normalized difference vegetation index (NDVI) [30], available as a multitemporal series from the Advanced Very High Resolution Radiometer sensor [31] and, more recently, from the MODerate-resolution Imaging Spectroradiometer (MODIS) sensor on board the Terra and Aqua satellites 


[32-34] ADDIN EN.CITE .
In addition to NDVI, MODIS products include the enhanced vegetation index (EVI) [34]. EVI is calculated similarly to NDVI, which is derived from two channels of the electromagnetic spectrum (red and near-infrared). EVI incorporates a third channel (blue) and corrects for some of the distortion caused by atmospheric particles and ground cover beneath the vegetation. This makes EVI a more robust index by offering improved sensitivity, particularly in areas with high biomass content where it saturates less than NDVI, but also reduced contamination throughout by particles in the air 


[32-34] ADDIN EN.CITE .
Temporal Fourier processed, monthly, bi-directional reflectance distribution function corrected EVI images 


[32,35,36] ADDIN EN.CITE  were reclassified using ArcView GIS 3.2 (ESRI 1999) to give a binary output of areas where EVI ≤0.1 and EVI >1. These reclassified images were then overlaid in pairs to produce 12 new images. The 12 pairs were then combined to identify pixels where conditions were suitable for transmission (i.e. where EVI pixel values in a synoptic year were higher than 0.1 for at least 2 consecutive months).
Despite strict quality control, these data are affected by atmospheric contamination in the form of clouds and aerosols, although these effects are less frequent in arid low rainfall areas with infrequent cloud cover. To avoid the introduction of these errors in the final mask, a sub-mask was used of only those territories within P. falciparum endemic countries that were defined as being at some level of risk according to PfAPI data and that overlapped with the arid areas defined by the EVI threshold. This included whole or partial territories of 20 PfMECs as follows: Afghanistan, Angola, Chad, Djibouti, Eritrea, Ethiopia, India (northwest), Iran, Kenya, Kyrgyzstan, Mali, Mauritania, Niger, Pakistan, Peru (northwest), Saudi Arabia (southwest), Somalia, Sudan, Tajikistan and Yemen.

The aridity sub-mask was applied in a step-wise fashion by which risk was down-regulated one class (i.e. stable to unstable and unstable to no risk). Therefore, the only areas where risk was excluded were those where PfAPI had already defined limited risk of malaria. The sub-mask was then applied on top of the PfAPI and temperature masks (Figure 1, bottom panel, main paper).
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Protocol S2, Figure 4. Overlay of reclassified monthly EVI images (≤0.1 and >0.1). The scale shows the number of ‘arid’ months occurring in each pixel in a synoptic year. Despite quality control, cloud contamination was still evident in some humid areas (e.g. Gulf of Guinea) as fine speckle. The red outline indicates P. falciparum risk areas where the aridity mask was applied to avoid introducing cloud-contaminated pixels in the final image.
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