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Background. Immature stages of the malaria mosquito Anopheles gambiae experience high mortality, but its cause is poorly
understood. Here we study the impact of rainfall, one of the abiotic factors to which the immatures are frequently exposed, on
their mortality. Methodology/Principal Findings. We show that rainfall significantly affected larval mosquitoes by flushing
them out of their aquatic habitat and killing them. Outdoor experiments under natural conditions in Kenya revealed that the
additional nightly loss of larvae caused by rainfall was on average 17.5% for the youngest (L1) larvae and 4.8% for the oldest
(L4) larvae; an additional 10.5% (increase from 0.9 to 11.4%) of the L1 larvae and 3.3% (from 0.1 to 3.4%) of the L4 larvae were
flushed away and larval mortality increased by 6.9% (from 4.6 to 11.5%) and 1.5% (from 4.1 to 5.6%) for L1 and L4 larvae,
respectively, compared to nights without rain. On rainy nights, 1.3% and 0.7% of L1 and L4 larvae, respectively, were lost due
to ejection from the breeding site. Conclusions/Significance. This study demonstrates that immature populations of malaria
mosquitoes suffer high losses during rainfall events. As these populations are likely to experience several rain showers during
their lifespan, rainfall will have a profound effect on the productivity of mosquito breeding sites and, as a result, on the
transmission of malaria. These findings are discussed in the light of malaria risk and changing rainfall patterns in response to
climate change.
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INTRODUCTION
With over a million deaths and between 350 and 500 million acute

cases annually [1], malaria remains one of the most important and

widespread tropical infectious diseases in the world. Over 75% of

the fatal cases occur among children living in sub-Saharan Africa

[2]. In this region, two sibling mosquito species Anopheles arabiensis

Patton and An. gambiae Giles sensu stricto (hereafter referred to as

An. gambiae) both belonging to the An. gambiae sensu lato complex

and An. funestus Giles, are the principle vectors of malaria.

The immature stages of An. gambiae require an aquatic

environment to develop and are often found in transient, sunlit

and generally small pools [3–6]. The availability of these aquatic

habitats depends on precipitation [6–8]. Precipitation creates new

breeding sites and adds water to existing ones. The availability,

persistence and dimensions of mosquito larval habitats depend to

a large extent on the frequency, duration and intensity of

precipitation.

Mortality during the development of the larval stages is very high.

Various studies have reported that only a small fraction (2–8%) of the

larvae that hatched eventually survived to the adult stage and

attributed this to the presence or absence of predators, parasites,

pathogens [9–12] or cannibalism [13]. Other biotic factors that may

affect survival are predation by sibling species [14] and other

interactions between sibling species [15]. Abiotic factors such as

temperature [16–18] may also affect larval mortality.

It has been suggested that precipitation could affect larval

population dynamics by flooding habitats and consequently

flushing out larvae [19–22]. Tuno et al. [23] observed a high

larval mortality in open habitats in the western Kenya highlands

and suggested a damaging effect of raindrops on larvae. The

possible effect of mortality by the direct hit of a raindrop was

studied by Mason [in: 19], who exposed larvae to rain showers and

by Robert et al. [24], who exposed larvae to artificial rain.

However, in both studies no damaging effect was observed. Russell

et al. [19] proposed that the direct damage to anopheline larvae by

precipitation may depend on raindrop size.

The Intergovernmental Panel on Climate Change (IPCC)

expects significant variation in rainfall in tropical Africa in

response to global warming, whereby East Africa in particular is

likely to experience an increase in annual mean rainfall [25].

Hulme et al. [26] predicted a similar pattern in equatorial East

Africa but the expected increase in rainfall during December-

February varied from 5–30% to 50–100% depending on the speed

of global warming. An increase in rainfall will increase the

availability, persistence and dimensions of larval habitats, although

this will depend on parameters such as local evaporation rates, soil

percolation and slope of the terrain [27]. Moreover, an increase in

rainfall may have negative consequences for mosquito populations

by impacting the immature life stages through excessive flooding

or by direct hits.

The biotic and abiotic factors that affect life history traits such as

growth, development and survival of the immature stages of An.

gambiae s.l. require more attention, as they will affect productivity

in the breeding site and determine the abundance, distribution and

fitness of the resultant adult mosquito populations, which will

consequently affect the malaria transmission. Here we explore the

effect of natural rainfall, a density-independent factor, on flushing,
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ejection and mortality of larvae of the malaria vector An. gambiae

under ambient conditions in western Kenya.

RESULTS

Experiment I-Flushing and Mortality of An. gambiae

Larvae
Meteorological Data Experiments were carried out on 45

nights without and on 26 nights with rainfall. The total quantity of

rainfall varied from 0.2 to 39.8 mm per night and the maximum

rainfall intensity recorded was 9.5 mm in 5 minutes. During nights

with rainfall, the total rainfall quantity was significantly correlated

with the highest rainfall intensity (r = 0.95, p,0.001) and with the

duration of precipitation (r = 0.93, p,0.001). Highest

precipitation intensity and precipitation duration were also

significantly correlated (r = 0.79, p,0.001). Figure 1 shows the

total quantity of rainfall and the maximum rainfall intensity (per

5 minutes) per night during the study period.

Comparing nights with and without rainfall, there was no

significant difference in the average air temperature and the

average wind speed. The average air temperature was 21.6

(S.E.M.60.1, range 18.8–24.2)uC and 20.8 (60.1, range 18.5–

24.1)uC and the average wind speed 0.7 (60.0, range 0.4–1.0) m/s

and 0.7 (60.0, range 0.5–1.0) m/s on nights without and with

rainfall, respectively.

The average maximum recorded wind speed was significantly

(p,0.05) higher during nights with rainfall (3.460.3, range 1.6–

6.3 m/s) than during nights without rainfall (2.760.3, range 1.0–

10.9 m/s).

Flushing Although this was unexpected, some larvae (on

average 0.960.3% and 0.160.1% of the first instar (L1) and

fourth instar (L4) larvae, respectively) were swept out of the basins

by flushing during nights without rainfall (Figure 2). There was no

significant difference between the percentages of larvae (for both

L1 and L4 larvae) that flushed out of the small and out of the large

basins. L1 larvae had a higher chance (p,0.001) of being flushed

than L4 during a night without rainfall (Figure 2). Flushing of L1

larvae during nights without rainfall was significantly correlated

with average wind speed (r = 0.13, p,0.05), but not significantly

correlated with highest wind speed recorded that night. Flushing of

L4 larvae was not significantly correlated with either of those

variables.

During nights that experienced rainfall, there was no significant

difference between the percentages of larvae (for both L1 and L4

larvae) that flushed out of the small and out of the large basins.

Significantly (p,0.001) more L1 and L4 larvae were swept away,

during nights with rainfall compared to nights without rainfall

(Figure 2). The increase in flushing was 10.5% (increase to

11.461.2%) for L1 larvae and 3.3% (increase to 3.460.5%) for L4

larvae. During nights with rainfall, L1 larvae had a significantly

(p,0.001) higher chance of being flushed out than L4 larvae.

Mortality Mortality of larvae after a night with rainfall was

considerably higher than after a night without rainfall for both first

and fourth larval stages (Figure 2). The mean increase in mortality

during rainy nights was 6.9% (from 4.660.3 to 11.560.9%) and

1.5% (from 4.160.6 to 5.660.8%) for L1 and L4 larvae, respectively.

On all nights, with or without rain, the survival of L1 larvae was

significantly (p,0.001) lower than that of L4 larvae (Figure 2).

Overall Loss Adding the average percentage of mosquito

larvae that flushed out of their habitat to the average percentage of

larvae that did not survive an experimental night gives the average

total loss of the immature mosquito population per night. This

Figure 1. Rainfall during the study period. Total rainfall quantity, including maximum rainfall intensity (in grey), per night from April 10 (Day Of Year
100) up to July 27 (DOY 208). The arrows indicate missing data. Note that DOY 141 up to 167 are omitted from the figure, as no experiments were
carried out.
doi:10.1371/journal.pone.0001146.g001
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amounted to a loss of 23% for L1 larvae and 9% for L4 larvae

during a night with rainfall. During nights without rainfall these

losses were 5.5% and 4.2% for L1 and L4 larvae, respectively,

caused mostly by natural mortality. After correcting for the latter,

the average increase in overall loss was 17.5% for L1 and 4.8% for

L4 larvae during rainfall events.

Experiment II-Ejection of An. gambiae Larvae
Meteorological Data Experiments were carried out during 29

nights without and 16 nights with rainfall. The total quantity of

precipitation varied from 0.2 to 30.4 mm per night. The

maximum rainfall intensity recorded was 9.5 mm in 5 minutes.

Comparing nights with and without rainfall, there was again no

significant difference in the average air temperature and the

average wind speed.

Ejection No mosquito larvae were ejected from their original

basin during nights without rainfall. During nights with rainfall,

1.3 (60.6)% of the L1 larvae and 0.7 (60.4)% of the L4 larvae

were ejected from their original basin. The difference between

nights without and with rainfall was significant for L1 (p = 0.001)

and L4 (p,0.05) larvae but the chance of being ejected was similar

for L1 and L4 larvae. When ejection occurred, more larvae were

recovered from the medium tray (short distance) than from the

large tray (long distance). There was no significant difference

between the total percentage of larvae being ejected and the

percentage of larvae being ejected into the medium basin.

DISCUSSION
Precipitation flushed, ejected and killed a significant proportion of

larvae of An. gambiae in different stages of development. Young larvae

(L1 stage) experienced the highest flushing, ejection and mortality,

while the oldest larvae (L4 stage) were better able to withstand the

effects of precipitation. We did not investigate the impact of rainfall

on the second and third instar larval stages, but assume that their

respective loss values lie within those found for the L1 and L4 stages.

The observed flushing of larvae on nights without rainfall was

significantly correlated with wind speed. We occasionally observed

that the water rippled due to gusts of wind and drops of water

washed over the rim of the basins. Because larvae tended to be

situated at the air-water interface at the rim of the basins (personal

observations) and it is known that they aggregate [7,9], larvae may

have been flushed out of the basin by the turbulence caused by wind.

Under natural circumstances, breeding sites must fill up gradually

before water runoff takes place. Most of the larval flushing will be

related to runoff that creates small temporary streams, rather than

rain that falls directly into the habitat. This is clearly related to the

hydrology and shape of the larval habitats and cannot be easily

replicated in an experiment. The basins in the present study were

filled to the brim, which may have resulted in a larger number of

larvae being flushed out during rainfall compared to sites that need

to fill up first. On the other hand the basins were levelled, which may

have led to an underestimation of the proportion of larvae that were

flushed out. Under natural circumstances, water runoff will be

Figure 2. Losses of Anopheles gambiae larvae during nights with and without rainfall. Percentages of L1 and L4 larvae of An. gambiae that were
flushed away or died and the overall loss during nights without rainfall (on the left) and nights with rainfall (on the right). The asterisks (***) indicate
the level of significance between L1 and L4 larvae (p,0.001). The error bars indicate the standard error of the mean.
doi:10.1371/journal.pone.0001146.g002
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stronger, as this will be concentrated at the lowest point of the edge of

a breeding site instead of all around the edge as was the case in the

experimental setup.

It appeared difficult to recover dead larvae because of the soil

particles that had accumulated in the basins due to splashing

around the basins. Therefore, larvae that were unaccounted for

could either have died in the setup or have been ejected from the

experimental basins. Theoretically, larvae that were categorized as

flushed out could also have been ejected into the overflow basins.

Ejection may have occurred if larvae were present at the air-water

interface, just outside the centre of a raindrop-impact. When

a raindrop hits the water surface, water is splashed away. It is

conceivable that these spatters could contain a mosquito larva and

that this larva is then flung away. However, our second experiment

showed that the effects of ejection of larvae from the breeding site

by precipitation were small, although significant. Ejection cannot

occur on dry nights, so any loss caused by ejection on rainy nights

will be noted but is unlikely to add greatly to larval flushing and

mortality. This is similar to an earlier finding of Robert et al. [24]

who observed a weak dispersal by ejection of larvae of An. arabiensis

when they were exposed to artificial rain.

Being flushed out of or ejected from their habitat onto the muddy

surroundings does not necessary imply the death of mosquito larvae.

Larvae of An. gambiae s.l. are able to move actively over moist soil

[28,29] and may therefore reach a new body of water or return to the

same one. Moreover, larvae may flow passively with runoff over the

soil [29]. The percentage of immatures that reaches a new habitat

remains unknown and will depend on a variety of factors, such as the

duration and quantity of rainfall, geographical parameters and

distance to nearest body of water. However, larvae that are swept out

of their natural habitat are likely to suffer higher mortalities then

those that are left in the breeding site.

The observed higher mortality of mosquito larvae after rainfall

may have several causes. Serious damage may be inflicted by the

force of the impact of the drop when a larva is present near the water

surface in the centre of a raindrop-impact. A small experiment

whereby An. arabiensis was exposed to artificial rain showed no

mortality as a result of the shock due to raindrops [24]. Russell [19]

mentioned that the direct damage done to anophelines by rain will

conceivably depend on size of the raindrops.

Another explanation for the observed mortality is the

occurrence of water currents during rainfall. A longer period of

turbulent water may exhaust mosquito larvae if they actively try to

move away from the water surface to avoid being hit by a raindrop

or to avoid being flushed out of their habitat, or if they actively try

to reach the air-water interface for oxygen. It was observed that

larvae were less present at the air-water interface during rainfall

when they were not shielded from rain (KPP, unpublished data)

and it is known that the diving behaviour of larvae of An. gambiae

can kill them [30], as such behaviour has energetic costs. When

larvae are not able to obtain oxygen at the air-water interface, they

can survive from 8.5 to 10.6 hours, depending on the larval stage

[31], but this has not been tested in turbulent waters.

The significant loss of larvae due to rainfall will as a result

decrease the larval density in a breeding site, which will lead to

a lower competitive pressure for food and space. Whether such

lower densities are advantageous for the development time and

survival of the immatures of An. gambiae is not clear, as various

studies in which the effect of density on mosquito life-history traits

was examined, are ambiguous. In two laboratory studies,

survivorship decreased at higher densities [15,16], although the

latter study showed that density strongly interacted with rearing

temperature. In contrast, another laboratory study [32] showed

that increasing densities (up to 2.6 larvae/cm2) had no effect on

survivorship and similar results were obtained when larvae were

reared outdoors in artificial habitats in Kenya [33]. In the same

outdoor experiment, the development time was reduced when

larval densities were lower [33]. One laboratory study showed

a similar result [32], whereas in another study the age at pupation

under laboratory conditions was shorter when densities increased

[16]. The observed differences are probably due to differing set-

ups of the studies and therefore more research is required to

examine the relationship between the density and the development

and survival of the immatures.

Rainfall may also affect the mosquito larvae indirectly, by flushing

out the predators and pathogens that may have previously colonized

the same habitats. This could increase the survival of mosquito larvae.

Furthermore, rainfall decreases the water temperature [34], as the

raindrop temperature is less than that of surface water, and this

decrease, which is larger in smaller water pools (KPP, unpublished

data), may affect larval development and survival as well.

The effects of rainfall on other malaria mosquito species, e.g.,

An. arabiensis and An. funestus may be different and need to be

studied in more detail. A recent study [31] showed that both An.

arabiensis and An. gambiae express a similar diving behaviour, but

this was different than that of An. funestus, which dives less

frequently. Charlwood & Edoh [35] suggested a difference in

rainfall tolerance between larvae of An. gambiae and An. arabiensis,

based on their numbers prior to and after heavy rainfall.

Besides investigating other malaria mosquito species, the effects of

rainfall on the pupal stage of An. gambiae needs to be examined. This

life stage is very important, as the emergence of adult mosquitoes

determines the productivity of a breeding site. Romoser and Lucas

[36] suggested that pupal diving behaviour during heavy pelting

rains helps them to avoid drowning and being flushed away. Pupae

have a ventral air space containing gas, which may be disrupted by

a direct hit from a raindrop, causing the loss of hydrostatic balance.

Once this balance and buoyancy are affected, they cannot be

restored and the pupae eventually drown [37].

Furthermore, the long-term effects of precipitation on An.

gambiae immatures require more attention. Rainfall may result in

larval stress and larvae may have to consume more energy during

rainfall, which may affect life history traits such as development

time, survival and adult size.

This study showed that rainfall killed An. gambiae larvae and

flushed them out of their habitat, resulting in additional nightly

losses of 17.5% of L1 larvae and 4.8% of L4 larvae, compared to

nights without rain. Mortalities of the second and third instar

larvae are likely to lie in between these values. Our data showed

the loss experienced by rainfall during one night only. It is likely

that larvae will be exposed to more frequent rain showers during

their lifespan, resulting in a large population decrease due to

flushing and mortality. During our study it rained on average once

every three nights, although there were periods with daily rainfall

and periods of several days without rainfall. Combined with the

knowledge that larvae of An. gambiae s.l. may take between one and

three weeks to develop into adult mosquitoes under ambient

conditions in the field [22,33], larvae may experience three or

more nights with rainfall during their lifespan. The proportion of

larvae of one generation that may be flushed away and killed

during their lifespan will be substantial and therefore rainfall per se

will affect larval population dynamics dramatically.

These effects of precipitation on mosquito populations should be

considered in the light of climate change and malaria risk. Small

changes in temperature and precipitation would directly affect the

development of parasites and the behaviour and geographical

distribution of the vectors [38,39]. If the predicted increases in

rainfall in East Africa [25,26] were to occur, the spacing of the rains

Rainfall on Anopheline Larvae
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will be an important determinant affecting the rates at with which

mosquito populations will grow and efficiency with which they will

transmit diseases [40]. Increases in rainfall will directly result in an

increase in the number and a longer persistence of aquatic habitats.

However, such increases will result in higher numbers of larvae that

are flushed away and a higher larval mortality, as we observed

moderate but significant correlations between larval flushing,

ejection and mortality (especially of L1 larvae; Table 1) and rainfall

quantity, maximum intensity and duration. Therefore, more rainfall

not only results in more mosquito breeding sites, which may in turn

lead to an increase in malaria vectors, but it will also result in a large

decrease of the existing immature populations, which leads to

a reduction in emerging adults of that generation. Therefore, spacing

of rainfall events should be viewed as an important determinant in

the productivity of An. gambiae breeding sites, and hence in the

mosquito population dynamics and transmission of malaria. Climate

change, causing increased precipitation and frequency of rain

showers, may thus indirectly affect malaria and other mosquito-

borne diseases by impacting the larval populations.

MATERIALS AND METHODS

Anopheles gambiae Mosquitoes
Outdoor experiments were carried out on the grounds of the

Kenya Medical Research Institute (KEMRI) in Kisumu, Kenya

and started at 17:00 h (or one hour earlier at times when a rain

shower was developing). Newly hatched L1 or L4 larvae of An.

gambiae (Kisumu strain, maintained in the Vector Biology Control

and Research Center at KEMRI) were used and they were fed

0.3 mg TetraminHBaby fish food (TetraWerke, Melle, Germany)

per larva at the start of each experiment. The tap water used in the

experiments originated from a well at KEMRI and was stored in

large containers for a few days prior to the experiments, to allow

the sediments and other inorganic particles to settle. The next

morning (09:00 h) all experimental basins were examined twice for

larvae and their numbers (dead, alive and not recovered) recorded.

Experiment I-Flushing and Mortality of An. gambiae

Larvae
To asses the extent of flushing of the larvae during rainfall and to

see whether rainfall is a noticeable mortality factor, an experiment

was carried out from April to July 2005, a period that covered part

of the long rainy season that occurs annually in western Kenya.

Small-sized (Ø 16 cm, 5 cm deep; hereafter referred to as small

basin) or large-sized (Ø 30 cm, 9.5 cm deep; large basin) circular

plastic basins were placed separately in the middle of a larger basin

(Ø 41 cm, 16 cm deep; overflow basin). By using a thin metal frame,

the rims of the small/large basin and the overflow basin were

placed at the same height. The experimental setup (Figure 3A) was

levelled horizontally and the small and large basins were filled with

water to overflowing. Each overflow basin was filled with 2 cm

water, to prevent larvae from desiccating after flushing, and was

provided with two screened (0.20 mm mesh size) outlets (Ø 1 cm

in diameter) to allow excess rainwater to run off but prevent larvae

from flushing out of the overflow basin during precipitation. The

overflow basins were placed a few centimetres apart in a trench so

that the upper edge of the experimental setup was at the same level

as its surrounding soil and excess rainwater could run off freely. At

the start of each experiment (17:00 h), twenty L1 or L4 larvae

were placed in the small and large basins, each immature stage

having four replicates in each size basin.

Experiment II-Ejection of An. gambiae Larvae
Because ejection of larvae from the basins caused by the impact of

raindrops was suspected, we subsequently studied the possible

occurrence of this phenomenon in a separate experiment from

May to July 2005. A plastic basin (Ø 16 cm, 5 cm deep; hereafter

referred to as small basin) was placed inside a larger plastic basin (Ø

30 cm, 9.5 cm deep; medium sized basin) and a thin metal frame kept

the rims of the basins at the same level. The medium sized basin

was placed inside a larger plastic basin (Ø 54.5 cm, 19 cm deep;

large basin). For reasons mentioned in experiment 1, each basin was

provided with two screened (0.20 mm mesh size) outlets (Ø 1 cm

in diameter) and the large basins were placed a few centimetres

from each other in a trench. The experimental setup (Figure 3B)

was filled with water until the water level in all basins had reached

the overflow outlets. At the start of each experiment (17:00 h),

twenty L1 or L4 larvae were placed in the small basin, each

immature stage having three replicates.

Meteorological Data
The quantity of rainfall (mm) was measured with an automated

rain gauge (Eijkelkamp, The Netherlands; opening at 0.9 meters

height; threshold 0.201 mm), wind speed (m/s) was recorded two

meters above ground with a cup anemometer (Meteorology and

Air Quality, Wageningen University, The Netherlands) and the air

temperature (uC) was measured two meters above ground with

a shielded and ventilated probe (Vaisala, Finland). Every

5 minutes, total quantity of precipitation and average wind speed

and air temperature were stored on a data logger (216
MicroDataLogger, Campbell Scientific, U.K.).

Statistical Analysis
Flushing was calculated as the percentage of living larvae found in

the overflow basin out of the total number of larvae that survived

and mortality as the percentage of dead larvae in all basins out of

the total number of larvae at the start of the experiment. Ejection

was calculated as the percentage of living larvae recovered outside

the small basin out of the total number of larvae that survived.

Larvae that were not recovered were assumed dead. Larvae that

had died were excluded from the flushing and ejection analysis as

they were unable to respond actively to the rainfall. An L4 larva

occasionally moulted to a pupa. These pupae were excluded from

the analysis. Data were analyzed with the SPSS software (v. 14.0,

Table 1. Correlation between flushing, mortality and ejection
of L1 and L4 instar larvae of An. gambiae and various rainfall
variables during nights with rainfall.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Flushing Mortality Ejection

L1 larvae

Rainfall quantity (mm night21) 0.49*** 0.25*** 0.49***

Rainfall max. intensity (mm 5 min21) 0.36*** 0.18* 0.47**

Rainfall duration (minutes night21) 0.57*** 0.28*** 0.36*

L4 larvae

Rainfall quantity (mm night21) 0.30*** ns 0.39**

Rainfall max. intensity (mm 5 min21) 0.23*** ns 0.35*

Rainfall duration (minutes night21) 0.38*** ns 0.33*

Spearman’s rank correlation coefficients and their level of significance are given.
(*)p,0.05
(**)p,0.01
(***)p,0.001
(ns) not significant
doi:10.1371/journal.pone.0001146.t001..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.

Rainfall on Anopheline Larvae

PLoS ONE | www.plosone.org 5 November 2007 | Issue 11 | e1146



SPSS Inc., Chicago, IL), using the Mann-Whitney U test.

Correlations between flushing, mortality and ejection on the one hand

and rainfall and other weather variables during an experimental

night on the other hand were obtained with the Spearman’s rank

correlation test.
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