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Abstract 
Background: Mosquitoes are responsible for spreading many diseases and their populations are susceptible to environmental changes. The ecosystems in the Three Gorges Region were probably altered because of changes to the environment during the construction of the Three Gorges Dam (TGD), the world's largest hydroelectric dam by generating capacity.
Methods: We selected three sites at which to monitor the mosquitoes from 1997 to 2009. We captured adult mosquitoes with battery-powered aspirators fortnightly between May and September of each year in dwellings and sheds. We identified the mosquito species, and examined changes in the species density during the TGD construction. We monitored changes in the species and density of mosquitoes in this area for 13 years during the TGD construction and collected information that could be used to support the control and prevention of mosquito-borne infections.
Results: We found that the mosquito species composition around the residential areas remained the same, and the density changed gradually during the TGD construction. The changes in the populations tended to be consistent over the years, and the densities were highest in July, and were between 3 and 5 times greater in the sheds than in the dwellings.
Conclusions: The mosquito species and populations remained stable during the construction of the TGD. The mosquito density may have increased as the reservoir filled, and may have decreased during the clean-up work. Clean-up work may be an effective way to control mosquitoes and prevent mosquito-borne diseases.
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1. Introduction
Mosquitoes (Culicidae), as vectors of some of the most distressing human diseases, such as malaria, filariasis, and Japanese encephalitis (Lees et al., 2014), are among the best-known groups of insects worldwide and have been the topic of extensive research among medical entomologists and parasitologists for many years (Lu et al., 1999 & Qu, 1999). Mosquito populations are susceptible to environmental changes, and the density and species composition of their populations may shift with changes in water control systems, such as reservoirs, irrigations canals, and dams.
The Three Gorges Dam (TGD) on the Yangtze River, China, is one of the largest hydropower  schemes in the world (Stone, 2011). The construction of the TGD officially began in 1994, and the Yangtze River was dammed in 1997 (http://news.sina.com.cn/c/p/2006-05-16/19469878563.shtml). It took 13 years, from 1997 to 2009, to construct the dam. The water level reached 135 m in June 2003, 156 m in September 2006, and finally reached its pilot water target level of 175 m in September 2008. In September 2009, the water level reached 171.43 meters (http://news.sina.com.cn/c/p/2006-05-16/19469878563.shtml). There were four phases of large-scale clean-up in 1997, 2002, 2006, and 2008 (http://news.sina.com.cn/c/p/2006-05-16/19469878563.shtml) associated with the dam construction. Both the ecosystems and the climate in the area surrounding the Yangtze River experienced direct changes because of the project (Wu et al., 2003 & Huang, 2004), which may have caused subsequent changes in mosquito populations and mosquito-borne diseases.
Before the TGD was constructed, Chinese experts carried out health assessment surveys and indicated that Japanese encephalitis (Bai et al., 2014) was endemic to the Three Gorges Reservoir Region and that there might be outbreaks of malaria (Chen et al., 1989) if mosquito breeding grounds were established during the reservoir construction. Mosquitoes, as the vectors of Japanese encephalitis and malaria, are very sensitive to changes in their ecological environment, which may lead to changes in density and species, thus leading to variations in the incidences of mosquito-borne diseases.
To prevent outbreaks of mosquito-borne infectious diseases because of the reservoir, measures were put in place to control mosquito populations and the mosquitoes and mosquito-borne infectious diseases were intensively monitored during the reservoir construction, over the period from 1997 to 2009. In this study, we report the results from entomological surveys carried out every two weeks along the Yangtze River at different distances from the TGD. We investigated the composition and density of mosquito populations during the TGD engineering, large-scale bottom clean-up works, and in the reservoir water over different periods from 1997 to 2009. The information collected during these surveys can be used to control and prevent mosquito-borne diseases during large-scale hydraulic engineering projects.
2. Material and methods
2.1. Study sites
The TGD is a hydroelectric dam that spans the Yangtze River adjacent to the town of Sandouping, between 29°16′–31°50′ N and 106°20′–110°30′ E, in Yiling District, Yichang, Hubei Province, China (Figure 1A). This region comprises 25 counties of the Chongqing Municipality and Hubei Province and has a population of 16 million people.
Based on their ecological features and distance to the TGD, and the consistency of the mosquito surveillance work, we chose three villages, one in the upper reaches, one in the mid-stream, and one downstream of the Three Gorges Reservoir (TGR) area, as study sites for our longitudinal survey (Figure 1b), as follows:

Site A: Shantuo (N29°46′, E106°59′), Changshou Town, Chongqing City. 
Site B: Jiulong (N30°44′, E108°24′), Longdu Town, Wanzhou District, Chongqing City. 
Site C: Toudaohe (N30°55′, E110°43′), Guojiaba Town, Zigui County, Hubei Province, the nearest site to TGD.
2.2. Mosquito capture and identification
Surveys were carried out simultaneously at the three study sites from 1997 to 2009. Adult resting mosquitoes, both male and female, were captured in selected premises with battery-powered aspirators (GB/T 23797) every fortnight from May to September of each year when the population densities were expected to be highest (Jing et al., 2004 & Yao et al., 2006). We selected ten fixed human dwellings and ten cattle sheds in each study village. The human dwellings had people living in them and were between 15 and 20 square meters in area, and the cattle sheds had cows, pigs, or sheep living in them. If we had to change a site, we replaced it with another similar neighboring one. The capture period lasted for between 1 and 2 hours, and started 1 hour after sunset to ensure the peak number of indoor resting mosquitoes was captured. Staffs use a flashlight to find the mosquitoes resting on the wall or any other things that could support for mosquito landing, and then capture the mosquito with battery-powered aspirators. Mosquito suction was maintained for 15 min in each survey point. We recorded the date, location, type of habitat (dwelling or shed), and the number of mosquitoes by species. The captured adult mosquitoes were identified using the morphological keys in Lu et al. (1997) by the staff from the local Disease Control and Prevention Centers (CDC).
2.3. Statistical analysis

Data were separated into the three study sites and the two habitat types. The (1) mosquito densities were aggregated into the number of mosquito captured per hour and the (2) annual average density from the monthly average density, as follows:
(1) Mosquito density (specimen/hour) = number captured in each 15 min period × 4 
(2) Annual average density (specimen/hour) = ∑mosquito density of dwellings and sheds (May to September)/10 
Data were stored and analyzed in Microsoft Excel 2010, and maps were generated by ArcGIS 9.3.

3. Results

3.1. Mosquito density and species

A total of 146,589 mosquitoes were captured in the three villages from 1997 to 2009. Of these, 116,436 (79.43%) mosquitoes were captured in cattle sheds at an average mosquito density of 166.45 mosquitoes per hour, while only 30,153 (20.57%) mosquitoes were found in the human dwellings, at an average mosquito density of 43.87 per hour. Most of the mosquitoes captured belonged to 5 species of 3 genera, namely Armigeres subalbatus (71.09%), Anopheles sinensis (12.17%), Culex pipiens (10.90%), Culex tritaeniorhynchus (3.47%), and Aedes albopictus (1.53%). A further 1231 (0.84%) mosquitoes that were not identified were recorded as other species (Table 1).

The overall mosquito density varied monthly between May and September, and was lowest in May and highest in July (Table 2 and Figure 2). The mosquito density decreased in the sheds and dwellings over the 13 years, and the mosquito density was between 3 and 5 times higher in the sheds than in the dwellings every month. The mosquito density also varied between the three villages, and was highest in Changshou, followed by Wanzhou, and was lowest in Zigui. The annual mosquito densities by site and habitat type are presented in Figure 3.
3.2. Impact of bottom clean-up work and the water impoundment on the mosquitoes
The mosquito densities decreased after the first clean-up work in 1997 (Figure 3), but at different times in the different sites. Three later clean-up works in 2002, 2006, and 2008 were accompanied by water impoundment in 2003, 2006, and 2008, during which the mosquito densities remained steady. The trends in both Anopheles sinensis and Culex tritaeniorhynchus were similar to those in the total mosquito density for the three sites individually.

Site A: Shantuo village, Chongqing
The total mosquito density decreased with the clean-up work in 1997, and stayed at the lower level for almost 2 years (1998–1999). The mosquito density was highest in 1997 before the first clean-up work. In the following 2 years, the mosquito density decreased to a minimum in 1999, and then subsequently increased in 2001. The mosquito density should have decreased after the clean-up work in 2002; however, it increased because of the reservoir water in 2003. The decrease that resulted from the clean-up in 2002 and the increase because of the reservoir in 2003, meant that the mosquito density remained constant through 2003 and 2004, and then increased slightly in 2005 and 2006. After an interval of 2 years, the 3rd and 4th clean-up works started in 2006 and 2008, respectively, during which the mosquito density continued to decrease, and reached a minimum in 2009. Thus, the mosquito densities did not increase after the reservoir filled with water in 2006 and 2008.

Site B: Jiulong village, Chongqing

The density was highest in Jiulong Village in 1997. The total density of the mosquitoes declined dramatically after the 1st and 2nd clean-up efforts in 1997 and 2002, respectively, but then increased in 2003 as the reservoir filled with water. The density decreased until 2006, and then increased as the reservoir water level increased in 2006, culminating in a small peak in 2007. The level then decreased until 2009 because of the clean-up works in 2006 and 2008. 
Site C: Toudaohe village, Hubei
Mosquitoes were collected from this site from 1997 to 2007. There may have been a delayed decrease in the total mosquito density after the clean-up work in 1997. The mosquito density increased from 1997 to 1998, and then decreased in 1999 and 2000. The density then increased, and reached a maximum, when the reservoir was filled in 2003, after which the total mosquito density continued to drop until 2007. 
4. Discussion

Five species of mosquito dominated our surveys, and the composition and populations remained smooth over the study period. The densities were highest in July, and the densities observed in the sheds were between 3 and 5 times greater than those in the dwellings. From the upstream area to the area downstream of the TGD, the mosquito density was at a minimum at Zigui, followed by Wanzhou, and reached a maximum at Changshou. We found that the mosquito density decreased after the clean-up work, and may have increased because of an increase in the reservoir water level.

The fact that the mosquito population comprised five domestic mosquito species indicates that the habitats converged around the residential areas surveyed during our study. Our study sites were in villages that were less than 2 kilometers from the Yangtze River, and we assumed that our study would reflect the impact of the construction of the TGD on the local mosquito density, as the distance to the Yangtze River was considered one of the most important influences on the ecology during the project. The area around the reservoir where people live has been impacted by human activities for many years. All around the villages, smaller areas of farmland have converged to form a large combined area. Li et al., (2006) arrived at the same conclusion in his study of birds in the Three Gorges Area (TGA). He reported that a main farmland shrub bird ecosystem had gradually formed in the TGA. In his study, Lu (1997) however, reported many more mosquito species in the TGA, perhaps because his study covered a greater geographical area than our study. Our results do not reflect the composition of mosquito fauna of the external environment across the entire TGA, but only the compositions of the mosquito populations in residential areas close to the Yangtze River.

The mosquito populations tended to change gradually over the study period, with maximum mosquito numbers observed in July. The changes between the different years were stable, reflecting the consistent breeding of mosquitoes around the residential areas close to the Yangtze River during the construction of the TGD. These smooth changes in the mosquito density show that the environmental factors that may have affected the mosquito populations close to the Yangtze River remained stable through these years. The mosquito densities may be consistent with changes in the temperature, humidity, rainfall, and other climatic factors (Qin et al., 2003). The densities were highest in July, reflecting the gradual increases in both the rainfall and temperature from June to July. 
The densities in the sheds were between 3 and 5 times greater than in the dwellings. As reported by Lu et al., 2014, who estimated the mosquito density with the light-trapping method, the higher mosquito density is related to the worse health conditions, lack of equipment to control mosquitoes, and the fact that the mosquitoes preferred the shed habitats, even though the conditions were better in the dwellings than the sheds. The human houses we surveyed in our study were just separated from the cattle sheds by either a wall or by a distance of no more than 50 m, and indeed, the distance between the sheds and dwellings was so small that the mosquito density in the dwellings was higher than the average value reported for China (China CDC, 2005-2006).

While there is the potential to alleviate poverty, promote economic growth, improve food security and mitigate floods by improving the hydraulic infrastructure, these objectives may be undermined by adverse health effects (Shen et al., 2004). When landscapes are changed, the microclimate of a habitat may also change, with impacts on the abundance, survivorship, and diversity of mosquito populations in an area (Shen et al., 2004). For example, by changing a landscape, new mosquito breeding sites may become established. Indeed, the malaria burden has increased in Cameroon (Atangana et al., 1979), Kenya (Johannes et al., 1981), and Mali (Caleb et al., 1996) because of dam construction. The incidence of malaria appears to be related to microdams in Ethiopia (Ghebreyesus et al., 1999). In 1924, the number of malaria cases increased by more than 7 times because of a 40-fold increase in the mosquito density during the construction of the Alabama reservoir in the USA (Li et al., 1999). When the Danjiangkou Reservoir, Henan Province, China, was being constructed in 1968, the dry land that replaced paddy fields around the reservoir provided suitable ecological conditions for mosquito breeding, such that the incidence of malaria in the reservoir area counties was significantly higher, and up to 17.5 times greater in 1970, than in the control counties (Shi et al., 2001).

The Three Gorges Reservoir Area has a history of tertian malaria and subtertian malaria epidemics (Li et al., 1999). The principal transmitting vectors in China are Anopheles sinensis and Anopheles anthropophagus, while the transmission vector in the Three Gorges Area is An. sinensis (Jiang et al., 2007). This area also has an endemic history of Japanese encephalitis of which Culex tritaeniorhynchus is the main vector (Wang et al., 2009). Monitoring data from 1996 to 2002 show that the number of vector-borne diseases in the TGA was higher than the average for all of China (Zhang et al., 2004).

The Three Gorges Dam Project Construction process was designed very carefully. The clean-up process in the dam was carried out in line with the guidelines for bottom clean-up specifically produced for the Three Gorges Reservoir Area (Ministry of Health, No. 56 in 2002). General and infectious sources of pollution were included in the clean-up. General sources of pollution included septic tanks, public toilets, livestock barns, and common graves, while infectious sources of pollution included infectious foci, medical facilities, medical waste, veterinary stations, livestock market places, rodents, and bodies of humans and animals that died from infectious diseases and were buried in the flooded region. The clean-up areas spanned the flooded region, and included country markets, slaughterhouses, garbage dumps, farming areas, and places where the rodent density was potentially increasing that were within 200 m of the flooded area. The process involved an initial removal, followed by clean-up, and then removal. The rodenticides used in the work were prepared by the Office of Health Clean-up in Hubei Province. The surface soils were expected to meet the standards of hygienic clean soil, with fecal coliform values of between 101 and 102, free from living Ascanis eggs, and a rodent density of less than 1% (based on the night-trapping method). Along with the clean-up work, efforts to prevent mosquito breeding have also been successfully implemented.
During the construction of the TGD, some reports and studies of mosquito surveillance in the area were published. By comparing mosquito densities before and after reservoir water was introduced in 2003, Yang et al. (2010) and Zhao et al. (2010) found that the mosquito densities were increasing, but did not report subsequent decreases in the density. Li Peilong et al. (2009) found that there was an overall average decrease in the mosquito density in all the three surveyed areas at different distances from the TGD. Our conclusions should be similar as we used the same data, but these authors chose data from either different areas or different time periods.
Clean-up work could be an effective way to decrease the mosquito density. While the annual mosquito density differed (as shown in Figure 1), our results suggest that the mosquito density should decrease after clean-up work. The clean-up work had different outcomes at different sites, perhaps because of variations in local financial support, economic differences, pesticides used, planting structure, and the distribution of paddy fields, and riparian zones.
The reservoir water might increase the mosquito density. The Three Gorge Reservoir Area is filled with water through the winter and drained during the summer flood control period. The fluctuating zone includes some small areas of water storage that are somewhat similar to wetlands, which could be good breeding sites for mosquitoes. Meng Yanpu et al. (2007) reported that many mosquito breeding sites resulted from the mixing of river water after the water was impounded in the TGA. 

Based on the density of the vectors only, the risks of Japanese encephalitis and malaria were in low. From the beginning of the construction of the TGD in 1997 to the present day, mosquito-borne diseases were mainly limited to encephalitis and malaria. Zhang Jing et al. (2004) showed that the incidence rates of epidemic encephalitis and malaria were low in the TGA from 1997 to 2002. Wang Xiaoning et al. (2010) reported that vector-borne diseases declined from 2004 to 2009, while Zhang Jing et al. (2011) reported that vector-borne diseases had declined in the TGA since 2003, when the reservoir water was impounded. These results reflect vaccination of humans and epidemiological investigations, and the efforts to control mosquitoes directly or indirectly from the bottom clean-up work.

Anopheles sinensis and Culex tritaeniorhynchus were the main vectors for malaria and Japanese encephalitis, respectively, in the TGA. They were generally present in sheds at densities of less than 50 specimen/hour, apart from An. Sinensis, which had densities of 70 specimen/hour in Yichang in 2003 and 150 specimen/hour in Changshou in 1997. Liu Qiyong et al. (2011) and Liu Qiyong et al. (2012) reported that An. Sinensis had a maximum flight distance of 400 m. Its density was low in human dwellings, and was less than 20 specimen/hour in Changshou, or 10 specimen/hour in Wanzhou and Yichang. The low densities may be the main reason for the low levels of both vector borne diseases.
The relationships among the different species and the engineering works were variable, and may be consistent with the responses of different species to small changes in circumstances. Different species have different seasonal curves through the year. The performance of Armigeres subalbatus was consistent with the trends in total mosquito density. Armigeres subalbatus, the dominant mosquito species, has a very diverse range of breeding habitats. Its behavior would therefore impact on the trend in the density of all the mosquitoes.
5. Conclusion

The composition and changes in the mosquito population remained steady throughout the construction of the TGD. On the annual scale, the mosquito densities were highest in July. The densities were higher in the sheds than in the human dwellings. The mosquito densities tended to increase from the area upstream to the area downstream of the TGD. Reservoir impoundments might increase, while clean-up work could effectively reduce, the mosquito density. Our findings demonstrate that the clean-up work during the construction of TGD may have helped to control the mosquitoes and prevent vector-borne diseases.
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