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Aedes albopictus, also known as the Asian tiger mosquito, is an aggressive invasive mosquito species that transmits parasites that cause several major human diseases such as dengue, Chikungunya, and Zika. Its recent establishment in many European countries and the reported autochthonous cases of Aedes-transmitted arboviral diseases highlight the importance of effective surveillance programs to plan and implement efficient mosquito-control interventions. Aedes albopictus invaded the Greek island of Crete in 2014 and rapidly spread throughout; however, there are no comprehensive population-related data yet available. Our study focused on spatial and temporal dynamics of Ae. albopictus populations in rural and agricultural areas in Chania (western part of the Crete Island). An oviposition surveillance network, consisting of 51 ovitraps, was established in 2017 and systematically inspected for 2 years. Thirty ovitraps were established in rural areas and 21 in the surrounding agricultural areas. Eggs were collected weekly and transferred to the laboratory for counting and assessment of hatching rates. The spatial and temporal egg distribution was assessed by using geographical information systems and spatial statistical analysis tools. Kernel density and hot spot analysis were employed to identify clusters of high populations of eggs. Oviposition activity (eggs in traps) was recorded during April–May and December (of both years), while the maximum egg-laying rates were observed during September–October. The proportion of traps with eggs was similar between rural and agricultural areas, while the higher number of eggs was recorded in rural compared to agricultural areas during 2017. Egg hatch rates were high (>90%) until the end of September. The proportion of diapausing non-hatched eggs rapidly increased at the end of November. All hatched larvae were identified as Ae. Albopictus, indicating a negative effect of the invasion on the population of the local species Ae. cretinus. This was a systematic attempt to monitor the seasonal and spatial patterns of the Asian tiger mosquito in the island of Crete, the southernmost area of Europe, and a study in Europe that assessed temporal and spatial dynamics of Ae. albopictus soon after its invasion and establishment in an area.
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Introduction

Aedes albopictus, also known as Asian tiger mosquito, is a daytime-biting, container-inhabiting mosquito species (1, 2). The females lay their eggs onto the moist substrates of breeding sites (3), while as a container-breeding species, it tends to breed in various artificial containers frequently found in urban areas (4). Urban areas include many private areas where water containers can be found and often act as ideal breeding sites for Ae. albopictus.

Because of its high ecological plasticity, Ae. albopictus has dispersed from the ancient habitats of southeastern Asia to almost all temperate areas of the globe in the last five decades (5). It was first reported in Europe in 1979, in Albania (6), it was then found in Italy in 1990 and has since spread in various areas of Europe (5, 7). In Greece, the establishment of Ae. albopictus was confirmed in 2005 (8). It was detected for the first time in the regional unit of Chania, Crete, in 2014 (9).

While the presence of Ae. albopictus is well documented in many European habitats, abundance and population dynamics are less studied (10). Ae. albopictus is a competent vector of at least 23 arboviruses including Chikungunya, dengue, Zika, and yellow fever virus (11). Its vectorial capacity is directly related to population growth, dispersion, and density. Temperate populations of Ae. albopictus are affected by seasonal temperature and photoperiodicity and, in response to these factors, can overwinter by producing eggs that undergo a winter diapause (12). However, this is not true for subtropical and tropical populations (13).

Surveillance of container-breeding mosquitoes is made, among others, with the use of ovitraps. In the management plan suggested for Ae. albopictus, monitoring is best conducted using ovitraps that attract females to lay their eggs on the provided oviposition substrate (5). Furthermore, ovitraps are widely used for entomological surveillance of Aedes species because they are cheap and easy to handle (14). Studies on surveillance of Aedes albopictus were also implemented in Switzerland (15, 16), Germany (17), France (18), Spain (19), and Italy (20).

A comprehensive vector surveillance system is essential for locally appropriate decision-making (21) toward vector control. Entomological surveillance in space and time aims, among others, at early detection, identification of the vector species, and optimization of the vector control measures in time and space (22). Knowledge of vector population peaks enables effective and timely response measures. This is reinforced by the fact that urban species such as Ae. albopictus exhibit strong density heterogenicity across districts of the same town/city (22).

Study of the spatial and temporal dynamics could be useful to determine timing, need, and area of interventions, while it could also drive to the identification of distribution patterns and clusters. Furthermore, the assessment of surveillance data at a fine spatial scale may help reveal the specific geographical features that contribute to hot spot generation (23, 24). Ae. albopictus distribution spatial patterns have been assessed earlier in terms of West Nile virus risk assessment (23, 25) or in terms of environmental and landscape effects on the distribution dynamics (26; 27, 28). Especially when the available resources for mosquitoes’ management are limited, the evaluation of spatiotemporal dynamics can provide a supporting tool for decision makers on how and when to allocate resources. Although there are some universal insights on where increased populations may be found, there is a consistent need for local spatial analysis that provides, apart from efficient mapping of the surveillance data, statistical backing of a particular hypothesis (25). There is some evidence that socioeconomic factors are important for determining the abundance of Ae. albopictus at the local scale (29); however, other studies suggest that local land use is the most important determinant of Ae. albopictus abundance, outweighing socioeconomic factors (e.g., income) (30).

In the current study, we assess the spatial and temporal population dynamics of Ae. albopictus in Chania 2 years after its introduction and establishment in the area and its invasion to other Regional Units in Crete, in the Regional Unit of Iraklio in 2015 and in the Regional Unit of Rethymno in 2016 (31). Our aim was to assess the temporal and spatial population dynamics of Ae. albopictus in rural and the surrounding agricultural areas in a selected region in Crete, which is regarded as an at-risk point of entry for invasive mosquito species (32). Understanding population dynamics at early stages of invasion and establishment is important for efficient decision-making on vector management practices.



Materials and Methods


Description of Study Site

The study focused on a part of the Municipality of Chania, which is located in the northwestern part of the Mediterranean island of Crete (35.48°N, 24.02°E), Greece (Figure 1). Chania is the second largest city in Crete. The study area covers most of the rural and agricultural areas around the airport of Chania. The agricultural parts of the study area include olive groves and greenhouses. The rural areas include small villages around the airport with a population of up to 600 inhabitants each, according to the 2011 census. The rural areas had similar patterns with small family houses and private gardens with vegetation (Mediterranean) and in some cases with domestic animals. The mean daily temperature, from May until December 2017, in the study area was 21.62°C and 21.72°C for the same period in 2018. The total rainfall from May until December was 194 mm in 2017 and 462 mm in 2018. The study area covers an area of almost 13 km2, while the Municipality of Chania has around 108.000 inhabitants (according to the last census, in 2011). The climate of the area according to Köppen–Geiger classification system is hot-summer Mediterranean (Csa). During the period that the current study was implemented (2017–2018), the mosquito control program in all Regional Units of Crete was focused only on native mosquitoes. The Municipality of Chania has no previous experience of locally transmitted vector-borne diseases (VBDs). No cases of VBDs related to mosquitoes of Aedes species have been recorded in this Municipality (18).




Figure 1 | The study area in Chania, island of Crete, Greece. Green and gray dots indicate the position of the ovitraps in rural and agricultural areas, respectively.





Entomological Surveillance

An oviposition surveillance network, consisting of 51 ovitraps, was established and inspected for almost 2 years. Ovitraps were established on the first week of May 2017 and kept until the end of December 2018. Thirty ovitraps were established in rural areas, and 21 were set up in the surrounding agricultural areas. Ovitraps were put close to private areas but always in public places to ensure easy access. The exact location of the ovitraps (Figure 1) was determined with a Global Positioning System (GPS) device, and the ovitrap was not moved during the rest of the surveillance period.

Although the absence of a global standard to delineate cities, urban, and rural areas for international statistical comparisons (34) makes it difficult to define rural areas, we used the human population density criteria (35) according to which when density is greater than or equal to 1.000 people per square kilometer, we have an indication of intense urbanization (36). Agricultural areas describe areas used for farming. In our dataset, the smallest distance between a trap in a rural area and a trap in an agricultural area is 250 m in case the “rural” trap was located in the outer part of a village (usually in the cemetery) and the “agricultural” trap was located out of the village in the nearby fields.

The ovitraps used were black plastic containers, 15 cm high and 11.5 cm in diameter. Each ovitrap was filled with water (around 0.7 L). A hole was made 2.5 cm below the rim to avoid flooding by rainwater. A wooden strip was placed inside the ovitrap as an oviposition substrate. For ovitrap field management, the Standard Operational Procedures were followed (5). Therefore, ovitraps were placed in shaded and wind-protected sites surrounded by vegetation. The wooden strips were collected weekly and transferred to the laboratory. In the laboratory, the substrates were inspected with a stereoscope and the total number of eggs was counted.



Egg-Hatching Procedure

To avoid confusion with other Aedes species that also lay their eggs in small water containers, all eggs were hatched into larvae and then emerged adults were identified.

The collected eggs were transferred and hatched at the Benaki Phytopathological Institute, Athens, Greece, following a well-established methodology (37, 38).



Data Analysis

The positive ovitrap index (POI) and the mean eggs per trap (MET) were used to measure infestation of population as in Serpa et al. (39). The POI represents the mosquitoes’ distribution, and the MET describes the abundance of the population (40).

The POI and the MET were estimated as follows:

	

The MET was estimated as the number of eggs to the number of positive traps.

	

Normality of POI and MET data for rural and agricultural areas were visually tested with qq-plots and with Shapiro–Wilk test using SPSS (IBM SPSS Statistics for Windows, Version 22.0, IBM Corp., Armonk, New York, NY, USA). The Kruskal–Wallis test was used to evaluate the weekly POI and MET distributions in rural and agricultural areas.



Spatial Analysis

For the analysis of space and time patterns, kernel density analysis was used to produce monthly surface maps and identify high and low egg densities. Kernel density estimation (KDE) represents a simple alternative to analyze focal behavioral patterns (41). For the implementation of the KDE, ArcGIS Pro was used. For the implementation of the KDE, a quadratic function with a bandwidth of 1.000 m was used.

Hot spot analysis (Getis-Ord Gi* statistic) was also used to shed light upon local statistics (42). This kind of analysis assesses each feature within the context of neighboring features and compares the local situation to the global situation (43). The Getis-Ord Gi* statistic, applied within ArcGIS pro 2.7.0 (ESRI Inc., Redlands, USA) was used to identify hot spots for each month of the 2 years of surveillance. The Getis-Ord Gi* was used for each feature in the dataset, and the resulting z-scores and p-values indicate where spatial clusters of high or low values exist. For statistically significant positive z-scores, the larger the z-score is, the more intense the clustering of high values—hot spot. For statistically significant negative z-scores, the smaller the z-score is, the more intense the clustering of low values—cold spot (44).

The KDE is commonly used to smooth out the information represented by a collection of points in a way that it is understandable (45). However, it is the Getis-Ord Gi* statistic of the hot spot analysis that detects the significant clusters of high and low values.

Both spatial analyses were based on the average weekly number of eggs per trap for each of the studied month.




Results


Positive Ovitrap Index and Mean Eggs Per Trap

The monthly values of POI are presented in Figure 2 from May 2017 until December 2017 and from April 2018 until December 2018. From January 2018 until March 2018, the collected eggs were almost zero for consecutive weeks, and for this reason, the number of active traps was kept to a minimum, aiming only at determining the time on which eggs would reappear in the collected substrates. Ae. albopictus oviposition occurred during all samplings from May 2017 until December 2017 and from April 2018 until December 2018. In 2017, the peak of POI was observed in September for both agricultural (95.24%) and rural areas (96.67%); while in 2018, two peaks (100%) were observed in rural areas, the first one in July (100%) and the second in October (100%). The peak of POI in the agricultural areas, in 2018, was observed in October (100%). It should be noted though that the POI in rural areas during September 2018 reached also 96.67%.




Figure 2 | Weekly distribution of positive ovitrap index (POI) in agricultural and rural areas for Aedes albopictus.



The abundance of eggs was measured with MET (Figure 3). In 2017, the highest number of MET was recorded in September (99.45 ± 9.98) for the rural areas and during the last week of May (85.00 ± 3.93) for the agricultural areas. The lowest values of MET were recorded in December for both years and areas and were close to zero. In 2018, the highest value of MET was recorded in October (agricultural areas: 97.38 ± 13.80; rural areas: 102.64 ± 10.15).




Figure 3 | Weekly distribution of mean eggs per trap (MET) in agricultural and rural areas for Aedes albopictus.



Weekly POI and MET distributions in rural and agricultural areas were statistically evaluated. The MET in the rural areas was significantly higher than the MET in agricultural areas (H = 8.798, p < 0.01). On the contrary, there was no significant difference between the POI in rural and agricultural areas (H = 1.295, p = 0.255).



Hatchability

All hatched larvae were identified as Ae. albopictus. Figure 4 presents the average rates of egg hatching. The hatchability was above 90% from June to September in both years. The highest hatching rate (>98%) was observed in early September for both years. The hatching rate started to decrease below 70% in mid-October 2017 and early November 2018.




Figure 4 | Hatchability rate in 2017 and 2018. The collected eggs (oviposition substrates) from 51 ovitraps were hatched weekly.





Spatial Analysis

The weekly number of eggs was used for the assessment of the spatiotemporal distribution of Ae. albopictus. Figures 5, 6 present the combined kernel density clusters and the Getis-Ord Gi* statistic of the hot spot analysis for 2017 and 2018. The maps illustrate the spatial and temporal evolution in distribution of Ae. albopictus. Kernel density maps and hot spot analysis were produced with the same legend for all studied months to enable the visual identification of trends in egg densities.




Figure 5 | Spatial and temporal distribution of Aedes albopictus eggs in 2017. Monthly comparison of egg densities and hot spot analysis.






Figure 6 | Spatial and temporal distribution of Aedes albopictus eggs in 2018. Monthly comparison of egg densities and hot spot analysis.



In 2017, high values of kernel densities were observed in the northern part of the study area during June, while during the following 2 months, the kernel density in this part of the area was lower and an expansion to the southwestern areas was observed. During September 2017, the highest kernel densities were observed in the southern part of the study area. During 2018, the respective spatial pattern, from northern to southern areas, was observed but with lower kernel densities.

The hot spot analysis revealed that significant hot spots (p < 0.01) in 2017 start from the northern areas and move to the southwestern part of the study area. During 2018, the hot spot analysis revealed a prevalence of significant hot spots (p > 0.05) over the rural areas. No statistically significant cold spot was observed either in 2017 or in 2018.




Discussion

Our study that has been conducted soon after Ae. albopictus introduction and establishment in the area reveals that Ae. albopictus is active and oviposits for a long period starting from May until December in the study area. Population abundance measured with MET revealed that was significantly higher in rural areas than in agricultural areas. Agricultural and rural areas though do not differ in terms of population distribution of Ae. albopictus measured with POI. The spatial analysis shows that the southern rural area presented the highest kernel densities in September 2017 and October 2018 and are identified as a persistent hot spot.

The surveillance network provided continuous monitoring of ovitraps from May 2017 until December 2018. The highest POI (>60%) was recorded in the rural areas from July until September and from June until October for 2017 and 2018, respectively. These results reveal a widely established mosquito population during the abovementioned periods probably due to favorable climatic conditions, such as increased rainfall (Supplementary Data). In a similar study (39) conducted in peridomicile and intradomicile environments in Brazil, the maximum value of POI was nearly 10%. Furthermore, this oviposition pattern is in accordance with previous studies in Greece (4, 46, 47).

For the rural areas, the abundance of the population (MET) presented the highest values in September 2017 and October 2018. The highest MET values in agricultural areas were recorded in May 2017 and October 2018. A possible explanation for these significantly higher MET values is probably due to the increased number of microhabitats that are commonly present in rural areas (1, 48). The Asian tiger mosquito can develop in a wide range of artificial breeding sites (microhabitats), such as structural containers or trash, often found in rural areas due to human activities compared with other types of landscapes (5, 26, 48). Moreover, a higher density of human population means more opportunities for Ae. albopictus blood feeding (49), while its spread could be enhanced by urbanization in combination with other socioecological challenges (4, 36, 49, 50). Nevertheless, in previous studies that compared Ae. aegypti and Ae. albopictus distribution in urban vs. rural environments, the Asian tiger mosquito was considered as a rural vector (51) due to its preference to landscapes with a high vegetation. In another similar study, examining peridomicile and intradomicile environments in Brazil, the maximum value of MET for the peridomicile environment was equal to 5 (39).

The hatching rates remained high (>90%) during the period between June and September for both years, which coincide with the findings for other areas in Greece (52). In almost all the European countries, Ae. albopictus population enters diapause and the exact period is depending on local seasonal conditions, such as temperature (53, 54). In the present study, during winter period (January–March), few eggs (in total 4) were collected but did not hatch (diapause eggs). This result demonstrates the presence of an overwintering adult population in the study area, a phenomenon similar in other European countries such as Germany (55) and Italy (56). However, in Murcia Province (Southeastern Spain), the continuity of Ae. albopictus life cycle (no diapause eggs) all over the year was recorded for the first time in Europe (57, 58), revealing a potential public health problem for southern Mediterranean countries.

In a previous study, the risk of outbreaks (R0) in four Greek localities was assessed based on Ae. albopictus population density (based on the number of eggs laid in ovitraps; 59). Results revealed that 1 year after the first detection of Ae. albopictus in Chania (2015), the R0 for the mutated Chikungunya virus was similar to that of Athens (first detection in 2008). This could indicate that Ae. albopictus invasion found suitable conditions for establishment and further expansion (31). Another interesting finding from hatching procedures is that all hatched larvae were identified as Ae. albopictus. This result is clearly indicating that the new invasion of Ae. albopictus had a negative effect on Ae. cretinus population probably due to interspecific competitive interactions, a phenomenon already known for Ae. aegypti and Ae. albopictus (60–62). Ae. cretinus, also a container-breeding mosquito, is a local species that was found in the island of Crete before invasion of Ae. albopictus, and for the last 5 years, its presence has been reported only in Rethymno (Crete) and Leros island in 2018 (3, 46, 63, 64). Furthermore, according to the findings of a recent study (62), there is evidence that Ae. albopictus is a superior competitor to Ae. cretinus, primarily at limited larval food resources (under laboratory conditions), and this may account for the expansion of Ae. albopictus and the limited presence of Ae. cretinus in areas of Athens, Greece, where these related species still coexist.

In the current study, KDE and Getis-Ord Gi* were used to reveal the spatial structure of month-to-month distribution and identify the temporal stability of Ae. albopictus presence. Although KDE and hot spot analysis may often give the same results, they are different analyses. KDE detects clusters of high values within the data, while hot spot analysis not only detects but also deepens the understanding of spatial clusters (65). A feature with a high value is certainly interesting, but it is the statistically significant hot spots that will shed light upon potential underlying spatial processes.

The produced spatial distribution revealed a heterogeneous spatial distribution of ovipositions, with increased densities over rural areas and during the months with higher POI (e.g., September 2017). In 2017, the high kernel densities were observed in June in the northern part of the study area that is a small relatively isolated village mainly focused on agricultural activities. During September of the same year, the highest kernel densities were observed in the southern part of the study area, over an urban area that is a large village, passage to the airport, with a few touristic lodges. The same south–north trend was verified also by the hot spot analysis. The southern urban area that presented the highest kernel densities in September 2017 and October 2018 is identified as a persistent hot spot mainly during the peak period of September–October for both studied years.



Conclusions

This is a thorough assessment of temporal and spatial dynamics of Ae. albopictus conducted soon after its invasion and establishment in the area. The obtained outcomes could be valuable for efficient management, while spatial and temporal identification of Ae. albopictus distribution in an area may reveal trends for maximizing surveillance efforts. Stakeholders, responsible for mosquito control, can deploy focal management strategies that are more efficient and cost-effective. Therefore, ovitraps’ surveillance can reveal specific areas that act persistently as statistically significant hot spots. Door-to-door intervention is recommended, as well as information campaigns (to raise community awareness) that can effectively reduce the initial adult mosquito population. This methodology for effective vector management can be transferred and applied to other areas with similar climatic conditions in the Mediterranean Basin. Identification of high-risk areas and focused interventions in these areas, in contrast to the usual uniform control strategies, may provide better results in vector management (66).
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