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Abstract

:

Insects belonging to the Thysanoptera order are an important group of insect pests that require phytosanitary interventions for the protection of citrus crops. This study provides a general and complete overview on the thrips pest species present in citrus orchards in the main countries of the Mediterranean basin. For most species, the distribution areas, host plants, and IPM control methods are provided. The study also presents new data on the status of thrips infestations in three main crops in southern Italy (Calabria), including lemon, bergamot, and orange. The results concern the abundance and the co-occurrence of thrips species in the investigated area. Statistical analysis showed that there were differences between citrus species, canopy exposure, and monitoring period in thrips abundance. In particular, orange species showed the lowest density of thrips present on the plant. Three species, namely Pezothrips kellyanus, Frankliniella occidentalis, and Thrips major, were the most abundant in the monitored area with a marked seasonal increase, especially for the highest density species, P. kellyanus, between March and June. Moreover, for F. occidentalis, the close relationship between its presence on herbaceous flora inside crops and in citrus flowers confirms a thrips interaction with no crops and herbaceous plants and the numerical response of the thrips species. These latest results suggest that wild plants constantly host thrips and therefore an alternative ground cover could be an ecological tool to limit or mitigate the density and damaging activity of thrips populations in citrus crops.
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1. Introduction


Citrus crops constitute a significant component of world fruit cultivation, with a particular spread along the tropical and subtropical areas around the equator [1]. These plants are native to South-East Asia, belonging to the botanical family Rutaceae, and the most cultivated species belong to the genera Citrus, Fortunella, and Poncirus.



With an annual production of 18 million tonnes in 2020 [2], citrus fruit growing in the Mediterranean ranks among the top three production areas in the world. The species of greatest economic interest are the sweet orange, namely Citrus sinensis (L.) Osbeck and Citrus reticulata Blanco, with various groups or other species of the same genus (mandarin, satsuma, tangerine, and clementine), as well as the lemon (Citrus lemon Burm) [2]. The main citrus-producing Mediterranean countries are Turkey, Spain, Italy, Morocco, Greece, Algeria, Portugal, Israel, Georgia, France, and Montenegro [3]. According to Falcone et al. [4], citrus fruit production makes Italy the second largest producer in Europe. In Italy, the largest citrus fruit-producing regions are Calabria and Sicily, which together account for over 80% of the national production [5]. In addition to the economic aspect, in some territories, citrus groves have an important landscape value. According to Viggiani [6], the forms of plant cultivation, as well as the types of potting adopted in the production phases, are aspects of the cultivation technique that strongly influence the biotic and abiotic characteristics of the citrus grove agroecosystem, accentuating or limiting biotic stresses such as insects, pathogens, etc.



Therefore, the cultivation of citrus fruit, in addition to its commercial and economic aspects, is particularly important in terms of protection against old and newly introduced pests as well as changes in crop management imposed by environmental protection policies and climate change. The biocenosis of the citrus grove is one of the richest among cultivated agricultural crops. As far as entomological biodiversity is concerned, citrus crops can be considered “open” agroecosystems to the introduction of harmful and beneficial exotic species (e.g., Icerya purchasi Mask., Rodolia cardinalis (Muls.), Aleurothrixus floccosus (Maskell), Cales noacki Howard, Phyllocnistis citrella Stainton, Planococcus citri (Risso), Cryptolaemus montrouzieri Mulsant, Aonidiella aurantii (Mask.), Aphytis lingnanensis Compere, etc.) [6].



In citrus crops, the management of pests (thrips, mealybugs, etc.) in grown crops using predatory insects and mites has been successful in many countries by releasing natural predators [7]. The main species present are the insects of the order Hemiptera, suborder Sternorrhyncha, such as the superfamily Coccoidea and their parasitoids [6].



The phytosanitary strategy is not always made easy, especially due to the cryptic behaviour of certain pests in flower buds and due to the difficulty in regulating their population through pesticides. In particular, there are several thrips species that are pests of citrus in all areas cultivated with citrus. The relationship between thrips and citrus plants involves multiple factors that have not been thoroughly investigated [3]. One of the main problems is the difficulty in the taxonomic recognition of thrips pest species, which is limited by the number of taxonomic experts. Consequently, information on the biological cycle of the species, phenology and thus of the factors predisposing infestations is also poor and limits the findings of effective biological control agents [3].



The primary aim of the present study was to provide an updated overview of the Thysanoptera species that infest citrus crops in the Mediterranean Region, and to compare thrips species and their abundance in three citrus crops (orange, bergamot, and lemon) in Southern Italy. The research was completed through biological assessment of the main species and a detailed analysis of the phytosanitary controls adopted.




2. Citrus Thrips in the Mediterranean Area


To provide an overview of all the species of Thysanoptera present in citrus groves cultivated in the Mediterranean basin, a bibliographic survey was carried out on Scopus, Web of Science, and Google Scholar on papers published within 1991–2021 using “citrus thrips”, “Thysanoptera”, “Mediterranean countries” and “thrips citrus control” as keywords. The papers were selected based on the information reported: in particular, the authors’ names; the reliability of the field data recorded (methodology, duration of field experiments and consistency of obtained results); the monitoring methods for the thrips species (collecting of fresh flowers and fruitlets and counting of thrips, placement of sticky traps on external canopies of trees to collect larvae and adults, collecting of all thrips specimens from wild plants and litter using Berlese funnels); the citrus crops studied and the habitats of the studied regional area; and the control techniques used for thrips pest management.



Despite the economic importance that thrips have assumed in the last decade, due to the damage they inflict on citrus crops, often requiring chemical control programmes, the literature review showed limited investigation of these biological pests, albeit with several updates of the specific list in the last two years. The analysis showed that the species most found in citrus cultivation in the Mediterranean basin are Pezothrips kellyanus Bagnall, Thrips major Uzel, Frankliniella occidentalis (Pergande) (Western Flower Thrips—WFT), and Heliothrips haemorrhoidalis Bouché. There have been several introductions such as Kelly’s thrips, introduced from Australia in 1998, and, much more recently, Scirtothrips aurantii Faure was introduced from South Africa to Spain in 2020 [8]. Thrips hawaiiensins Morgan and Scirtothrips dorsalis (Hood) were recently introduced to the Antalya Region (Turkey) [9,10]. Chaetanaphothrips orchidii Moulton has recently been reported in several citrus fields in Spain [11]. Other species of concern that are not yet present in the Mediterranean region but have been reported by the EU Pest Risk Lists and are already present in other citrus-growing world regions include Chaetanaphothrips signipennis (Bagnall), Frankliniella bispinosa (Morgan), and Scirtothrips citri (Moulton) [12].



However, 20 thrips species have been identified in citrus orchards and are listed in Table 1.



2.1. Commonly Occurring Species


The species Pezothrips kellyanus (Figure 1A) is the most abundant and damaging thrips on citrus trees in some areas of the Mediterranean. Adult and larval stages of the species are responsible for damage to young and adult citrus plants [20]. The nymphs develop very slowly during the winter, and the adults emerge in spring (March/April), which in Mediterranean countries coincides with the maximum flowering of citrus plants. The long flowering period suggests that the species carries out at least one generation in situ before the maximum infestation of populations, and consequently that it is very damaging during the critical period of the initial development of young citrus fruits [16].



Laboratory observations have shown that the duration of the entire cycle varies from 36 days at 15 °C to 10 days at temperatures of 31 and 35 °C. The rate of development increases with increasing temperature up to values of 31 °C; from 31 to 35 °C, a stabilisation of the increase in development is observed [16]. With different levels of preference, citrus species and varieties are the most favoured hosts of Kelly’s thrips [14]. In Crete, lemons are the hosts of choice, followed by oranges, while mandarins are hardly damaged [21]. In Sicily, the greatest damage is also observed in lemons (Figure 2A), clementines (Figure 2B), and oranges (Figure 2C), with little preference for the Valencia Late cultivar [15]. Lemon and Navel orange are the most susceptible citrus varieties due to their long and narrow sepals; however, mandarin and small citrus varieties are less attacked by the thrips pest [20]. The damage caused by Kelly’s thrips can be very severe, causing young fruits to abort or develop irregularly or even to be completely unmarketable due to widespread discolouration and necrosis on the epicarp of ripe fruits [20]. The chemical control of the species requires that both the first and second generation be sprayed when they occur [22].



The Heliothrips haemorrhoidales (Figure 1B) species is polyphagous, infesting many wild and cultivated plants wherever climatic conditions allow survival. Citrus leaves, other green tissues and fruits are important hosts for it. Injury to these tissues causes problems with exocarp colouration [23]. H. haemorrhoidales reproduces on a large scale in the laboratory on yellow oranges or lemons [24]. Damage is only present on young fruits, leaves and twigs; the plants may subsequently dry out. Wounded parts show diffuse silvering with brown spots of excrement. The alteration of the fruit then changes to a reticulated surface with a characteristic appearance [16]. Damage from H. haemorrhoidalis has a high economic impact. In New Zealand, Froud and Stevens [25] estimated that damage from this thrips in the citrus industry reached USD 2.6 million per year due to fruit rejected for export and the massive use of pesticides.



The species Frankliniella occidentalis (Figure 1C), i.e., Western Flower Thrips (WFT), is highly polyphagous and feeds on hundreds of different weed and crop hosts. The life cycle of WFT is strongly influenced by climatic variables, such as temperature and humidity, and it exhibits arrhenotokous reproduction as females arise from fertilized eggs and males from unfertilized eggs. Nevertheless, occasionally virgin females may produce female offspring (thelytoky) [26]. The life cycle is completed in about 20 days, at average temperature values of 25 °C. The mature females lay eggs in the parenchyma of leaves, flower parts, and fruits and most frequently under the epidermis of the leaves. Eggs of WFT usually hatch in about 4 days at 27 °C after oviposition. Winged adults generally emerge after 2–9 days, with temperatures needing to be above a minimum of 8–10 °C for growth. Optimal developmental rates occur between 25 °C and 30 °C [27]. WFT is always present in citrus groves in the Mediterranean regions [14] and causes enormous indirect damage by transmitting plant pathogenic Tospoviruses in various agricultural and floricultural crops [28]. F. occidentalis is a dominant thrips species in citrus groves; however, the abundant adult and larval populations do not cause damage in the citrus fruit, and it is therefore recorded as a pollen-feeding species [29].



The species Thrips major (Figure 1D) was found by Bournier [30] to be the dominant thrips species in orange groves in North Africa, causing damage to citrus fruits consisting of silvering and malformation of the epidermis of the fruits (oranges and lemons). Another study on Turkish thrips affecting citrus also showed the predominance of the species T. major, with 84% of thrips collected identified as this species [31]. Knowledge of the life history and biology of this species on citrus is limited.




2.2. Newly Introduced and Emerging Species


The species Thrips hawaiiensis (Figure 1E) is a polyphagous flower-dwelling thrips, widely distributed and common in tropical Asia and the Pacific Region. In recent years, its introduction has been reported in several Mediterranean countries such as Turkey, Italy, France, and Spain [9,14,18,19]. T. hawaiiensis damages various organs in lemon orchards by causing wounds in flower buds, all flower organs (Figure 2D), and young fruits (Figure 2E). Large silver spots are observed on the lemon fruits [32]. There is little information on the life history of T. hawaiiensis in citrus cultivation. Laboratory trials with populations reared on Camellia sinensis pollen at a constant temperature showed that the developmental period from egg hatching to adult emergence went from 38.9 days at 10 °C to 8 days at 30 °C [33]. In western Japan, T. hawaiiensis is a plurivoltine species, and the number of generations completing development varies between 11 and 18 annually. Longevity and fecundity are biological characteristics that, as in most thrips, vary with temperature. The development time is 92 days at 15 °C and decreases to 18 days at 25 °C. It has also been shown that a specimen can live up to 121 days at a temperature of 15 °C and that the optimum temperature for maximum fecundity (536 eggs) is 20 °C. Generally, daily egg production is constant throughout the female’s life at 6–8 eggs per day at 20 °C. Therefore, T. hawaiiensis seems to tolerate low temperatures well. This characteristic makes it potentially more dangerous than other thrips parasites [12]. Murai [33] reported a high reproductive rate for the species with almost 20 generations per year. The countries of the Mediterranean basin, where the climatic conditions are particularly favourable to the thrips and where the cultivation of the lemon is very extensive, could become the habitats in which T. hawaiiensis expresses its maximum damage potential.



The species Scirtothrips dorsalis (Figure 1F) is characterised by high polyphagy and causes direct damage through feeding and indirect damage through disease transmission [34]. It can produce seven or eight generations per year in Korea [35]. This species breeds continuously for one year without an obligatory diapause and spends the winter mainly as an inactive adult stage in dry leaves in the soil or sheltered among apical buds [36,37] In early spring, as temperatures rise, adults move into the plant canopy [38]. The biological cycle of S. dorsalis is completed in the following stages: egg, first and second stage larva, prepupa, adult. Mature females lay their eggs within the plant tissue, and the eggs hatch between 5 and 8 days later, depending on environmental conditions [39,40]. Larval stages are completed in 8–10 days, and pupal stages in 2.6–3.3 days. The temperature range within which the species can survive varies between 9.7 °C and 33.0 °C [41]. It cannot successfully complete its entire life cycle on the citrus plant, as the genus Citrus is classified as a secondary host plant for this species [42,43]. For this reason, the population dynamic of S. dorsalis in citrus groves is strongly influenced by its abundance on surrounding primary host plants (wild and cultivated), on which S. dorsalis can successfully complete its entire life cycle, such as kiwi and green tea [35,36,37,38,39,40,41,42,43,44].




2.3. Integrated Pest Management of Citrus Thrips Species


The damage caused by thrips in citrus crops requires phytosanitary interventions with the aim of reducing product losses. Some Mediterranean countries such as Italy, France, and Portugal receive funding for the support of IPM practices from the European Union [3]. Over time, numerous active molecules (chemical and biological) have been tested for thrips control in citrus groves. For more than 30 years, the management of these dangerous pests has involved techniques that are environmentally friendly, especially with respect to species (e.g., anthocorid and coccinellid predators) that are useful to the citrus biocenosis [45,46]. Currently, in the major citrus-producing countries, local authority guidelines require the adoption of integrated pest management protocols, with the dual aim of protecting human health and the environment in its multiple aspects. According to Vacante and Bonsignore [47], visual sampling and monitoring of thrips pest populations as well as their natural predators reduce pest control costs and environmental impacts. This method needs to be integrated with the phenology of different citrus crops and the basic aspects of pest bio-ecology. For the main thrips species, they suggest counting the average presence of larvae in portions of the canopy circumference and sampling 100 young fruits during the peak infestation period from March to June. In Italy, the integrated production guidelines for citrus cultivation only refer to the phytosanitary measures that can be taken for the species P. kellyanus, H. haemorroidalis, and F. occidentalis. The general intervention criteria are based on the use of rational pruning for thinning the foliage, as well as the use of active ingredients, although some of them have deadlines for use and revocation of authorization for use is expected very soon. Azadirachtin and products based on sweet orange essential oil are also used [48,49].



Organic and agronomic tools. Agroecosystems such as citrus are particularly suitable for organic pest control. Almost all citrus species have a perennial vegetative state and have a high spatial variation in habitat compared to crops that lose their leaves during the winter season. Considering the economic importance of citrus crops in the Mediterranean region, biological control of thrips with the use of natural predators (e.g., anthocorid predators such as Orius sp. and predatory mites of the genus Amblyseius) can play a key role in preventing crop damage [14]. Organic control methods in citrus groves are pest control techniques that have limited environmental impacts compared to the sole use of chemical compounds. Interactions with natural predators of the most harmful citrus thrips species (P. kellyanus) are poorly investigated in the Mediterranean area. In 2020, Navarro-Campos et al. [50] demonstrated that the enhancement of some predatory mite species (Gaeolaelaps aculeifer) significantly reduced the damage caused by P. kellyanus in two commercial citrus orchards located in an extensive citrus-growing area of Valencia, eastern Spain. Some studies suggest that ground cover with plant species such as Festuca arundinacea Schreb. harbours fewer potential thrips species that are parasitic on citrus fruits than spontaneous ground cover, also promoting a greater abundance and diversity of predatory phytoseid mites in clementine mandarin orchards [51].



Chemical control. According to Colloff et al. [52], the presence of one or more harmful thrips can have a major effect on the costs citrus growers have to bear to contain infestations through chemical control. Chemical control of citrus thrips has always involved the use of insecticidal molecules such as organophosphates (chlorpyrifos), carbamates (methomyl), neonicotinoids (such as imidacloprid, which has already been revoked), and acetamiprid, as well as the microbial pesticide spinosad, often leading to resistance in the target species [15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53]. Recently, some studies conducted on Navel oranges, considered among the most preferred host plants for citrus thrips in Tunisia, have demonstrated the efficacy of some insecticides such as spinosad, acrinathrin, and terpenoids in reducing the population density of F. occidentalis [54].





3. Materials and Methods


3.1. Study Sites and Thrips Sampling Monitoring Methods in Southern Italy


This study involved three citrus orchards located in the Calabria region in the provinces of Reggio Calabria and Catanzaro where citrus crop growing covers large areas of the territories. The citrus groves were located at altitudes between 0 and 110 m, and the phytosanitary management system against the main pest species follows the requirements of the integrated production protocol provided by the Region [48]. The citrus groves were cultivated in pot form, and their age varied from 15 to 25 years. Weed control was carried out mechanically by tilling the soil, and plant irrigation was carried out during the summer through a drip system. The investigated citrus crops and relative areas are reported in Table 2.



In each citrus grove, a field monitoring plan was designed to be carried out every 15 days. Monitoring of adult thrips species and their distribution in the canopy was conducted in the bergamot, lemon, and orange orchards from the beginning of March to the end of June in 2020 and 2021. Each survey area had a range of 3 hectares, and thrips in flowers were counted on 10 plants randomly selected from the three citrus crops. Following the protocol used by Vono et al. [55] and Marullo et al. [56], from each plant, 40 flowers randomly distributed from the outskirts of the canopy were collected from the different sectors of sun exposure: northeast (NE); southeast (SE); southwest (SW); and northwest (NW). Morphological identification of the specimens was carried out using the identification keys of Mound and Kibby [57] and Marullo [16], and the mounting of adult specimens of both sexes on microscope slides was carried out following the method described by Mound and Marullo [58] and Marullo [16]. To relate WFT to the most abundant wild herbaceous species and the occurrence of this thrips species on Citrus spp., flowers of Chrysantenum segetum (L.) Fourr., Amaranthus retroflexus L., Chenopodium album L. and Portulaca oleracea L., inside the rows of the trees of the three citrus crops, were sampled from March to November. A main sample of 50 flowers/shoots (with one shoot constituted by 1 flower or inflorescence with 1or 2 leaves) was collected monthly (at the middle of each month). All cut flowers were examined under a stereoscopic microscope (SZX9, Olympus® Tokyo, Japan) within 24 h of sampling. Voucher specimens were deposited in the Dipartimento di Agraria, Università degli Studi Mediterranea, Reggio Calabria, Italy.




3.2. Statistical Analysis


Thrips recorded on citrus flowers were subjected to analysis of variance, with year, monitoring months, sectors of exposition, and thrips species included as factors in the statistical analysis. If significant differences were detected, mean separation was performed using LSD (Least Significant Difference). The mean abundance of thrips populations in each citrus grove was represented graphically to compare infestation levels at different times and citrus groves. Diagnostic plots were examined to check for heteroscedacity and normality of errors. Pearson’s correlation analysis was used to determine correlations between WFT counts per month in Chrysanthemum segetum (vegetal species in citrus orchard with highest occurrence of WFT) and WFT on citrus flowers between March and June in all citrus species. We used SPSS v23 (2015 SPSS Inc., Chicago, IL, USA) [59] for all data analyses and Sigmaplot 13.0 (Systat Copyright © 2022 Systat Software, San Jose, CA, USA) [60] for production of graphs. All data are presented as non-transformed mean values with standard errors (SE).





4. Results


Abundance and Composition of Species in Southern Italy


The ANOVA ((Adjusted R Squared = 0.602), F = 49.25; p < 0.01 (Levene Test F (8.53) = 1.683)) for differences of the thrips abundance confirmed there were differences among sectors of exposure, citrus, and thrips species and period of monitoring and a minimal difference between years (F = 3.768; df = 1, p = 0.053) (see Table 3). Colonization of citrus species trees and sun exposure sectors had significant differences (Figure 3). There was a seasonal gradual increase in the numbers of thrips to a peak for each species (Figure 4). The peak periods of each species were variable with growing cycles. In terms of thrips density among citrus species, the differences were between lemon and orange (LSD mean difference value = 10.52, p < 0.01) and between bergamot and orange (LSD mean difference value = 12.69, p < 0.01), while no difference was detected between lemon and bergamot (LSD mean difference value = 2.17, p = 0.236). The morphological identification of the adult specimens of both sexes taken from the monitored citrus trees revealed that recorded thrips species were F. occidentalis, P. kellyanus, and T. major, all belonging to the Thripidae family (Figure 5). In terms of distribution of citrus species, F. occidentalis was the most abundant species on bergamot (mean of thrips 14.7 and 14.5 in 2020 and 2021, respectively), followed by T. major (8.2 and 9.0). Seasonal density of WFT on wild herbaceous plants highlighted an increase in the populations of thrips species on all four sampled plant species. It should be noted that for WFT, there was a clear preference for C. segetum (L.), which constituted a potential reservoir for the spread of thrips and its permanent presence in the ground cover of citrus groves (Figure 6). Population densities of WFT on C. segetum and WFT on citrus crops were positively correlated (r = 0.626; df =96; p < 0.001) (Figure 7).





5. Discussion


Thrips are a widespread insect order in the citrus agroecosystem all over the world. Our study revealed that the thrips distribution in the citrus canopy was not uniform. In all fields monitored, a greater distribution of specimens was observed in the flowers collected from the northeast (NE) sun exposure sector. Decreasing values of abundance were observed in the southeast (SE), southwest (SW), and northwest (NW) sectors, in this order. Studies carried out in Tunisia also revealed that the distribution of thrips was not uniform over the plant canopy. In the same study, it was shown that the highest average number of thrips was found on the north side [61].



Our results of thrips monitoring in citrus groves in southern Italy showed that P. kellyanus was confirmed as the most abundant species in all the citrus species investigated, followed by F. occidentalis and T. major. In 1998, two years after its introduction to Italy, Conti et al. [15] considered P. kellyanus as the key pest in citrus fruits on the coastal area of eastern Sicily citrus fruits. Population dominance of this species has also been recorded on citrus fruits in Spain, Greece, and Portugal [17,21,62]. P. kellyanus is particularly attracted to the oily exudates produced by the nectars and peels of the three citrus species involved in the study; these attractive exudates stimulate the glandular areas of the male sternites of P. kellyanus, which are also responsible for producing sex pheromones [63]. These conditions lead to an exponential increase in P. kellyanus populations in the open field during the spring, which coincides with the flowering of most citrus fruits in the Mediterranean basin.



In the carried-out investigations, F. occidentalis was persistently present, in accordance with what has been reported in the literature [14,54,62]. Its constant presence is probably due to its high polyphagy (over 500 know host plant species) [64], the genetic adaptability of its populations [65], as well as its ability to prey on some small arthropods present in the same habitat [16]. Considering the cyclical flowering of citrus fruits in Mediterranean areas and therefore the abundant availability of pollen as a food source, WFT can have continuous generations, even at the end of the summer season, until the citrus fruits develop on the plants. The occurrence density of WFT in citrus flowers is directly related to its abundance in the spontaneous flora present in citrus groves, and this makes the possibility of predicting the species more complex if the surrounding habitat of the species is not investigated [66]. Thus, determining the presence of the arthropod community is important, including species of different trophic levels that potentially benefit from natural pest control due to a greater diversity and abundance of natural predators [67,68]. The results will assist citrus growers to identify the best time to implement suitable management tactics to reduce thrips populations in an environmentally sustainable context.



The literature analysis showed that there are 20 thrips species ascribed to citrus cultivation in the Mediterranean countries. Most of the described species belong to the family Thripidae, many belong to the family Aeolothripidae, and only one to the family Melanthripidae. Among these species, there are four that are most prevalent and recognised as the most damaging agents for citrus cultivation; these include P. kellyanus, H. haemorrhoidales, F. occidentalis, and T. major [13,14]. In recent years, T. hawaiensis has been increasing in importance, mainly in lemon tree cultivation in Turkey [9]. In addition, citrus cultivation in the Mediterranean basin is constantly threatened by the entry of new species, as has recently occurred with S. dorsalis in some orange crops in Turkey [10]. Several studies report that Kelly’s thrips is currently the most damaging species on many species belonging to the Citrus genus. P. kellyanus is in fact reported as the most damaging species in Turkey, Italy, Spain, and Cyprus [13,14,69]. All other species belonging to the Thripidae family (e.g., C. orchidii, C. signipennis) have also been recorded in different areas of the Mediterranean as harmful thrips to citrus crops but are characterised by very low population levels [70]. The presence of species belonging to the Aleothripidae family and of A. intermedius must be considered ecologically interesting, as the species is known as a predator of thrips and other small arthropods [61]. Thrips control in citrus groves is a very difficult practice. In recent years, control techniques based on the concepts of biological control have experimented with the use of environmentally friendly molecules and the use of natural predators such as predatory mites belonging to the genus Gaeolaelaps spp. [13,50,54]. However, in most citrus-growing areas, defence against thrips, and more generally against harmful insects, does not exclude the use of active ingredients of chemical origin.




6. Conclusions


The relationship between agricultural crops and their pests, understood as the damage generated by trophic activity and more generally by the constant presence and survival of herbivores on vegetative organs (leaves, flowers, and fruit), generates substantial productive and economic losses for farmers. The abundance of thrips populations is also influenced by the climatic conditions of an area and by the agronomic and phytosanitary management techniques adopted in the different citrus agroecosystems.



Our study showed that citrus groves with a good presence of herbaceous plants host large populations of mites and predatory insects. The adoption of agronomic practices involving the maintenance of soil cover with wild or cultivated herbaceous species promote natural pest control provided as an ecosystem service. In recent years, the study of citrus thrips in these regions has focused mainly on ecological aspects and the evaluation of insecticidal molecules. Citrus thrips control strategies therefore need to be improved and supported using modern and useful tools. Molecular characterisation of citrus thrips in the Mediterranean basin could prove to be valuable for understanding some aspects of thrips population biology (e.g., genetic polymorphisms), as demonstrated for some thrips species of other crops [71], as well as for investigating the geographical pathways taken by newly introduced species.
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Figure 1. Adult females of Pezothrips kellyanus (A) *, Heliothrips haemorrhoidales (B) *, Frankliniella occidentalis (C) *, Thrips major (D) **, Thrips hawaiiensis (E) * and Scirtothrips dorsalis (F) * (* courtesy of Prof. Laurence A. Mound; ** courtesy of Dr. Allan H. Smith-Pardo and Dr. Cheryle O’Donnell). 
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Figure 2. Kelly’s thrips damage symptoms on lemon (A), clementine (B), and orange (C) fruits; damage symptoms due to Thirps hawaiiensin on lemon flowers (D) * and fruits (E) * in Turkey (* courtesy of Prof. Ekrem Atakan). 
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Figure 3. Thrips abundance at different sun exposure sectors of plant canopies. The different superscript letters show significant differences among the mean values (p < 0.05). 
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Figure 4. Abundance and seasonal distribution of monitored thrips species in different citrus fields (B = bergamot, L= lemon and O = orange). 
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Figure 5. Abundance of different thrips species on Citrus spp. The different superscript letters show a significant difference among the means’ values (p < 0.05). 
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Figure 6. Seasonal density of WFT on wild herbaceous plant species. 
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Figure 7. Monthly temporal dynamics of WFT presence on wild plant C. segetum and citrus crops (B = bergamot, L= lemon, O = orange). 
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Table 1. Citrus thrips species and Mediterranean geographical distribution. The species marked in bold are considered the most common in the Mediterranean area.
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	Species
	Family
	Citrus Host Plant
	Geographical

Records
	Sources





	Aeolothrips collaris Priesner, 1919
	Aeolothripidae
	Citrus spp.
	Tunisia
	[13]



	Aeolothrips intermedius Bagnall, 1934
	Aeolothripidae
	Citrus spp.
	Tunisia
	[13]



	Ankothrips niezabitowskii (Schille, 1910)
	Aeolothripidae
	Navel oranges
	Tunisia
	[13]



	Chaetanaphothrips orchidii (Moulton, 1907)
	Thripidae
	Lemon, orange, mandarins
	Greece, Italy, Spain
	[11,14,15]



	Chirothrips manicatus Haliday, 1836
	Thripidae
	Navel oranges
	Tunisia
	[13]



	Frankliniella occidentalis (Pergande, 1895)
	Thripidae
	All citrus orchards
	Worldwide
	[13,14]



	Franklinothrips vespiformis (D. L. Crawford, 1909)
	Aeolothripidae
	Navel oranges
	Tunisia
	[13]



	Franklinothrips megalops (Trybom, 1912)
	Aeolothripidae
	Citrus spp.
	Tunisia
	[13]



	Heliothrips haemorrhoidalis (Bouché, 1833)
	Thripidae
	All citrus

Orchards
	Cosmopolitan
	[16]



	Isoneurothrips australis Bagnall, 1915
	Thripidae
	Lemon
	Portugal
	[17]



	Megalurothrips sjostedti (Trybom, 1908)
	Thripidae
	Navel oranges
	Tunisia
	[13]



	Melanthrips pallidior Priesner, 1919
	Melanthripidae
	Navel oranges
	Tunisia
	[13]



	Pezothrips kellyanus (Bagnall, 1916)
	Thripidae
	All citrus

Orchards
	Italy, Turkey, Cyprus, and Portugal
	[13,14]



	Scirtothrips aurantia Faure, 1929
	Thripidae
	Citrus spp.
	Africa, Egypt, Yemen, and Spain
	[8,14]



	Scirtothrips dorsalis Hood, 1919
	Thripidae
	Orange
	Turkey
	[10]



	Scolothrips longicornis Priesner, 1926
	Thripidae
	Navel oranges
	Tunisia
	[13]



	Thrips flavus Schrank, 1776
	Thripidae
	Citrus spp.
	Italy, Tunisia
	[13,14]



	Thrips hawaiiensis (Morgan, 1913)
	Thripidae
	Lemon
	Turkey, Italy, France, and Spain
	[9,14,18,19]



	Thrips major Uzel, 1895
	Thripidae
	Navel oranges
	Italy, Tunisia
	[13]



	Thrips tabaci Lindeman, 1889
	Thripidae
	Citrus spp.
	Worldwide
	[14]
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Table 2. Citrus orchards and their locations involved in the study.
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	Citrus

Species
	Cultivar
	Location
	Province
	Latitude
	Longitude





	Orange
	Navel, Tarocco
	Lamezia terme
	CZ 1
	38°54’35.4” N
	16°19’29.5” E



	Lemon
	Femminello
	Gioia Tauro
	RC 2
	38°26’31.9” N
	15°55’20.0” E



	Bergamot
	Fantastico
	Reggio Calabria
	RC 2
	38°01’19.0” N
	15°39’14.2” E







1 Catanzaro, 2 Reggio Calabria.
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Table 3. Univariate analysis (UNIANOVA) evaluating the abundance of thrips species in relation to the variables of monitoring citrus orchards.
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	Source
	Df
	F
	Sig





	Intercept
	1
	516.384
	<0.01



	Months
	3
	65.804
	<0.01



	Sun exposure sector
	3
	39.469
	<0.01



	Thrips species
	2
	41.203
	<0.01



	Year
	1
	3.768
	0.053



	Citrus species
	2
	21.449
	<0.01
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