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Abstract

:

The South American tomato pinworm, Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), a destructive pest on tomato, has invaded most Afro-Eurasian countries. Recently invaded by the pest, most tomato crops in greenhouses and open fields in Tajikistan are currently suffering major damage. While failure in management using chemical insecticide has been frequently observed, alternative options such as biological control is urgently needed. In this study, we evaluated the effectiveness of the common green lacewing Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) against T. absoluta. In controlled laboratory conditions, C. carnea showed high predation rate on both T. absoluta eggs (i.e., 36 ± 2 eggs within 24 h and 72 ± 4 eggs within 48 h) and larvae, especially it can attack the larvae both inside and outside the leaf galleries (i.e., an average of 22% of the larvae was killed inside, and an average of 35% was killed outside). In a cage exclusion experiment, T. absoluta showed relatively low larval density in the cages with pre-fruiting release of C. carnea, whereas the larval density was four to six times higher in the “no release” cages. In the “post-fruiting release” cages, the pest population that had already built up during the pre-fruiting stage eventually crashed. In an open-field experiment, the tomato crops in control plots were fully destroyed, whereas low levels of larvae density and damage were observed in the biocontrol plots. Moreover, the field release of C. carnea resulted in significantly higher tomato yield than those without release, despite no differences between the “pre-fruiting release” and “post-fruiting release” treatments. We conclude that the local commercial biocontrol agent C. carnea could be promising for the management of T. absoluta in Tajikistan. It is also one of the first reports showing the management of T. absoluta using a lacewing species. The effectiveness should be validated by further field trials in larger area of commercial crops and various locations.
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1. Introduction


Biological invasions are a major component of global change and are becoming more and more challenging to modern agriculture due to unprecedented increasing trade nowadays [1]. The economic cost due to invasive insect pests has been estimated as 70 billion US dollars per year globally [2]. Management options, such as quarantine procedures, monitoring, eradication, and long-term population suppression, have been developed to reduce their potential economic and environmental impacts. Among the Invasive Alien Species (IAS), insect pests are one of the greatest groups that challenge agricultural and natural ecosystems where Integrated Pest Management (IPM) proves to be a reliable strategy to reduce the harm. To some extent the reliance on the implementation of IPM programs for invasive insect pests is comparable and even greater than those for endemic insect pests, such as chewing and sap-feeding insect pests [3,4,5,6,7,8,9,10,11].



The South American tomato pinworm, Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), is a destructive pest for solanaceous crops [12,13]. Notably it has become a serious threat to tomato production in both greenhouses and open-fields worldwide [14,15,16,17,18]. Various intrinsic characteristics of this species have made it highly invasive and risky to solanaceous crops including the cryptic nature of larvae, high reproduction potential with multiple overlapping generations, strong dispersal capacity, ability to cope with various abiotic conditions [19,20,21,22,23,24], as well as moderate or high resistance to commonly-used insecticides [12,25]. Its invasion has resulted in decreased yields and quality of fruits, increased control costs, and heavy reliance on chemical insecticides [25], with potential side effects on beneficial arthropods (e.g., through multiple potential sublethal effects [26]), which has disrupted local IPM programs in newly invaded areas [25,27]. By combining preventative and control tactics against T. absoluta, new IPM packages need to be built by researchers and growers in vast invaded areas. Among diverse control options, biological control through release of arthropod natural enemies is the most commonly used [28]. Many arthropod species can naturally regulate T. absoluta populations in the area of origin of this pest [29,30,31,32,33]. To date, release of arthropod predators has been successfully employed in invaded areas, especially in the Mediterranean basin [28,32]. Parasitoid species such as Trichogramma spp. (Hymenoptera: Trichogrammatidae) and Necremnus spp. (Hymenoptera: Eulophidae) could also attack the eggs and larvae effectively [34,35]. In particular, two commercially available species, Nesidiocoris tenuis (Reuter) (Hemiptera: Miridae) and Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae), are the key ones used as biocontrol agents in IPM programs against T. absoluta. Both species are widely used basically for two reasons. The first is their high predation rates on T. absoluta eggs and young larvae [36,37], and the second is their nature of polyphagy [38,39,40]. The latter scenario greatly increases the chance of establishment of the predators before the young seedlings are infested by the moth. Despite their advantages as key commercial biocontrol agents, the wide use has been impeded by the concern on potential damage to tomato crops. The damage is associated with their zoophytophagous nature. The degree of damage has been related to relative predator-to-prey abundance, with damage increasing at high predator abundances and low prey densities [41]. Other predators, for example, lacewing species, belonging to the genus Chrysoperla Steinmann, 1964, have been suggested efficient in controlling T. absoluta [28]. Nevertheless, so far not a single study has offered experimental evidence showing how a lacewing species could efficiently prey on the moth.



Recently introduced in central Asia, the pest has caused serious harm to local agriculture [42]. Tomato is an important vegetable crop in central Asia. In this region, around 12,000 hectares are cultivated in Tajikistan where presence of T. absoluta was firstly identified in 2016 [43]. Local growers have largely relied on agronomic and chemical options for managing T. absoluta, especially the spraying of insecticides. Control failures have been frequently found in both protected and outdoor tomato crops. This case may be linked to insecticide resistance in local T. absoluta populations, because introduced strains from earlier-invaded areas may already carry insecticide resistance genes at high frequency, even without local selection in the site of introduction [44]. Therefore, alternative management options such as biological control using arthropod natural enemies are highly appreciated. Fortunately, local commercial biofactories in Tajikistan are able to do mass rearing of three arthropod natural enemies including the common green lacewing Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae), the egg parasitoid Trichogramma evanescens (Westwood) (Hymenoptera: Trichogrammatidae), and the larva parasitoid Habrobracon hebetor (Say) (Hymenoptera: Braconidae). Notably C. carnea could feed on nectar, pollen and aphid honeydew, and they are also active predators of aphids and other small insects. The species can be mass-reared with low cost and it has been widely released into cotton fields (more than 70% of total growing area) for managing aphids and Lepidopteran pests.



Therefore, the objectives of our study are: (i) to assess the predation rate of C. carnea on T. absoluta in laboratory conditions, (ii) to assess the field performance of the predator in suppressing T. absoluta populations using exclusion cages, and (iii) to quantify how the release of predators protects tomato yields in open field.




2. Material and Methods


2.1. Biological Materials


Tomato, Solanum lycopersicum L., variety Navichok, was used in the experiments. This variety is commonly cultivated in Tajikistan. The seedlings were grown in a climatic room (T = 25 °C, RH = 65% and L:D = 16:8) located in the Institute of Zoology and Parasitology (IZIP), Academy of Science of the Republic of Tajikistan.



A colony of T. absoluta was set up in IZIP by collecting the larvae from a tomato-growing greenhouse in Nurek District (Latitude: 38°23′21.01″ N; Longitude: 69°19′21.79″ E). The colony was reared on potted tomato plants in mesh cages (55 × 55 × 70 cm).



The lacewing species, C. carnea, originated from the biofactory “Kishovarz”, which provides commercial biocontrol agents in northern Tajikistan. Chrysoperla carnea eggs were maintained on cotton cloth tapes kept in glass bottles (10 cm diameter and 20 cm height) in a climatic room (T = 25 °C, RH = 65% and L:D = 16:8) located in IZIP.




2.2. Laboratory Predation Trials


Predation on T. absoluta eggs: In order to estimate the predation rate of C. carnea larvae on T. absoluta eggs, C. carnea second–third instar larvae and the newly hatched T. absoluta eggs (within 12 h) were used in predation trials. The larvae were obtained from the rearing bottles. The eggs were collected from the plant seedlings exposed to the T. absoluta colony for 12 h. For the predation bioassay, we used a microcosm design, i.e., double-cup system [45]. Two plastic cups were assembled with the top (600 mL, height: 13 cm) and the bottom one (Figure 1a, 350 mL, height: 11 cm). Leaves were collected from the young shoots of tomato plants and kept individually in the double-cups to preserve leaf turgor. Tuta absoluta eggs were transferred onto the leaves by camel brush and one C. carnea larva was introduced into each unit. The testing C. carnea individuals were starved for 12 h before the bioassay. We set up two treatments for quantifying predation rate. The first was to offer one lacewing 50 eggs and count the eggs consumed after 24 h. The second was to offer one lacewing 100 eggs and count the eggs consumed after 48 h. Twenty and ten replicates were set up for the first and second treatment, respectively.



Predation on T. absoluta larvae: In order to estimate the predation rate of C. carnea larvae on T. absoluta larvae, C carnea second–third instar larvae and T. absoluta third instar larvae were used in laboratory trials. To mimic natural conditions, the T. absoluta larvae residing inside the feeding galleries were used. The double-up microcosms were set up as described above. One or two T. absoluta larvae were used to infest the leaf in each microcosm for 12 h. The microcosm with one T. absoluta larva succeeded in residing in feeding gallery was used for the test. Otherwise, the ones with two or none which had succeeded in residing in the feeding gallery were dropped. Twenty microcosms were eventually obtained for the test. Afterwards, one C. carnea larva (starved for 12 h) was introduced into each microcosm. After 24 h, the event either “T. absoluta larva killed inside the gallery”, “T. absoluta larva killed outside the gallery”, or “T. absoluta larva not killed” was recorded for each microcosm. The trial was repeated by three times.



Tuta absoluta eggs and larvae survived well within 24 h and 48 h on the leaflets kept under favorable lab conditions. Moreover, we were able to tell the eggs/larvae that had been consumed by the predator from the ones that naturally died. For example, the predator was observed to attack the eggs, suck the liquid content and leave the empty egg shells.




2.3. Field Assessment


Field assessment was carried out in two tomato fields in Gissar (Latitude: 38°31′30.14″ N; Longitude: 68°33′4.46″ E) in central Tajikistan (Figure 1d) in 2019. The two fields (0.5 hectares for each) were previously cultivated with tomato with a distance of 500 m. In our experiment, part of each field (around 0.35 ha) was cultivated with tomato seedlings (variety Navichok) with the rest of the block being grown with corn. The six-week-old tomato seedlings were transplanted on 27 June. The two fields were cultivated free of insecticide application and only the routine agronomic practices (e.g., tillage, fertilization and irrigation) were applied. The two fields were used for both the cage exclusion experiment and the open-field experiment, as described below. Such a setup was sound since the two independent experiments did not interfere with each other in data collection.



Cage exclusion experiment: The cage exclusion technique was used following our previous study [46]. We established 20 cages made of metallic sticks (2 m × 2 m × 2 m) covered by nylon mesh netting with openings of 420 × 420 μm. On 2 August (36 days after transplanting), 12–13 tomato plants were covered in each cage. Subsequently all the plants within each cage were cleaned by removing all insects manually. On 5 August, five pairs of newly emerged T. absoluta adults were introduced into each cage. For the 20 cages, we randomly assigned them into three treatments when the crop was in the fruiting stage: (i) seven cages for “pre-fruiting release of C. carnea”, i.e., releasing 24 or 26 second instar lacewing larvae (two per plant) into each cage on 14 August (48 days after transplanting); (ii) seven cages for “post-fruiting release of C. carnea”, i.e., releasing 24 or 26 second instar lacewing larvae (two per plant) into each cage on 10 September (75 days after transplanting); and (iii) six control cages for “no release of C. carnea”. From 14 August to 9 October, numbers of T. absoluta young larvae and old larvae and the damage (feeding galleries) on each plant in each cage were recorded. The sampling procedure did not cause any physical damage to the plants. The sampling was conducted every nine to ten days during this period. Tomato yield from three treatments was estimated at the end of the season (i.e., 5–8 October). For each cage, all tomato fruits were collected and weighed to obtain the total yield.



Open-field experiment: Tuta absoluta occurred naturally in two fields and an average of seven larvae was found in each plant on 14 August. Chrysoperla carnea eggs kept on cotton cloth tapes were brought from the biofactory and introduced into one of the fields (i.e., biocontrol field, 0.35 hectare). On 14 August, 29 August (63 days after transplanting), and 25 September (90 days after transplanting), 9000, 12,000, and 13,000 C. carnea eggs were released into the biocontrol field. For each release, the releasing points were evenly distributed in the biocontrol field following a “zigzag” pattern. There were around 20 release points. The other field was not released with C. carnea eggs (i.e., control field). From 14 August to 9 October, numbers of T. absoluta young larvae, old larvae, and the damage (feeding galleries) on each plant in each sampling plot (including 10 plants) were recorded. The plots were chosen by a five-points sampling method. The sampling procedure did not cause any physical damage to the plants. The sampling was conducted every nine or ten days during this period. For the control field, we failed to do the field sampling from 20 September to 9 October. The reason was that the heavy infestation by T. absoluta led to heavy damage to the crops, and consequently the plants were almost destroyed around 20 September.




2.4. Data Analyses


We calculated the average number of T. absoluta eggs consumed within 24 h (20 replicates) and 48 h (10 replicates). The percentage of the events that the T. absoluta larva was killed inside the gallery, outside the gallery, and not killed was calculated for each replicate and the values were averaged (three replicates). For the cage exclusion experiment, we analyzed the effect of the independent variable “C. carnea release type” (pre-fruiting release, post-fruiting release, and no release) on the average number of T. absoluta young larvae, old larvae, and damage (i.e., feeding gallery) per plant. The average fruit yield per plant from three treatments was calculated and the data were fitted to a one-way ANOVA to check the difference significance. Multiple comparisons were done using a Tukey HSD (honestly significant difference) test. For the open-field experiment, we analyzed the effect of the independent variable “C. carnea release” (release vs. control) on the average number of T. absoluta young larvae, old larvae, and damage (i.e., feeding gallery) per plant. The data of the cage exclusion experiment and the open-field experiment were fitted in a GEE GLM (Generalized Estimating Equations Generalized Linear Model, ‘geepack’) based on a Poisson error and a log-link function with repeated measurements (‘sampling date’ as repeated factor). For the open-field experiment, only the data from the earlier four sampling dates were used for analyses since the data of the other three sampling dates was not available for the “control”. All the analyses were done using the R software (R Development Core Team, 2009).





3. Results


3.1. Predation Rate of C. carnea Larvae on T. absoluta Eggs and Larvae


Chrysoperla carnea larvae were observed to attack T. absoluta eggs (Figure 1b). They consumed an average of 36 and 72 eggs within 24 h and 48 h, respectively (Figure 2a). The larva was not only able to attack T. absoluta larvae residing inside the gallery, but also able to grab the larvae outside and kill them (Figure 1c, Figure 2b). The average total predation rate was 57% with an average of 22% of T. absoluta larvae being killed inside the galleries, and an average of 35% T. absoluta larvae being killed outside.




3.2. Field Assessment of C. carnea Controlling T. absoluta


In the cage exclusion experiment, the number of feeding galleries per plant differed significantly among C. carnea release types (χ2 = 200.6, df = 2, p < 0.001) and among the sampling dates (χ2 = 193.4, df = 6, p < 0.001) (Figure 3a). The overall variation among dates was mostly attributed to the fluctuation in the control cage (i.e., no release of C. carnea). The lowest number of feeding galleries was recorded for the pre-fruiting release cage. The average numbers in both the control cage and the post-fruiting release cage went up slightly and showed a similar trend during the first four sampling dates. However, the two treatments started to show divergence starting on the fifth sampling date. The average number of feeding galleries reached 22 and 75 for the last two sampling dates in the control cage, whereas the numbers maintained below 10 for the post-fruiting release cage. The numbers of young and old larvae per plant differed significantly among C. carnea release types (young larvae: χ2 = 114.5, df = 2, p < 0.001; old larvae: χ2 = 125.2, df = 2, p < 0.001) and among the sampling dates (young larvae: χ2 = 116.8, df = 6, p < 0.001; old larvae: χ2 = 135.8, df = 6, p < 0.001) (Figure 3b,c). The variations among C. carnea release types over the sampling dates were similar to those of the feeding galleries. Both young and old larvae were much less abundant in the pre-fruiting and post-fruiting release cages than those of control cages.



In the open-field experiment, the number of feeding galleries per plant differed significantly among C. carnea release types (χ2 = 16.00, df = 1, p < 0.001) and among sampling dates (χ2 = 228.0, df = 3, p < 0.001) during the first four sampling dates (Figure 3d). No data was available starting from the fifth sampling date in control plots since all plants were destroyed by the moth. In contrast, relatively low damage level was found in the biocontrol plots until the end of the season. The numbers of young and old larvae per plant differed significantly between two treatments (young larvae: χ2 = 17.00, df = 1, p < 0.001; old larvae: χ2 = 18.00, df = 1, p < 0.001) and among the sampling dates (young larvae: χ2 = 327.0, df = 3, p < 0.001; old larvae: χ2 = 430.0, df = 3, p < 0.001) (Figure 3e,f). Densities of young and old larvae increased sharply at the fourth sampling date in the control plots, whereas they were much less abundant in the biocontrol plots during the season.



Tomato yield differed significantly among the C. carnea release types (F = 48.00, df = 2, p < 0.001). Cages with pre-fruiting release and post-fruiting release of C. carnea resulted in similar yield; however, both treatments led to significantly higher yield than those of control cages (Figure 4).





4. Discussion


This study shows that the lacewing species C. carnea is a promising biocontrol agent for T. absoluta. Chrysoperla carnea was observed preying actively on the moth eggs and larvae in predation trials. Moreover, the release of C. carnea during the fruiting stage in exclusion cages and open fields reduced the moth population abundance and protected the tomato yield. As mass rearing of C. carnea is not costly in Tajikistan and other central Asian countries, augmentative release of C. carnea was suggested to be included in the IPM package against this pest. Our study seems to be the first showing the field evidence that a lacewing species could be used for the management of T. absoluta.



Phytophagous mirid predators, such as N. tenuis and M. pygmaeus, have received greatest interest in the biological control programs against the pest [36,47,48]. Nesidiocoris tenuis has been evaluated and considered as a more effective predator since the efficacy of M. pygmaeus in controlling T. absoluta in the absence of other food sources is possibly limited [48]. Our results showed that C. carnea second-third instar larvae were observed to consume around 36 eggs when 50 eggs were offered (Figure 2a), with this predation rate being comparable to those of mirid predators used in Europe [12]. Moreover, it is worth mentioning that C. carnea showed strong capacity in consuming the old larvae (e.g., the third instar) of T. absoluta, which seemed to be more effective than N. tenuis [49]. The tomato crops were almost destroyed by the moth in the control field where no control measure was taken, which prevented us collecting the data during the late season. In contrast, the pest population retained at a stable level in the biocontrol field during the sampling. Releasing C. carnea to target T. absoluta is supposed to make a great difference to crop yield since tomato crop damage has been primarily attributed to the old larvae of T. absoluta [25]. This can be further supported by the field data showing that C. carnea release largely increased the tomato yield (Figure 4).



The common green lacewing has the potential to be included in the IPM program targeting T. absoluta. Still, several aspects need to be considered for practical use of this species in protected or open-field condition. First, applied aspects of biology and ecology of C. carnea need to be further investigated. There are, for instance, the dispersal behavior [50], prey-searching efficiency [51], and functional response to prey densities [52]. For the last point, our data has limitations since we did not offer different densities of eggs to the predator within either 24h or 48h. As a result, we failed to reveal the functional response of C. carnea larvae to T. absoluta eggs, which may provide valuable knowledge suggesting how many lacewing individuals ought to be released to ensure an effective control of the pest in a given density. Second, predator-mediated indirect interactions among various prey pests may affect the predation pressure of C. carnea on T. absoluta. Chrysoperla carnea, being a generalist predator, may prey on other alternative prey present on the same crop plant. The suppression force on T. absoluta may depend on the phenological synchrony exhibited by the co-occurring prey pests [53]. Moreover, in-depth study may be needed to reveal the density- and/or trait-mediated indirect interactions between T. absoluta and other key dominate pest species [54]. The knowledge may guide when and how many lacewing individuals should be released into the field. In our field trials, we did an inundative release of C. carnea eggs, with two releases during the fruiting stage. Such a release strategy was sound since the pre-fruiting release could perfectly suppress the population build-up. The post-fruiting release was expected to fully protect the fruits from being damaged and guarantee the fruit quality. Lastly, the cost of mass rearing, packaging, transportation, and release need to be assessed. In Tajikistan and other central Asian countries, the cost of mass rearing is low and the commercial release of this species is affordable by local growers. The lacewing products were kept in glass bottles supplemented with alternative Lepidopteran eggs as food. The growers have to pick up the bottled insects from biofactories and return the empty bottles for cyclic use. As C. carnea is found in many parts of North America, Europe, and Asia, its usage for controlling T. absoluta may be promoted as a key part of the IPM package. Still we should note that the IPM package should not only target T. absoluta, as the key pest in tomato crops, but also the other pests in the crop. Our present study has limitations in that only one-year field data was available. However, we intend to show that this biocontrol agent has great potential. The practical use by growers is supposed to yield convincing conclusions in future.




5. Conclusions


Our study from laboratory trials to field assessment showed the common green lacewing C. carnea could be a promising biocontrol agent for T. absoluta. Although conservation of biocontrol agents in the habitat is important [55], mass rearing and augmentative release of C. carnea could be a more practical and effective tactic against such a devastating invasive pest. Local biofactories can support mass rearing of this predator, which already lays a solid basis for the promotion of widespread usage, at least in central Asian countries. To enhance its practical usage on larger scale, various applied aspects of the lacewing need to be further investigated. Although C. carnea was able to work alone to control T. absoluta in the field experiment, we do not suggest the sole use of lacewing by growers. The reason is that alternative treatments may work jointly to suppress T. absoluta. For instance, the IPM package could include sex pheromone-based control tools and Bacillus thuringiensis-based insecticide.
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Figure 1. Assessment of C. carnea as biocontrol agent against T. absoluta: (a) double-cup microcosm used in laboratory trials; (b) C. carnea at third instar larva attacking T. absoluta egg; (c) C. carnea at third instar larva attacking T. absoluta larva; (d) field assessment on biological control of C. carnea against T. absoluta: establishment of exclusion cages in tomato field. 
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Figure 2. Laboratory microcosm trials of C. carnea attacking T. absoluta: (a) average number (mean ± SE) of T. absoluta eggs consumed by each third instar C. carnea larva within 24 h (n = 20) and 48 h (n = 10), supplied with 50 eggs and 100 eggs respectively; (b) average proportion (mean ± SE) of events that T. absoluta larvae were killed inside galleries, outside galleries and not killed by C. carnea (n = 3, 20 paired C. carnea–T. absoluta for each replicate). 
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Figure 3. Field assessment of C. carnea controlling T. absoluta: (a) average number (mean ± SE) of feeding galleries per plant, (b) average number (mean ± SE) of young larvae (first and second instar) per plant, and (c) average number (mean ± SE) of old larvae (third and fourth instar) per plant sampled from the exclusion cages treated with pre-fruiting release of C. carnea, post-fruiting release of C. carnea, and no release; (d) average number (mean ± SE) of feeding galleries per plant, (e) average number (mean ± SE) of young larvae (first and second instar) per plant, and (f) average number (mean ± SE) of old larvae (third and fourth instar) per plant sampled from the biocontrol field plots and the field without release of C. carnea (control). 
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Figure 4. Average yield (in kg, mean ± SE) per crop plant harvested from the exclusion cages treated with pre-fruiting release of C. carnea, post-fruiting release of C. carnea and no release (control); a,b: values followed by the same letters are not significantly different (p > 0.05). 






Figure 4. Average yield (in kg, mean ± SE) per crop plant harvested from the exclusion cages treated with pre-fruiting release of C. carnea, post-fruiting release of C. carnea and no release (control); a,b: values followed by the same letters are not significantly different (p > 0.05).



[image: Insects 11 00286 g004]








© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  insects-11-00286


  
    		
      insects-11-00286
    


  




  





media/file6.jpg
124

s

°
&

°
S

Average yield per crop plant (kg)
° °
S &

0.0

Pre-fruiting release Post-fruiting release Control





media/file1.png
(d)






media/file7.png
Average yield per crop plant (kg)

1.2 -

o

Pre-fruiting release Post-fruiting release

|
Control






media/file5.png
Average number of young larvae per plant Average number of feeding galleries per plant

Average number of old larvae per plant

Cage exclusion experiment

80 - (a)

—— Pre-fruiting release
70 - O~ Post-fruiting release %
—{\— Control /
/
%07 /
/
50 /
/
40 - )
/
30 - /
20 /“g
ol
10 - A———@—'“_:-gw—* >—9
eAj — s g
0

1 I I I I | |
14 Aug. 22 Aug. 02 Sep. 10 Sep. 19 Sep. 29 Sep. 09 Oct.

21 (b)

/
15 - ,
/
4
5- S o
i —f/— — g9

1 I T I I I I
14 Aug. 22 Aug. 02 Sep. 10 Sep. 19 Sep. 29 Sep. 09 Oct.

1 (9

1 L I Ll L 1 1
14 Aug. 22 Aug. 02 Sep. 10 Sep. 19 Sep. 29 Sep. 09 Oct.

Sampling date

Average number of young larvae per plant Average number of feeding galleries per plant

Average number of old larvae per plant

80 -

70

60 -

50

40 -

30 -

20 -

Open-field experiment

(d)

—E5— Biocontrol
—4A— Control

50

45

40

35 —

30 +

25 -

20 -

I I I I I I 1
14 Aug. 23 Aug. 02 Sep. 11 Sep. 20 Sep. 30 Sep. 09 Oct.

(e)

# B

2 &.-4"—"——"'@"‘"'—_‘—@ T——

50

45 -

40 -

35 -~

30 -

25 +

20

1 I I I I I 1
14 Aug. 23 Aug. 02 Sep. 11 Sep. 20 Sep. 30 Sep. 09 Oct.

()

— e &5

& __$-._-_~:;"_"

1 T I 1 T I 1
14 Aug. 23 Aug. 02 Sep. 11 Sep. 20 Sep. 30 Sep. 09 Oct.
Sampling date





media/file3.png
—~
o

100 -

80 -

60 -

40 -

HH

20 -

Average number of eggs consumed

: |
Within 24h Within 48h

(b) 05-

0.4 4 -

0.3~

——

0.2 -

Proportion of events

0.1 4

0.0

1 " T
Killed inside galleries Killed outside galleries Not killed





media/file4.jpg
Cage exclusion experiment.

009 smme
i
i /
i o
e

[ ———)

Open-field experiment
@

e e T

oy ke b ko ey 0k o080

@

@

Avecage rumbe o ok lrves pu sl

i ®) b
i 0e 1=
ic .
15 V-
i .
I = b M[

®






media/file0.jpg
@






media/file2.jpg
s 8 2 8

2

‘Average number of eggs consumed

Wit 24n

®) o8

o

4

Proportion of events

00

Kiled nside galleries.Killed outside galleries.





