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Abstract

:

In recent decades, it has been shown that pollination deficit can significantly affect crop production. Moreover, now it is known that the appropriate management of pollination can increase the quantity and quality of yields. Therefore, pollination appears to be a key component in modern agriculture. This study aimed to determine the impact of floral patch addition on the quality and quantity of Cucurbita maxima fruit production. To this end, we manually added a set of ornamental plant species to the edge of the crop and monitored the pollinator diversity and visit frequency, as well as the seed set and sugar content of the pumpkin yield, in treatment and control parcels. The results showed that there was a higher visit rate in the treated parcel. Only the sugar content, and not the seed set, was affected by the addition of ornamental species and the pollinator visit rate. These findings indicate that the addition of flowering plants can favor different components of the crop yield of this species, but future studies should sample on a broader spatial and temporal scale in order to certify the generalizability of our results.
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1. Introduction


Traditionally, when crop productivity problems are observed, hydric and nutrient regimes are immediately reviewed, but pollination deficit is rarely considered. Studies conducted over the last decade have determined that a pollination deficit in crops can be even more damaging than a deficit in resources such as water and nutrients, since these resources are easier to manage compared to pollination [1]. Moreover, today it is known that the appropriate management of pollination can increase the quantity and quality of crop yield [2,3]. For example, in canola crops (Brassica napus) it has been observed that a greater diversity of pollinating insects improves the oil content in its seeds [4]. Additionally, improvements in pollinator management also increase the size, color, and firmness of apples, strawberries, and blueberries [5,6,7,8,9]. Therefore, pollination appears to be a key component in modern agriculture.



It is estimated that around 75% of all agricultural crops in the world depend to some degree on animal pollination, and that 35% of the total crop production necessary for human consumption is favored by animal vectors [10]. In fact, several crops important to human nutrition and health in terms of vitamins and minerals input (e.g., vitamin C and A, calcium, and carotenoids [9]) are highly dependent on animal vectors for their pollination [11]. Unfortunately, pollinator abundance and diversity are declining at an accelerating rate [12], which in the medium-to-long term would cause a deficit between the amount of food required in the world and the total amount that can be produced [13].



Faced with the threat of pollinator diversity loss worldwide, researchers have dedicated themselves to finding solutions through which to increase both pollinator abundance and diversity in different crop systems. In modern agriculture, some techniques have been developed mainly to provide suitable habitats for pollinators [14]. These include sowing native or wildflower seeds at field edges, or improving soil quality and increasing populations of wild pollinators through the vegetation adjacent to crops [15].



In particular, sowing wild flowers at the crop edge has emerged as a promising management strategy, since it favors the maintenance of alternative floral resources for a longer time than several pollinating insects. Recent studies have shown that flower patch incorporation can increase the abundance of pollinators [16,17], favoring crop yield in some orchards [18]. However, unknown the effect of this strategy on many other crop systems is unknown, especially those where highly pollinator-dependent herbaceous species are grown.



According to FAO, pollination is essential for the production of approximately 11% of the main commercial crops on the planet, including fruit trees and vegetables such as mango (Mangifera indica), kiwi (Actinidia deliciosa), custard apple (Annona cherimola), and pumpkin (Cucurbita maxima), among others [19]. In particular, as a monoecious crop, cucurbits stand out as animal vectors that are essential for fertilization [20]. In Chile, C. maxima is one of the most important cucurbits, since it is one of the five vegetables with the largest cultivated area in the country (approximately 5000 hectares [19]). However, recent conversations with local farmers have indicated that its crop yield has decreased recently. They suggest that this phenomenon has several causes, w one of which is the lack of efficient pollinators, since honeybees do not always fertilize pumpkin flowers effectively (Murúa, pers. obs). The latter argument is supported by a recent study on Cucurbita pepo that revealed that supplementing pumpkin individuals with commercial A. mellifera does not increase either their visitation frequency or fruit production compared to individuals in non-supplemented fields [3].



In light of this information, we present a study to determine the impact of the addition of floral patches on the quality and quantity of fruit production of Cucurbita maxima var. Paine. We predicted that the addition of floral patches would increase pollinator diversity and consequently increase the seed set and sugar content of pumpkins. To test this, we performed a manipulative experiment in which ornamental plant species were situated at the edges of a crop. Subsequently, we monitored the visitation frequency of each pollinator species and the quality and quantity of pumpkin yield in treatment and control conditions.




2. Materials and Methods


2.1. Study System


C. maxima var. Paine is a crop originating in South America; it is highly cultivated, mainly due to its nutritional properties and its long storage period [21]. It has a creeping or climbing habit with rough, hollow, and angular stems with the presence of tendrils (Figure 1a). The flowers feature a yellow corolla, with large petals and a cylindrical peduncle ([22], Figure 1b). Female flowers feature three staminodia, a short style, and between three and five bilobed stigmas, while ovaries typically include three, but sometimes 4–5, carpels. The male flower grows on a long peduncle with anthers attached [22]. The flowering period is particularly short as flowers are open and receptive for only one day. The fruits are large, generally spheroidal, of grayish-green color on the outside and with an orange pulp on the inside (Figure 1c,d). It features a low water content, and a high content of carbohydrates and carotenoid compounds. This makes pumpkin a crop of great importance to the country. Generally, it is sown during the spring months, followed by flowering and fruiting in early summer.




2.2. Study Site


The study was conducted during spring-summer season from September 2019 to January 2020, covering the entire growing period of the crop. The sampling was located in an orchard of approximately 20 hectares located in the commune of Alto Jahuel, Buin, Chile (33°44′48.5″ S, 70°41′38.9″ W). The farmland was divided into six parcels; in each, one different species was cultivated separately, including Juglans regia, Zea mais, and Prunus persica var. nucipersica, in addition to C. maxima var. Paine and C. maxima var. Diaguita. From these, two parcels were selected to conduct the experiments and monitoring, in which only C. maxima var. Paine grew separated by a Zea mais crop, with a distance of approximately 500 m between them.




2.3. Experimental Design


To determine the impact of the addition of flower patches on the production of the C. maxima crop, a manipulative experiment was designed. To do this, two parcels of approximately 120 m per 25 m approximately were selected and designed as control (C) and treated (T1) plot (i.e., floral patches plantation). In each one, 20 individuals of C. maxima (approximately 2–3 individuals per row), equally spaced, were selected and marked. Subsequently, every 10 m at the edges of the T1 plot, a floral patch was planted. The patches consisted of six ornamental species, which were in bloom at the same time as the crop. The selection of species was made based in their coloration and plant structures, taking care to include species of different colors and floral displays (e.g., individual flowers and/or inflorescences). The patches were found to be composed of Lavandula latifolia, Cosmos bipinnatus, Salvia splendens, Lobelia erinus, Tagetes patula, and Leucanthemum vulgare (Figure 2). The patches were watered twice a week, and each was given approximately four liters for the duration of the study.




2.4. Characterization of Pollinator Assemblages


To characterize the composition of the pollinator species assemblages in both plots, we conducted a visitation frequency recording during the entire month of C. maxima’s flowering. Twice a week for four consecutive weeks, we performed a census on each marked plant in both parcels in the hottest hours (i.e., 11:00–14:00 h). The censuses were performed for 15 min and the activity of each insect that visited the marked plants was recorded. Only those insects that touched the reproductive structures of the plants were considered legitimate pollinators. The insects were identified at the lowest possible taxonomic level directly in the field, and only those specimens that were not easily identified were brought to the laboratory for consultation with a specialist. Finally, the visitation rate was estimated as the number of visits per flower per unit of time.




2.5. Quality and Quantity of Crop Yield


In January 2020, once fruiting occurred, each marked pumpkin was harvested and taken to the laboratory to measure variables that accounted for the quantity and quality of the crop yield. We decided to use the seed number per fruit as a proxy for yield quantity as it was expected that the pollinator’s presence would alter the pollen depositions in the stigmatic surface, affecting the ovule fecundation and, consequently, the seed set. In terms of quality, we decided to use solids in pulp, since in Chile pumpkin sweetness is a key characteristic that determines the preference of costumers. In addition, we measured the weight of each C. maxima to be used as a covariate in the subsequent analysis. The measurements were performed with a precision mechanical balance and expressed in grams.



The quantity component was estimated as the number of seeds produced per fruit. For this, each fruit was cut lengthwise, its seeds extracted from the seminal cavity and counted. Next, from each cut individual, a pulp sample was extracted, ground with a mortar, and the liquid content filtered with a fine mesh of 150 μm. Subsequently, a sample of 2 mL of that liquid portion was taken with a pipette and applied in an optical refractometer to measure the Brix degrees, which represented the grams of saccharose in 100 g of solution and was expressed as a percentage.




2.6. Data Analysis


To determine the impact of floral addition on the abundance of pollinating insects, an analysis of variance (ANOVA) was carried out using the visitation frequency as a response variable and treatments as a factor. Furthermore, to explore the impact of floral addition on the quantity and quality variables, we performed two independent Generalized Linear Model (GLM) analyses. For each GLM, the quantity and quality variables were used as a response variable, and the treatments as factors. Interaction terms were also tested, but only those statistically significant are reported.



Finally, to determine the joint effect of floral addition on the pollinator’s attraction and, consequently, on the quantity and quality of C. maxima production, we performed two new independent GLM analyses. The first GLM, seed set per fruit, was used as a response variable using a Poisson-type distribution. Regarding pulp density, it was transformed from a percentage to a continuous variable, using it as a response variable with a Poisson-type distribution. In both analyses, the visit rates were used as a factor and individual weight as a covariate. The ANOVA and GLM analyses were performed in R Studio software version 1.1453 [23].





3. Results


3.1. Characterization of Pollinator Assemblages


The pollinator assemblages were composed of a few pollinator species, which differed between plots. In the control plot, the honeybee Apis mellifera and the bumblebee Bombus terrestris were the only pollinating species. In the treated plot (T1), two hymenopteran (A. mellifera and Manuelia gayi), one coleopteran (Eriopis sp.) and one dipteran (Sirphidae sp.) composed the total pollinator group. Regarding the pollinators’ abundance, we recorded 323 interactions between C. maxima flowers and their pollinator species, among which 218 visits were registered in plot T1, approximately double the number of those registered in the control plot (105 visits).



Examining the visitation frequency, on average, we observed that the mean visitation rate in the control plot was half that of the registered in plot T1 (Table 1), which was a statistically significant difference (ANOVA: Z = 0.62, t-value = 3.71, p = 0.001). In both plots, the exotic honeybee A. mellifera was the species that made most of the visits, registering an average visit rate of 0.56 visits × flower−1 × h−1 in the control and 1.07 visits × flower−1 × h−1 in the T1 plot, respectively. In addition, the second species that performed the most visits to C. maxima in the control plot was the exotic bumblebee B. terrestris (0.17 visits × flower−1 × h−1), while in the experimental plot T1 it was the native solitary bee M. gayi, with a visit rate of 0.13 visits × flower−1 × h−1.




3.2. Quantity and Quality of C. maxima Production


In general, with the exception of the number of seeds, in the treated plot the pumpkins had a greater weight and were sweeter (i.e., high º brix) than those present in the control situation (Table 1). In particular, the individuals weighed ~600 g more in the treated plot than in the control one (Figure 3), differences that were statistically significant (GLM: Z = 0.13, t-value = 27.88, p < 0.001).



The seed set was similar between the plots and no significant differences were observed between treatments (GLM: Z = 0.01, t-value = 0.34, p = 0.74). By contrast, the mean percentage of soluble solids in pulp present in the liquid portion of C. maxima were higher in the T1 plot than in the control plot (Figure 4), differences that were statistically significant (GLM: Z = 0.11, t-value = 9.19, p < 0.001).




3.3. Pollinators and Their Impact on C. maxima Production


In the analysis of the effect of treatments and visitation frequency of pollinator species on the quantity component of the production, no significant effects were observed from either the treatments or the visit rate on seeds per fruit; only the covariate showed a significant difference (Table 2). For the analysis of the quality component, we observed significant effects of treatments, visitation frequency of pollinators, pumpkin weight, and most of the interaction terms among them on the soluble solids in the pulp of C. maxima (Table 2).





4. Discussion


The main aim of this study was to determine the impact of the addition of floral patches on the attraction of pollinators that can improve the quantity and quality of C. maxima crop. The results obtained in the focal census showed that the pollinator assemblages were composed of a few insect species, whose visitation frequency differed between the experimental plots. In addition, the pumpkin weight and pulp sweetness, but not the seeds per fruit, were higher in the treated plot than in the control plot. The analysis of the join impact of pollinator species and floral patch addition on the quality and quantity component of C. maxima production showed that visit rate and treatments can affect solid solutes in pulp, but not the number of seeds per fruit. These results suggest that the addition of other floral resources, complementary to the crop, can not only favor the frequency of visitation to these flowers, but could also contribute to enhancing the quality of crop production.



4.1. Effect of the Addition of Flower Patches on the Diversity and Frequency of Pollinator Visits


Our results showed that the addition of floral patches to the edge of the pumpkin crop can favor the attraction of a few new pollinator species. In addition, it was possible to observe a greater frequency of visits to flowers in cultivation in the treated plot compared to the control situation. These findings coincide with the results of several other studies, where an increase in both diversity and pollination frequency has been documented [11,17,24,25,26]. For example, in Scotland [17] on Rubus idaeus (raspberry) crops it was observed that the addition of a strip of wild flowers increased the abundance of species present in the crop by 25%. Likewise, in Israel, in a study carried out on a Citrullus lanatus crop between 2009 and 2011 [26], it was determined that the addition of floral patches increased the presence and visitation of wild pollinators, but not of honeybees.



In the present study, we recorded three non-Apis species in the treated plot, in which the solitary bee M. gayi was the second most frequent pollinator species in that plot. M. gayi, like the rest of the species of its genus, is a polylectic bee that forages several native and exotic plant species. In addition, it is a species that builds nests in logs following a solitary pattern, which consists in the construction of galleries in which it provides food for the young larvae that develop in partitioned cells [27]. To date, there are no records of visits by this species to any other species in cultivation in Chile, nor are there records of its domestication and use as a commercial pollinator. However, according to its foraging habits and wide distribution throughout the country, it is possible that this species is a potentially good pollinator for different crop species. However, as for all native bee pollinators in Chile, its efficiency and contribution to plant pollination still needs to be studied.



Some studies have reported positive results from surrounding vegetation in orchards in terms of an improvement in pollinators’ attraction and diversity (reviewed in [28]). Although we were able to observe an increase in species richness in the treated plot, this increase was only of a few species and in low abundance, which may be explained by at least three factors that are not mutually exclusive.



First, the origin, size, and composition of the patches might not be the most appropriate to attract more local pollinators, since the plant species used to conform them were ornamental, and the patches were small; the patches might also might have been unattractive or unknown to many insects, and they may not have offered the insects an appropriate nutritional content. Previous studies indicated that there is a direct relationship between the size of flower patches that are established in the surroundings of crops and the diversity and abundance of pollinators [29].



Second, another important factor is the time over which this research was developed. According to the phenology of C. maxima, we performed a study that lasted only two months, so it is likely that it was not possible to detect differences in abundance because the insects did not have enough time to recognize the new surrounding flora. Possibly, if the patches had been installed a few months before the pumpkins bloomed, the plants would have established themselves and attracted more insects over time. Studies conducted in C. pepo have highlighted the importance of the establishment time of floral cords in the detection of changes in visitation frequency to cultivated plants [30]. In fact, in the study carried out by [17], the authors detected changes in the diversity of pollinators only after several months or even years, which highlights the importance of time to establish a permanent diversity of insect species in orchards.



Third, another relevant factor may have been the presence of nectarine trees that were close to the crop and a living fence that delimits the property. Both featured open flowers in the same flowering period of C. maxima, and the insects might have preferred to visit these flowers than those of the crop itself.




4.2. Effect of Pollinators on Quality and Quantity in the Production of C. maxima


The results demonstrated that both flower addition and pollinator visitation can affect the quality, but not the quantity, of C. maxima production. Here, the amount of solid solutes in the pulp of C. maxima was higher in the plot with floral patches; this plot also featured a higher visitation rate by pollinator species. Fruit quality has been evaluated a few times in some cultivar species (e.g., cucumber, strawberry, pearl, among others), leading to the suggestion that the presence of pollinators improves fruit shape, firmness, and shelf life, and reduce fruit acidity [6,31,32], which seems to be an indirect effect of hormone secretion after successful pollination [6]. However, these patterns were found under different experimental conditions (i.e., the absence and presence of pollinators), and, most of the time, self-pollination produces fruits of lower quality. Unfortunately, our experimental approach was different, preventing us from making an appropriate comparison between our results and those of previous studies.



In our study, floral addition attracted three more insect species in the treated plot that were not present in the control plot, which might have complemented the pollination performed by A. mellifera, ensuring an appropriate fecundation and increased fruit sweetness. Different investigations have shown that wild pollinators can perform a more efficient pollination than A. mellifera [33,34] or complement it by forcing them to move forward between plant lines in some orchards [35], suggesting the important complementary role of native species in crop yield. Here, we were not able to determine the pollination efficiency of those non-Apis species to establish their real contribution to crop pollination. To our knowledge, this has never been explored in cucurbits species, so the beneficial effects of different animal vectors on sugar contents or other quality variables is still unknown and deserves to be explored further.



Unlike fruit quality, the impact of pollinators on yield production has been explored many times for different crops [36]). In the case of the Cucurbitaceae family, other researchers have shown that, on average, pollinator richness increases final crop production [36,37], which would be explained by the susceptibility of these species to suffering pollination deficits [38]. In fact, according to a review about the incidence of pollinating insects in tons produced per hectare, it was pointed out that within the study crops, the cucurbit family is the most susceptible to having a deficit in the quantity production due to inadequate pollination [38]. In this same sense, [37] a study on different pumpkin crops in Thailand found that a greater diversity of pollinators increases the number of individuals produced.



Despite all the positive effects on the quantity of yield mentioned above, our findings did not support these patterns, and other factors can be invoked to explain the lack of effect of treatments or pollinator species on the seed set. One of these is the fact that in both plots, A. mellifera was the most frequent pollinator species, which can result in similar pollen deposition and seed development in both treatments. Most of the differences in seed production have been found in studies in which wild pollinator diversity was greater than that of honeybees [36], which was not the case in our study. Other relevant factors include the adverse climatic conditions during the sampling season. Large heat waves, accompanied by the intense drought that occurred in the north and center of the country in the last decade [39], could have affected the secretion of floral reward [40], equally affecting pollinators’ performance in both plots, and possibly altering seed development. Moreover, another relevant factor could be the sample size and/or the position of the selected plants within each plot. We selected only 20 individuals per plot, and they were mainly distributed in the first five rows (i.e., those closest to the floral patches), making the data obtained not sufficiently representative of the production of the entire orchard.



Finally, it is important to notice that although this study considered the entire flowering period of C. maxima (i.e., one month, during which the flowers remain open for just one day), only one season was analyzed, which prevented us from determining the generality of our results. However, this research represents a first advance in the study of the impact of increasing the diversity of flowering plants on the productivity of C. maxima in Chile. Likewise, it allows us to elucidate the importance of biodiversity for agricultural systems, and specially the role of pollinators, in the improved functioning and productivity of cropping systems. Undoubtedly, new studies are required that include orchards of different size areas, a greater number of individuals, experimental designs that incorporate a wide variety of native plants, and the measurement of different quality and quantity fruit variables to understand in a comprehensively way the plant–pollinator relationship applied in productive agricultural systems.
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Figure 1. Habitus (a), flower morphology (b) and fruit development (c,d) of Cucurbita maxima var. Paine at the study site. 
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Figure 2. Floral patches installed in the Cucurbita maxima var. Paine crop. 
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Figure 3. Weight of Cucurbita maxima var. Paine individuals in both study plots. C = control, T1: Treatment 1. 
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Figure 4. Percentage of solid solutes in the pulp of fruits of Cucurbita maxima var. Paine in both plots under floral patches addition treatment. C = control, T1: Treatment 1. 






Figure 4. Percentage of solid solutes in the pulp of fruits of Cucurbita maxima var. Paine in both plots under floral patches addition treatment. C = control, T1: Treatment 1.



[image: Diversity 13 00608 g004]







[image: Table] 





Table 1. Visitation rate, fruit weight, seed set, and solid solutes in pulp of C. maxima var. Paine in both experimental plots. Mean values and standard deviation are shown.
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Plot

	
Visitation Rate

	
Fruit Weight

	
Seed Set

	
SP




	
(nº Visit × Flower−1 × h−1)

	
(kg)

	
(nº Seed per Fruit)

	
(º Brix)






	
Control

	
0.63

	
2.7

	
209

	
4.2




	

	
1.00

	
2.6

	
267

	
5.0




	

	
0.75

	
5.0

	
410

	
7.6




	

	
0.88

	
5.0

	
232

	
9.0




	

	
0.88

	
4.2

	
246

	
7.0




	

	
0.25

	
3.2

	
200

	
5.4




	

	
0.5

	
6.0

	
217

	
8.0




	

	
0.63

	
4.3

	
178

	
5.9




	

	
0.33

	
5.0

	
286

	
7.0




	

	
0.50

	
4.9

	
202

	
8.1




	

	
0.31

	
3.1

	
114

	
8.0




	

	
1.25

	
6.0

	
257

	
9.0




	

	
1.00

	
4.2

	
124

	
6.0




	

	
0.25

	
4.3

	
189

	
8.1




	

	
0.38

	
3.3

	
270

	
5.0




	

	
0.38

	
5.1

	
266

	
7.6




	

	
0.63

	
8.4

	
291

	
8.6




	

	
0.42

	
3.3

	
289

	
6.2




	
Mean ± SD

	
0.61 ± 0.29

	
4.5 ± 1.43

	
236 ± 68.05

	
6.98 ± 1.47




	
Treatment 1

	
1.75

	
5.0

	
204

	
8.1




	

	
1.25

	
5.3

	
240

	
9.7




	

	
1.38

	
4.3

	
190

	
8.0




	

	
1.58

	
4.2

	
246

	
8.0




	

	
2.75

	
4.9

	
262

	
9.6




	

	
1.50

	
6.0

	
228

	
8.0




	

	
0.88

	
5.9

	
198

	
11.0




	

	
0.38

	
5.1

	
128

	
7.9




	

	
1.50

	
4.2

	
248

	
7.6




	

	
0.33

	
5.0

	
191

	
8.7




	

	
0.50

	
5.1

	
235

	
9.0




	

	
0.70

	
5.1

	
214

	
7.0




	

	
1.92

	
7.0

	
304

	
7.1




	

	
1.25

	
5.0

	
232

	
8.5




	

	
1.33

	
6.8

	
264

	
9.1




	

	
1.50

	
3.4

	
216

	
7.0




	

	
0.40

	
5.9

	
308

	
9.0




	

	
0.88

	
4.0

	
331

	
7.3




	
Mean ± SD

	
1.21 ± 0.63

	
5.1 ± 9.41

	
236 ± 48.38

	
8.37 ± 1.07
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Table 2. Summary of the GLM effect of treatment, visit rate, fruit weight, and its interaction terms on seed set and soluble solids in the pulp of Cucurbita maxima. N represents sample size. ** p < 0.01, *** p < 0.001.






Table 2. Summary of the GLM effect of treatment, visit rate, fruit weight, and its interaction terms on seed set and soluble solids in the pulp of Cucurbita maxima. N represents sample size. ** p < 0.01, *** p < 0.001.











	Seed Set (N = 18)
	Estimate
	Z Value
	p Value





	Treatment (T)
	−0.04
	−0.22
	0.82



	Visit rate (VR)
	0.09
	0.56
	0.58



	Weight (W)
	0.001
	2.48
	0.01 **



	Soluble Solids in Pulp (N = 18)
	
	
	



	Treatment (T)
	0.19
	8.84
	<0.001 ***



	Visit rate (VR)
	−0.34
	−3.86
	<0.001 ***



	Weight (W)
	0.001
	4.22
	<0.001 ***



	T × VR
	0.17
	0.48
	0.63



	T × W
	0.02
	−9.42
	<0.001 ***



	VR × W
	0.001
	4.02
	<0.001 ***
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