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Competition and facilitation processes between sweet pepper and associated crops in additive intercropping system
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Organic vegetable farms have a frequent recourse to intercropping in order to produce a diversity of vegetable on a small plot with high-yields. Additive row intercropping is a promising pattern to introduce a secondary crop into a main crop without drastically modifying other practices. However, the need for references on the design of intercropping systems, their performances and functioning is strong especially for production under walk-in shelter. Yield advantage in intercropping system results from two contrasted interaction processes between intercrops: competition and facilitation for resources. The objectives of this study were to compare the growth and the productivity of a sweet pepper intercropped with different secondary crops (French bean, parsley and onion) to that of a sweet pepper in sole crop and to reveal competition and facilitation processes at work with regards to soil resources and organisms. We set up an on-station field experiment in a completely randomized block design with three replicates and four treatments. All crops were planted at the same time and except intercropping, cultural practices were the same for all treatments: we used the same sweet pepper density, amounts of water, organic fertilizer, organic pesticides and similar pruning and trellising methods for all systems. We measured marketable yields of main and secondary crops as well as growth, root necrosis and mycorrhization of sweet pepper and monitored water and nitrate availability in soil. According to the secondary crop species, marketable yields of sweet pepper in intercropping systems were reduced from 21 to 28 % compared to sole crop but this reduction was compensated by production of secondary cash crops. Soil resources monitoring suggests that water was a limiting factor, but nitrate was not. Roots of sweet pepper were more intensely colonized by arbuscular mycorrhizal fungi in intercropping systems but no significant effects were detected on root necrosis.

INTRODUCTION

Organic vegetable farms are often implanted near cities where access to land is expensive. As a result, soil use is very intensive especially under market-gardening walk-in shelter. More and more of those farms combine short and long supply chains to valorize the products [START_REF] Petit | The effects of transition towards short supply chains on liveability of farming systems: initial findings and further research needs[END_REF]. In 2013, more than 90 % of the French organic vegetable's farms commercialize all or part of their products through short supply chains [START_REF] Dedieu | Les exploitations en agriculture biologique : quelles performances économiques ? Insee Références[END_REF]. Therefore, they aim to produce a diversity of vegetables to satisfy customers and ensure crop rotation. Intercropping, which consists in growing two or more crops simultaneously on the same land, is a promising practice to produce a diversity of vegetable on a small plot with high yields, that may be suitable in this context. Many farmers already practice intercropping. Nevertheless, there is still a great demand for references. Production in intercropping system results from two contrasted interaction processes between intercrops: competition for resources and facilitation. Competition is an interaction between species in which both require a resource that is in limited supply. In intercropping, competition occurs for light, nutrient and water. Facilitation is an interaction between species that benefits at least one of the participants and causes harm to neither. Example of facilitation processes in intercropping have been demonstrated for the acquisition of nitrogen with plants fixing atmospheric nitrogen, of phosphorus made accessible through root exudates or mycorrhiza, and of water [START_REF] Justes | Les processus de complémentarité de niche et de facilitation déterminent le fonctionnement des associations végétales et leur efficacité pour l'acquisition des ressources abiotiques[END_REF]. Intercropping could be a way to manage indigenous arbuscular mycorrhizal fungi (AMF) [START_REF] Plenchette | Managing arbuscular mycorrhizal fungi in cropping systems[END_REF] and their effect on plant host through protection against pathogens for instance (Azcón- [START_REF] Azcón-Aguilar | The contribution of arbuscular mycorrhizal fungi to the control of soil-borne plant pathogens[END_REF].

Among the different possible patterns of intercropping, additive row intercropping is a favorable design to introduce a secondary crop into a main cash crop without drastically modifying other practices. Choosing intercropped species with different rooting depths, aerial architecture and dynamics allows spatial and temporal partition and efficient use of resources such as nutrient, water and light [START_REF] Justes | Les processus de complémentarité de niche et de facilitation déterminent le fonctionnement des associations végétales et leur efficacité pour l'acquisition des ressources abiotiques[END_REF].

The need for references on the design of intercropping systems, their performances and functioning is strong especially for production under market-gardening walk-in shelter. Better understanding of competition and facilitation processes could help to design more efficient intercropping systems and to optimize their management.

This study aimed to investigate the effect of intercropping sweet pepper (Capsicum annuum L.) with different secondary cash crops on yields and growth of sweet pepper. We also aim to reveal competition and facilitation processes at work with regards to soil resources and organisms. The tested secondary crops were French bean (Phaseolus vulgaris L.), onion (Allium cepa L.) and parsley (Petroselinum crispum Mill.). They differed in term of botanical family (Fabaceae, Amaryllidaceae and Apiaceae resp.), crop duration, growth rate, needs and type of vegetable (fruit, bulb and leaf resp.); We expected different performances according to the secondary crop.

MATERIALS AND METHODS

Experimental site and design

The experiment was implemented in 2021 at the INRAE experimental research station in Alénya town, South of France (42°38'14,9''N; 2°58'18,7''E; alt. 8.5 m) under three 400 m² (8 x 50 m) unheated walk-in plastic tunnels. The soil is a deep sandy clay loam with 2.2 % organic matter content and a pH of 7.7. The experimental design was a randomized complete block with three blocks, each one in a tunnel, and four treatments: sweet pepper in sole crop, sweet pepper + French bean, sweet pepper + onion and sweet pepper + parsley. Each replication occupied a tunnel section of 48m² (8 x 6 m) called 'plot' and was separated from other treatments by a tunnel section of 12 m² (8 x 1.5 m) cropped with sweet pepper in pure stand. The experiment was implemented in organic farming.

Plant material and crops conditions

Sweet pepper ('Achille', HM. Clause), French bean ('Oreo', Vilmorin), onion ('Rouge de Toulouges', Agrosemens) and parsley ('Géant d'Italie', Voltz) were grown in nursery before being transplanted in the tunnel on March 24, 2021.

Fields were previously cultivated with multi-cut sorghum green manure during 7 months for homogenization followed by an occultation with silage tarp during 4 months. Soil was supplemented with organic (Orgaliz CV + 7 N -4 P -11 K + 2 MgO) and mineral fertilizers (potassium sulfate) as base dressing taking into account soil chemical analysis to reach the following rates: 200 N -50 P -300 K + 30 MgO at the beginning of the experiment.

The intercropping design was additive with the same density of sweet pepper (D = 1.5 plants.m -2 ) in all treatments; sweet pepper plants were arranged in four simple rows 1.65 m apart with a plant spacing of 0.33 m within the row. For intercropping treatments, two rows of the secondary crop were planted at 0.33 m from both sides of each row of sweet pepper with a plant spacing of 0.11 m for onion (D= 9 plants.m -2 ) and 0.33 m for French bean and parsley (D= 3 plants.m -2 ) (Figure 1).

Each strip, composed of one row of sweet pepper and two rows of a secondary crop, was mulched with a micro perforated black plastic film with holes spaced out every 0.33 m, with additive holes made manually for onion. Each strip was irrigated with two drip lines located between rows of main and secondary crops and irrigation was scheduled to compensate the evapotranspiration loss from sweet pepper in sole crop (Kc sweet pepper).

Sweet pepper plants were trellised in hedges with wooden posts and horizontal strings. All side pepper shoots under the first flower were removed. Weeds were controlled manually. Aphidius colemani (Hymenoptera: Braconidae) parasitoid wasps were released at 1.25 individuals.m -2 on 15 April 2021 to control a naturally occurring infestation of aphids (Aphis gossypii). Organic pesticide were used (Bacillus thuringiensis ssp. Kurstaki ABTS 351: Dipel® DF at 1 kg.ha -1 against caterpillars on 10 May 2021; Bacillus thuringiensis ssp. Aizawai: Xentari® at 1 kg.ha -1 against caterpillars on 28 May 2021; and ferric phosphate: Sluxx HP® against snails and slugs at 7 kg.ha -1 on 27 May 2021) as approved in organic farming standards for all crops. During the cultivation, irrigation, protection and other regular cultural practices were applied as needed, uniformly throughout all experimental plots. 

Measures, observation and sampling

In each plot, data were collected on a central area composed of an "agronomic" and a "destructive" subplot, each one measuring 13.3 m² (8 x 1.66 m). Agronomic subplots were used to measure marketable yields of main and secondary crops, stem diameter and root necrosis index of sweet pepper. "Destructive" subplots were used to monitor nitrate concentration and water tension in soil, and colonization rates of AMF in roots of sweet pepper.

Marketable yields of sweet pepper, parsley, French bean and onion were respectively estimated on 20, 40, 40 and 120 plants per plot by collecting products through the season and sorting them according to organic short supply chain standards.

Stem diameter of sweet pepper was measured with an electronic caliper on 20 plants per plot at full growth being 141 days after planting (DAP).

A root necrose index of sweet pepper was observed at crop uprooting (188 DAP) on 20 plants per plot. Each root system was extracted from soil with a beaker fork, rinsed under water and the proportion of the root surface affected by necrosis (root necrose index) was visually scored on a 0-10 scale (0: 0 %; 1: 1-10 %; 2: 11-20 %; etc. 10: 91-100 % root surface affected by necrosis).

Soil nitrate concentration was monitored in each plot at 0, 22, 49, 77, 104, 132, 161 and 189 DAP. For each plot and date, 8 soil samples (0-30 cm depth) were collected with an auger on rows of sweet pepper. Samples were then mixed in one composite soil sample of 100 g and sieved at 4 mm. Soil suspension (100 g of fresh soil in 100 ml of water) was then analyzed with a nitrate strip RQflex ® 10 (Merck). Nitrate concentration were corrected by the soil water content estimated through the soil core moisture.

The soil water tension was monitored through the season with two Watermarks ® tensiometer probes per plot. Probes were installed at 20cm depth on sweet pepper rows and programmed to collect data every 4 hours.

Colonization rates of AMF in roots of sweet pepper were determined at crop uprooting (188 DAP). For each plot, a composite sample based on 12 plants was collected. One sample consisted on 18 root fragments of 1 cm length, colored according to [START_REF] Vierheilig | Ink and vinegar, a simple staining technique for arbuscular-mycorrhizal fungi[END_REF], rinsed with lacto-glycerol and observed with a microscope (x 200-800). Mycorrhizal colonization rates (F: Frequency of mycorrhiza in the root system, M: Intensity of the mycorrhizal colonization in the root system, A: Arbuscule abundance in the root system) were estimated according to [START_REF] Trouvelot | Mesure du taux de mycorhization VA d'un système radiculaire. Recherche de méthodes d'estimation ayant une signification fonctionnelle[END_REF] and mycorrhizal parameters were then calculated using Mycocalc software (INRAE, Dijon).

Statistical analysis

Statistical analyses were performed using R statistical software version 4.1.2 (R Core Team, 2021).

Stem diameter and marketable yields of sweet pepper were analyzed using linear mixed-effect model as a function of Treatment (factor) and Block (factor) as random effect. We performed ANOVA (type III), then means were compared using Tukey's honestly significant difference test.

Soil nitrate concentration data were analyzed using linear mixed-effect model as a function of Treatment (factor), Time (factor) and their interaction, with Block (factor) as random effect. We performed ANOVA (type III), then means were compared inside each sampling date using Tukey's honestly significant difference test.

Soil water tension data were first averaged by week (Time) for each probe, then data were analyzed using linear mixed-effect model as a function of Treatment (factor), Time (factor) and their interaction, with Block (factor) and Probe identifier (factor) as random effects. We performed ANOVA (type III), then means were compared inside each week using Tukey's honestly significant difference test.

Mycorrhizal colonization rates and root necrosis index were respectively arcsinesquare root and log (X+1) transformed and analyzed using linear mixed-effect model as a function of Treatment (factor), with Block (factor) as random effect. We performed ANOVA (type III), then means were compared using Tukey's honestly significant difference test.

RESULTS AND DISCUSSION

Production of secondary crops and evidence of competition of secondary crops on growth and yield of sweet pepper

The three secondary crops produced consistent marketable yield through the season with low waste rates (Table 1). However, intercropping with these secondary crops induced a competition with sweet pepper entailing a significant reduction in sweet pepper stem diameter (P < 0.05) and marketable yield (P < 0.05) (Table 1). Yields of sweet pepper intercropped with French bean, onion and parsley were respectively reduced by 28%, 23% and 21% compared to sole crop. However, the production of the secondary cash crop in intercropping systems compensated the economic loss due to the yield reduction in sweet pepper. Additional costs attributable to secondary crops were only those of seedlings and staff required for planting and harvesting these crops. 

Limiting resources among nitrate, water and light

The three main resources likely to be limiting for the main crop in intercropping systems were nitrate, water and light.

The results of ANOVA revealed neither significant effect of Treatment (P > 0.05) nor Treatment x Time interaction (P > 0.05) on soil nitrate concentration but Time had a significant effect (P < 0.05). According to Tukey's HSD tests, significant difference between treatments appeared only at the planting date when soil nitrate concentration was significantly lower in the sole crop than in parsley and onion treatments (Figure 2). At the beginning of the experiment the soil nitrate content was different among treatments despite practices intended to have 200 N in all treatments (cf MM), this difference being no more observed during the rest of the experiment. Besides, such lower soil NO 3-content in sole crop seemed not to be detrimental to sweet-pepper growth as the decrease in soil NO 3-content was moderate between 0 and 22 DAP. The likely higher N uptake by other treatments between 0 and 22 DAP could be explained by specific N requirements of secondary plants after planting.

Different letters indicate significant differences for the Tukey HSD test (P ≤ 0.05) The monitoring of soil water tension showed significant differences between treatments between week 20 and 26 (Treatment x Time: P < 0.05, Figure 3); the effect of Time was also significant (P < 0.05) but not that of Treatment (P > 0.05). According to Tukey's HSD tests, the soil water tension in the sole crop was significantly lower (i.e., higher water content in soil) than in the French bean treatment during weeks 20, 21 and 22 and lower than in the onion treatment during weeks 21, 23, 24, 25 and 26. Whatever the date, the soil water tension in the parsley treatment was not significantly different from the control. As same quantities of water were supplied to all treatments, this indicated a higher consumption of water in treatments onion and French bean than in the sole crop. For instance, [START_REF] Pereira | Growth of sweet pepper plants submitted to water tensions in soil and potassium silicate doses[END_REF] showed that a soil water tension of 35 kPa limited sweet pepper growth in general. This threshold value was frequently and largely exceeded in French bean and onion treatments. These results suggest that French bean and onion crops competed with sweet pepper crop for water at different periods highlighting that water is a limiting resource at specific periods. This result was not surprising because irrigations were monitored according to sweet pepper needs only (Kc sweet pepper) in all treatments. Yield of sweet pepper could certainly be improved by taking into account secondary crops in the needs for water (Kc sweet pepper + Kc secondary crops) when monitoring irrigations. Light interception by secondary crops was not monitored during the experiment. Secondary crops species and cultivars were selected for their low growth habits with a maximal height around 40cm. Plant arrangement with a 0.33 m distance between rows of main and secondary crops was designed to limit competition for light. French bean was the most vigorous and shortest lasting secondary crop (uprooted 79 DAP). Parsley required more time to reach its maximal height; it remained in the field until the end of the experiment (188 DAP) and aerial part was cut 6 times. Onion was the least vigorous species and last harvest occurred 119 DAP. These results indicate that secondary crops could compete for light with variable intensity and dynamics. We hypothesize that competition for light would be low and rapidly decreasing over the season as sweet pepper grows and sunrays are close to the vertical.

Potential facilitation process through improvement of AMF colonization of sweet pepper roots

At crop uprooting, frequencies of AMF in sweet pepper roots were very high (> 90%) without significant effects of Treatments (P > 0.05). No vesicles were observed in root samples. According to the results of ANOVA, Treatments had a significant effect on the AMF colonization rates ("M%", P < 0.05) and on arbuscule abundance ("A%", P < 0.05) in sweet pepper roots (Table 2). Root systems of sweet pepper intercropped with onion and parsley were significantly more intensely colonized by AMF and contained more arbuscules than in sole crop and no significant differences were observed between French bean sole crop treatments. Arbuscular structures being the seat of nutrient exchange between the plant and the AMF, our results suggest that facilitation could potentially take place between sweet pepper intercropped with onion and parsley. The higher colonization of sweet pepper roots by AMF in intercropping systems could be explained by two processes. First, there is the proximity of a highly mycorrhizal dependent plant which is able to develop a common mycorrhizal network (CMN) to which sweet pepper roots could easily connect. [START_REF] Voets | Extraradical mycelium network of arbuscular mycorrhizal fungi allows fast colonization of seedlings under in vitro conditions[END_REF] demonstrated in vitro conditions that the colonization of seedlings was faster when a CMN was established compared with the inoculation by spores. Second, the lower soil water availability for sweet pepper (e.g., intercropping with onion) could stimulate its symbiosis with AMF, as the symbiosis can help alleviate drought stress impact on plants [START_REF] Zou | Unravelling the role of arbuscular mycorrhizal fungi in mitigating the oxidative burst of plants under drought stress[END_REF].

At crop uprooting, roots of sweet pepper were highly impacted by necrosis, around 30% of the root surface was covered by necroses which were mainly attributed to corky root (Pyrenochaeta lycopersici). According to the results of ANOVA, Treatments had no significant effect on root necrosis index (P > 0.05). Several studies reported a role of plant protection against soil borne pathogens that is attributed to AMF through competition for colonization and infection sites for instance [START_REF] Plenchette | Managing arbuscular mycorrhizal fungi in cropping systems[END_REF][START_REF] Azcón-Aguilar | The contribution of arbuscular mycorrhizal fungi to the control of soil-borne plant pathogens[END_REF][START_REF] Harrier | The potential role of arbuscular mycorrhizal (AM) fungi in the bioprotection of plants against soil-borne pathogens in organic and/or other sustainable farming systems: Role of arbuscular mycorrhizal fungi in bioprotection of plants[END_REF]. [START_REF] Baum | Increasing the productivity and product quality of vegetable crops using arbuscular mycorrhizal fungi: A review[END_REF] mentioned lower disease index of corky root on tomato inoculated with AMF. In our study, higher AMF colonization of roots of sweet pepper in intercropping systems didn't result in a better control of soil-borne plant pathogens. Values are the means of three replicates, different letters indicate significant differences in the Tukey HSD test (P ≤ 0.05). F: Frequency of AMF in root system, M: AMF colonization rates in root system, A: Arbuscule abundance in root system.

CONCLUSIONS

The following conclusions can be drawn from the study: -Additive intercropping of sweet pepper with French bean, parsley or onion induced competition which resulted in a significant reduction of sweet pepper growth and yield. This reduction was compensated by the consistent marketable yield of the three tested secondary crops.

-Competition for water in French bean and onion treatments is supported by tensiometer measures, and growth and yield reduction in sole crop. This competition for water was observed under similar water regime among treatments, suggesting that it could be attenuated by additional water supply to account for the secondary crop's requirements.

-Competition for nitrate is either null or cannot be disentangled from that for water. The study suggests that all secondary crops have specific nitrogen requirements just after planting as decrease in soil nitrate content was higher in intercrops than in sole crop, between 0 and 22 DAP.

-Intercropping sweet pepper with onion and parsley increased the mycorrhizal colonization rates and arbuscule abundance in sweet pepper root system, with no effect on root necrosis. That suggests that intercropping could improve water and soil nutrient acquisition.

-Additive intercropping proved to be a relevant way to diversify the production of a sweet pepper plot. The choices of the secondary crop species have to focus on plant traits and resource needs to avoid competition between intercrops, promote facilitation processes and thus achieve high yields. The adjustment of quantity of input such as nitrogen and water can also be a solution to compensate higher needs of additive intercropping systems.
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 2 Figure 2. Soil nitrate concentration dynamics over time.The monitoring of soil water tension showed significant differences between treatments between week 20 and 26 (Treatment x Time: P < 0.05, Figure3); the effect of Time was also significant (P < 0.05) but not that of Treatment (P > 0.05). According to Tukey's HSD tests, the soil water tension in the sole crop was significantly lower (i.e., higher water content in soil) than in the French bean treatment during weeks 20, 21 and 22 and lower than in the onion treatment during weeks 21, 23, 24, 25 and 26. Whatever the date, the soil water tension in the parsley treatment was not significantly different from the control. As same quantities of water were supplied to all treatments, this indicated a higher consumption of water in treatments onion and French bean than in the sole crop. For instance,[START_REF] Pereira | Growth of sweet pepper plants submitted to water tensions in soil and potassium silicate doses[END_REF] showed that a soil water tension of 35 kPa limited sweet pepper growth in general. This threshold value was frequently and largely exceeded in French bean and onion treatments. These results suggest that French bean and onion crops competed with sweet pepper crop for water at different periods highlighting that water is a limiting resource at specific periods. This result was not surprising because irrigations were monitored according to sweet pepper needs only (Kc sweet pepper) in all treatments. Yield of sweet pepper could certainly be improved by taking into account secondary crops in the needs for water (Kc sweet pepper + Kc secondary crops) when monitoring irrigations.

  Figure 3. Soil water tension dynamics over time.

  

Table 1 .

 1 Production of secondary and main crops and growth of sweet pepperValues are the means of three replicates and different letters indicate significant differences for the Tukey HSD test (P ≤ 0.05)

			Secondary crops		Sweet pepper	
	Treatments	No. harvests	Harvest period duration (days)	Marketable yield (kg.m -2 )	Waste rate (%)	Stem diameter (mm)		Marketable yield (kg.m -2 )
	French bean	8	31	0,95	1	18.7	a	3.23	a
	Onion	4	20	2,25	10	19.1	a	3.47	a
	Parsley	6	153	2,26	12	18.2	a	3.54	a
	Sole crop	-	-	-	-	20.6	b	4.49	b

Table 2 .

 2 Parameters of AMF colonization in roots and root necrosis index of sweet pepper

	Treatments	F (%)	Parameters of AMF colonization M (%)	A (%)		Root necrosis index
	French bean	100	a	22.1	ab	10.9	ab	2.9	a
	Onion	100	a	32.3	b	18.7	b	3.1	a
	Parsley	100	a	26.6	b	13.9	b	2.9	a
	Sole crop	91.7	a	5.8	a	2.5	a	3.3	a
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