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Intercropping is considered a biodiversity-promoting practice and consists of the simultaneous cultivation of multiple crops in the same field. Despite its ecological benefits, its adoption in specialized farming systems—such as strawberry monocultures—remains limited, as these systems typically focus on maximizing income from a single crop. The experiment investigated the effects of intercropping strawberry (Fragaria × ananassa) with herbs such as chives (Allium schoenoprasum L.), marigold (Calendula officinalis L.), peppermint (Mentha × piperita L.), strawberry mint (Mentha suaveolens Ehrh.) and common sage (Salvia officinalis L.), using a 2:1 strawberry-to-herb ratio. Conducted over two consecutive years (2021–2022) in the alpine environment of Martell Valley (South Tyrol, Italy), the study assessed plant growth, fruit production, biological and economic feasibility, and the impact of intercropping on beneficial species, including pollinators, pests, and predators. Our results showed significant year-to-year variation. Although strawberry plants intercropped with herbs in 2021 achieved a fruit production that was not significantly different from that of pure stand (on average 150 g plant−1), the intercropping systems outperformed monocropping as revealed by indices such as land equivalent ratio (LER) and income equivalent ratio (IER) both greater than one. However, in the second year of cultivation (2022), the main parameters showed a decline. For example, strawberry plant biomass was decreased (by an average of 33%) in intercropping combinations involving chives, calendula and peppermint, resulting in a reduction in strawberry production of over 50% compared to monoculture. Indeed, the interaction between different plant species analyzed with competitive indices showed that strawberry plant appeared as the dominated crop in those combinations (aggressivity for strawberry: Af < 0; competition ratio for strawberry: CRf < 1). In both years, leaf nutrient content in intercropped strawberry plants was statistically similar to that of monocropped plants. Conversely, significant differences were observed in intercropped herbs (e.g., K + 50% and S + 30% in marigold and chives leaves, respectively). Intercropping systems, especially with chives and marigold, increased the richness of arthropod species (+100% as compared to strawberry in pure crop). Our research work contributes to a better understanding of the biological and economic feasibility of intercropping as a diversified farming practice for a strawberry farm. Furthermore, our findings offer a foundation for further investigations into interspecies interactions, particularly in terms of enhancing pollinator attraction and pest repulsion.
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Introduction

Agricultural expansion and biodiversity preservation have long been considered incompatible (Tscharntke et al., 2005). Indeed, certain forms of farming systems—such as conventional, intensive, unsustainable agriculture—have been well documented as contributing to the deterioration of biodiversity (Dudley and Alexander, 2017; Erisman et al., 2016). The term biodiversity refers to the multitude of plants and animals that positively interact with each other to maintain optimal balance within an ecosystem (Jarvis et al., 2007). Refuges for biodiversity conservation should be protected, preserved and expanded in future-oriented agriculture (Hole et al., 2005; Scherr and McNeely, 2007; Selwood and Zimmer, 2020; Tscharntke et al., 2021). The concept of biodiversity is undoubtedly one of the fundamental principles underlying organic farming (Rahmann, 2011).

Organic farming is generally characterized by lower crop yield levels than conventional farming, and the reasons are mainly due to the incidence of abiotic and biotic stresses that are not always easy to control (de Ponti et al., 2012; Röös et al., 2018; Rundlöf et al., 2016; Schrama et al., 2018). This negative issue can be overcome, or at least mitigated, by adopting sustainable and biodiversity-friendly agroecological practices (Bedoussac et al., 2015; Hole et al., 2005; Liu et al., 2016; Rundlöf et al., 2016).

The intercropping planting method best represents the concept of biodiversity in organic farming, attempting to bridge the production gap that still distinguishes a sustainable cultivation system from a traditional one. However, intercropping is not yet widespread among organic farmers (Fowler et al., 2004). The principle on which it is based is to cultivate plants of different species on the same plot of land at the same time (Bybee-Finley and Ryan, 2018). In other words, the main crop (called target crop) grows together with a secondary crop (called companion crop), so that the two crops gain a mutual benefit from increased biodiversity (Parker et al., 2013). Competitive relationships may arise in an intercropping system due to the limited availability of resources such as water, nutrients and light (Zhang and Li, 2003). This situation should be averted by the choice of optimal companion crops and thus by establishing a harmonious interaction between the two crops (Wang et al., 2021a).

The interaction of consociated crops with the rhizosphere creates mechanisms that modify the physico-chemical properties of the soil, as well as the microbiological communities are affected (Dai et al., 2019; Wang et al., 2021b). Studies have confirmed that the practice of intercropping promotes soil organic carbon content, improves soil structure, increases soil permeability and water holding capacity, reduces erosion phenomena, stimulates biological activity, regulates the emission of CO2 and N2O from the soil, and reduces the presence of phytophagous, pathogens and weeds (Cong et al., 2015; Mousavi and Eskandari, 2011; Romaneckas et al., 2020; Wang et al., 2014). As is well known, leguminous plants represent valuable companion crops to be included in an intercropping system, mainly due to their nitrogen-fixing activity (Maitra et al., 2021; Mazzafera et al., 2021). A clear example is the combination of peanut (Arachis hypogaea L.) or broad bean (Vicia faba L.) with maize (Zea mays L.), which has been shown to increase the presence of nitrogen-fixing microorganisms such as Rhizobium hainanense, Rhizobium leguminosarum, and Frankia, thus increasing the nitrogen use efficiency (NUE) parameter (Chen et al., 2018; Fan et al., 2006). Other mineral elements can also benefit from adopting the intercropping technique. In soils characterized by the low solubility and bioavailability of iron (Fe) or phosphorus (P), the exudates emitted by the roots of certain companion crops (e.g., Allium sativum L., Lupinus albus L.) can modify the soil microbial population and favor the mobilization of those nutrients, making them available to both crops (Dai et al., 2019; Dissanayaka et al., 2017; Gardner and Boundy, 1983; Wang et al., 2014; Xiao et al., 2013). In addition to providing an opportunity to reduce the anthropogenic input of mineral nutrients (Du et al., 2020), intercropping practice could find application in counteracting the effects of soil fatigue (LaMondia et al., 2002; McIntyre et al., 2001).

The technique of intercropping has proven to be efficient in controlling the development of weeds, harmful insects, pathogens, attracting pollinating insects, predators, parasitoids, and thus promoting harmonious development of cultivated crops (Bybee-Finley and Ryan, 2018). If a “trap effect” is attributed to the companion crop, it will attract the biotic threat to itself, resulting in the preservation of the main crop but inevitable loss of the companion crop. Conversely, a companion crop with a “repellent effect” will be able to ward off harmful organisms (Parker et al., 2013).

Strawberry is a relevant crop worldwide and particularly in the region, where there are few reports of intercropping. A bibliometric study of scientific literature was accomplished on 20 December 2024, applying the Web of Science database (Clarivate, 2024). The search keywords adopted in the query were: “strawberry” and “intercrop”. The search was not limited by the year of publication, but reviews and duplicate publications were excluded. Our research revealed that 23 research documents, including 10 conference proceedings, were found using the query strings: TITLE: [(strawberry *) AND (intercrop *)]. Our enquiry showed the presence of limited experiments in which strawberry crop was involved as the main crop in an intercropping system. Still, some experiences showed potential of implementing intercropping on strawberry. For example, (Hata et al. 2016) studied the effects of strawberry plants intercropped with some companion crops, such as chives (Allium schoenoprasum L.), coriander (Coriandrum sativum L.), fennel (Foeniculum vulgare Mill.), garlic (Allium sativum L.), oregano (Origanum vulgare L.), marjoram (Origanum majorana L.), containing the mite population (Tetranychus urticae Koch) below the damage threshold. Although most of the aromatic plants tested gave good results, combining strawberry with garlic plants resulted in a reduction of more than 50% in the number of Tetranychus urticae individuals, highlighting how the reduction is directly proportional to the increase in the density of the companion plants (Hata et al., 2016). Volatile sulfur compounds (VSCs) such as diallyl thiosulphinate (allicin), abundant components in garlic plants, have insect-repellent properties (Borlinghaus et al., 2021). In a follow-up study, Hata et al. (2019a) confirmed the efficacy of Allium sativum L. and Allium tuberosum Rottl. ex Sprengel used in intercropping (strawberry plants grown in soil) and undercropping (with strawberry plants above ground on support trellises), respectively, in effectively counteracting the presence of harmful insects, such as Neopamera bilobata Say.

We therefore hypothesized that strawberry intercropped with herbs would exhibit better performance than monoculture. The present study aimed to assess the implication of crop diversification in an alpine environment, for two consecutive years by exploring production parameters, fruit quality and nutrient allocation in plant tissues. Given the working environment located within the Stelvio National Park, one of the largest nature reserves in Europe, we paid attention to the conservation of biodiversity in a typical anthropic activity such as strawberry cultivation.

We selected the main intercropping indices, in terms of biological and economic efficiency, as well as competitiveness, and grouped them in the following work to publish an exhaustive paper. Our findings can thus contribute to the development of new planting models for crops such as strawberry, which is grown almost exclusively in monoculture.



Materials and methods


Site description

The trial was conducted over two growing seasons (2021 and 2022) in an experimental strawberry field managed by the Laimburg Research Centre and located in the municipality of Martell (46° 33′ 30.618′′ N; 10° 46′ 53.649′′ E; 1,361 m a.s.l.) in Alto Adige/South Tyrol, Italy. The Martell Valley, historically renowned for berry production, is a side valley of the Venosta Valley and is characterized by a typical alpine-mountain climate. The Martell Valley is part of the Stelvio National Park, which is listed in the Official List of Protected Natural Areas (EUAP), established under Italian Law 394/1991 (Framework Law on Italian Protected Areas).

The transplanting of cold-stored strawberry plants in spring (especially in May) in soil conditions is currently the most popular cultivation strategy adopted by farmers in the valley. Flowering begins in June (about a month after transplanting) and fruiting in July–August, depending on the cultivars and weather conditions. Some farmers opt for a second harvest the following year using the same plants. In this case, the harvest will occur earlier than in the first year, and precisely in late June-July.

Meteorological trends during the growing seasons (from May to August 2021 and 2022) were recorded by an iMETOS® weather station using the cloud platform “Field-Climate” (Pessl Instruments, Weiz, Austria) and the data are reported in Table 1.

TABLE 1 Climatic conditions (monthly air temperatures, relative humidity, and rainfall) measured from May to August 2021 and 2022 during the first and second cropping year, respectively.


	
	Temperature (°C)
	Relative humidity (%)
	Rainfall (mm)



	
	Minimum temperature
	Maximum temperature
	Mean temperature
	
	





	2021

 
	May
	0.1
	25.8
	12.4
	56.3
	66.0

 
	June
	7.7
	35.2
	20.4
	57.9
	25.5

 
	July
	6.9
	26.1
	15.3
	73.3
	91.3

 
	August
	5.7
	27.7
	14.2
	70.1
	91.6

 
	2022

 
	May
	2.8
	26.7
	12.2
	68.3
	53.9

 
	June
	7.2
	28.4
	16.0
	64.9
	115.1

 
	July
	9.8
	28.8
	18.0
	55.1
	81.1

 
	August
	7.6
	29.3
	16.2
	64.6
	87.1





The soil properties of the 0–20 cm layer were as follows: humic loamy sand, pH = 5.1, no free carbonate, organic carbon expressed as humus of 7.3%, phosphorus = 5.0 mg 100 g−1, potassium = 8.0 mg 100 g−1, and magnesium = 18.0 mg 100 g−1. For P and K, the plant-available fraction was determined with Method (ÖNORM L 1087:2019 A.5, 2019). Field preparation took place in April with the incorporation of soil amendments (e.g., manure from local livestock farms, the application dosage was 20.0 t ha−1). Tillage was performed at the beginning of May 2021, followed by the formation of raised beds and covering with white plastic mulch film. The beds were spaced 1.1 m apart (distance measured from the centerline of the beds) with a length of 22.0 m. Poly-covered high tunnels with a structure of stainless-steel rods were built (22.0 m length, 5.5 m width, and 3.0 m height). Given the width of 5.5 m, five beds per tunnel were covered. Each bed consisted of a staggered double row with strawberry plants 0.3 m apart in each row and 0.2 m between rows, in order to reach 60,000 plants ha−1 (an average plant density as indicated by Soppelsa et al., 2023).



Treatments and experimental design

The main crop represented by strawberry plants (Fragaria × ananassa Duch.) cv. Roxana (frigo plants A++ from the nursery: Geoplant Vivai s.r.l. Soc. Agr., Italy) were transplanted on the 1st of June 2021. Roxana is a rustic variety (e.g., low susceptibility to leaf pathogens) and performs particularly well in an organic farming system. Strawberry plants were subjected to different intercropping combinations with herbs (companion crops) such as Allium schoenoprasum L. (chives), Calendula officinalis L. var. Daisy Golden (marigold), Mentha x piperita L. var. Multimentha (peppermint), Mentha suaveolens Ehrh. (strawberry mint), Salvia officinalis L. var. Extrakta (common sage) which were planted within the double row (strawberry-herb combination ratio of 2:1) (Figure 1). A. schoenoprasum, C. officinalis, and S. officinalis were sown in a greenhouse at Laimburg Research Centre in March 2021. A standard substrate was used, and plants were transplanted about 4 weeks after sowing. Plantlets were transplanted again after 4 weeks in multipots with a diameter of 10 cm. Peppermint was propagated from root stolons and the plantlets were transplanted in multipots (10 cm diameter). Plantlets of M. suaveolens were purchased from a local nursery. The aromatic plants were planted in the field at the same time as the strawberry plants. Considering the plant life cycle, C. officinalis is an annual plant and was therefore replanted during the second cropping year (mid-May). Plants were managed in the same way in terms of fertilization and watering. No pesticides were used throughout the experiment. The experimental design was organized as a completely randomized block design. Each intercropping combination was replicated six times. Each replicate represented an experimental unit, consisting of 20 strawberry plants (main crop) and 10 plants (companion crop) (Supplementary Figure S1). The bed was subdivided into three experimental units (each 6.0 m long, separated by 1.0 m buffer zone). Monocropped crops were also included in the cropping system design (also 6 replicates). This means that strawberry plants were planted staggered in double rows, while complementary crops in single rows.


[image: Six images show strawberry plants with various companion plants. “FRA” shows only strawberries. “FRA-ALL” features strawberries and chives. “FRA-CAL” includes marigolds. “FRA-MENp” stands for strawberry + peppermint. “FRA-MENs” shows strawberry + strawberry mint. “FRA-SAL” features common sage alongside strawberries. Each arrangement demonstrates different plant combinations.]
FIGURE 1
 Strawberry plants planted in a double row on raised beds and subjected to different intercropping treatments. Treatments' legend: FRA, Sole Fragaria x ananassa; FRA-ALL, Fragaria-Allium schoenoprasum; FRA-CAL, Fragaria-Calendula officinalis; FRA-MENp, Fragaria-Mentha x piperita; FRA-MENs, Fragaria-Mentha suaveolens; FRA-SAL, Fragaria-Salvia officinalis.




Field data collection and measurement

Strawberry plant growth as affected by intercropping regime was determined at the end of the second cropping year by randomly selecting four plants per replicate. Plants in monoculture were also collected. Each selected plant was separated into roots and aerial part and weighted fresh (g fresh weight (FW) plant−1). Then, plants were put in an oven (ED 56, Binder GmbH, Tuttlingen, Germany) at 65 °C until they reached a stable weight, and the dry mass was recorded (g dry weight (DW) plant−1). This evaluation was not carried out in the first year as we wanted to preserve the plots for the following year.

Ripe strawberry fruits (uniformly red) were harvested every 3 days during the period from the end of July to mid-August 2021 (first harvest year) and throughout the month of July 2022 (second harvest year). Data were expressed as total production per plant (g fruit plant−1), calculated by dividing the harvested total fruit weight by the number of plants (considered 20 plants per experimental unit). The plant organs of companion crops with significant commercial interest are aerial parts including stems, leaves and flowers. Marigold flowers were taken starting from July to August at regular intervals (every 5 days) for a total of 12 times per year. The other companion crops were harvested at pre-flowering stage in late July and late August, precisely on 26th July, 30th August 2021, and 21st July, 30th August 2022. Only for chives a further harvest was carried out on 9th June 2022.

Strawberries were sampled at two intermediate picking times for each harvest year. Twenty healthy fruits per replicate were analyzed to determine parameters such as: -Flesh firmness, expressed with the Durofel index (ID) which represents the elasticity of the skin of the fruit (Agrosta® Winterwood instrument, Agrosta Sàrl, Serqueux, France); -Total soluble solids (°Brix), determined with a refractometer (RFM840, Bellingham-Stanley Ltd., Kent, UK); -Titratable acidity (g L−1 of citric acid), measured with a titrator (Flash Automatic Titrator, Steroglass, Perugia, Italy) by titrating strawberry pulp to pH 8.2 using 0.1 M NaOH; -External fruit color, assessed with a colorimeter (CR-400, Konica Minolta, Tokyo, Japan) by measuring the same fruits at three different positions around the equatorial side of each fruit. The colorimetric coordinates (L*, a*, b*) were used to calculate the color index (Equation 1; according to Tessmer et al., 2016).

CI=1000×aL×b       (1)

The nutrient content analyses were carried out on samples of stems, leaves, flowers and fruits, randomly collected from the main and companion crop plants during the central harvest phase of each year. The dried samples were ground into fine powder and homogenized for elemental characterization. Nitrogen content was determined with an elementary analyzer method according Dumas DIN EN ISO_16634_1:2009 (2009) (LECO Mod. Truspec) and the other macro (P, K, Ca, Mg, S) and microelements (Fe, Cu, B, Zn, Mn) were analyzed with microwave-assisted acid digestion [EPA 3052 1996 (1996); Milestone Mod. UltraWave] using the inductively coupled plasma optical emission spectrometry [ICP-OES; EPA 6010D 2014 (2014); Agilent Model 720].



Biological efficiency of intercropping combinations

The Land Equivalent Ratio (LER) indicates the relative area of the monoculture crops required to produce an equivalent yield in an intercropping system. As proposed by Mead and Willey (1980), LER was assessed as indicated in Equation 2.

                              LER = LERf + LERkPartial LER (target crop) = LERf = (YIfYMf)Partial LER (companion crop) = LERk = (YIkYMk)      (2)

Where “Y” indicates the individual crop yield, “I” the crop production in intercropping, “M” the production in monocropping, “f ” the target crop (i.e., strawberry), “k” the companion crop (i.e., chives, marigold, mint, or sage). An LER of 1 indicates that the intercropped crops have similar production level whether they are intercropped or monocultured. If the LER is greater than 1, it means that the intercrop needs less land area than the monoculture to produce equal yields of the different products. On the contrary, if lower than 1, the intercropping system has a worsening effect on the crops and pure cultivation of the respective crops should be preferred (Bybee-Finley and Ryan, 2018).

As duration of the land occupation by a cropping system is not considered in the LER calculation, Hiebsch and McCollum (1987) proposed an Area Time Equivalency Ratio (ATER) in which the time factor of crops was included (Equation 3).

ATER =[(LERf ×tf)+(LERk ×tk)]T       (3)

Where tf and tk refer to the period (days) between planting and harvesting for strawberries (90 days) and herbs (120 days), respectively. T indicates the duration of the whole intercropping system (120 days is the duration period of an intercropping combination per year).

According to Mason et al. (1986), the Land Utilization Efficiency (LUE) provides a more accurate assessment than LER and ATER taken individually, because they may lead to an over- or underestimation of the cropping system, respectively. LUE was computed as shown in Equation 4.

LUE = [(LER +ATER)2]       (4)

The System Productivity Index (SPI) allows the yield of complementary crop to be standardized in terms of the main crop, and to identify the crop combinations that use resources more efficiently (Odo, 1991). SPI was calculated by the following Equation 5 and expressed as megagrams per hectare.

SPI = YIf+(YMfYMk)×YIk       (5)

Percentage Yield Difference (PYD) is related to the yield difference between a monocrop (100%) and an intercropping system (expressed in percentage) (Afe and Atanda, 2014). It presumes that yield reduction of one crop should be compensated by an increase in yield of the other crop. The lower the PYD value, the more efficient the intercropping system, and vice versa. Equation 6 was proposed by Afe and Atanda (2014).

PYD = 100 - {[(YMf - YIf)YMf]+ [(YMk - YIk)YMk]}    × 100      (6)
 

Competition indices

Aggressivity (A) was proposed by McGilchrist (1965) as a measure of how much the relative yield of the main crop in the mixture was greater than that of a companion crop. This competitive index was computed as shown in Equations 7a and 7b (Willey, 1979).

Af = [YIf(YMf × Zf)]- [YIk(YMk × Zk)]      (7a)

Ak = [YIk(YMk × Zk)]- [YIf(YMf × Zf)]       (7b)

Where Zf indicates the planting proportion (%) of strawberry crop (67%) in an intercropping system whereas Zk is the proportion of companion crop (33%). The value of aggressivity (A) zero means both crops are equally competitive. A positive value of A indicates the dominant crop, and a negative value the dominated one.

Competition Ratio (CR) is an indicator of competitive ability of intercropping components. It denotes the number of times by which one component crop is more competitive than the other, as expressed in Equations 8a and 8b (Willey and Rao, 1980).

CRf = (LERfLERk)×(ZkZf)      (8a)

CRk = (LERkLERf)×(ZfZk)      (8b)

If the value CRf is < 1, there is a positive benefit of combining intercrops, indicating that the main crop can be cultivated in combination with the companion crop. If CRf > 1, the competitive ability of the main crop is higher than that of the companion crop in the mixture.

The index named Actual Yield Loss (AYL) proposed by Banik (1996) represents the proportionate yield loss or gain of intercrops in comparison to the respective monoculture. Compared to the LER, the AYL considers the actual planting proportion of component crops. It was calculated according to Equation 9.

AL = AYLf + AYLk AYLf = [LERf × (100Zf)- 1]AYLk = [LERk × (100Zk)- 1]      (9)

AYLf and AYLk indicate the actual yield loss of the main crop and companion crop, respectively. The value (positive or negative) of AYL denotes an advantage/disadvantage in adopting the consociation system (Banik et al., 2000).



Economic efficiency of intercropping combinations

The above indices do not take the economic aspect into account. Through the Monetary Advantage Index (MAI) proposed by Ghosh (2004) (see Equation 10), an economic approach was introduced to assess the intercropping combination.

MAI = [(YIf × Pf)+ (YIk × Pk)]× [(LER - 1)LER]      (10)

Where Pf refers to the commercial value of strawberries (a plausible direct sales price on the local farmers' market is 5 EUR per kg) and Pk to the unit price of the companion crop (i.e., chives 10 EUR kg−1, marigold flowers 20 EUR kg−1, mint 5 EUR kg−1, sage 12 EUR kg−1 fresh weight). The higher the MAY value, the more profitable the mixture.

According to Edje (1982), the income equivalent ratio (IER) was the conversion of LER in monetary terms. In other words, it corresponds to the area under monocropping required to produce the equivalent gross income achieved in the intercropping system (Equation 11; Gitari et al., 2020). If the IER is greater than 1, it means that the intercropping system is advantageous.

IER = (IERf + IERk)IERf = [(YIf × Pf)(YMf × Pf)]IERk = [(YIk × Pk)(YMk × Pk)]      (11)
 

Evaluation of arthropod community response to intercropping system

Pests and beneficial arthropods—including pollinators, predators, and parasitoids—were monitored on both the main crop and companion crops from May to August each year. Observations were conducted every 3 days between 09:00 and 12:00 using visual inspection of the aerial parts of the plants. Some arthropods are very sensitive to movement and the presence of an observer, so we avoided any contact with plants. Each experimental unit was inspected (approximately 2 min) considering all the plants (strawberries and/or complementary crops). Visual monitoring is a widely accepted method for assessing taxa that are identifiable in the field (Ambrosino et al., 2006; Cardona et al., 2021; Dalton et al., 2024; Montgomery et al., 2021; Thompson et al., 2021). This approach is particularly suitable within protected areas such as the Stelvio National Park, as it minimizes disturbance and avoids biodiversity impoverishment. The presence of arthropod specimens was documented through photography for subsequent taxonomic identification to the order, family, genus, and species levels.



Statistical analysis

Data normality and homoscedasticity were examined with the Shapiro-Wilk test and the Flinger–Killeen's test, respectively. A two-way ANOVA was performed on data collected from both years and mean separation of the dependent variables obtained with the post-hoc Tukey HSD test (p < 0.05). In case of significant interaction between “treatments” and “years”, results were presented separately for the 2 years in dedicated figures or tables. In the case of non-normal data, Kruskal-Wallis test was applied. A one-way ANOVA was performed on data (e.g., plant biomass) collected only in the last year of cultivation (2022). For comparisons between two groups, a two-tailed unpaired Student's t-test was performed. All analyses were carried out in R v. 4.4.2. (R foundation for statistical computing, Vienna, Austria). Values were expressed as mean ± standard deviation (SD).




Results


Effect of intercropping system on the main crop (Fragaria × ananassa)

Total strawberry production resulted significantly affected by the factor “year” (Figure 2). During the first year (Figure 2A), the amount of strawberries reached an average of 150 g per plant, with no significant differences among the cropping patterns (mono- and inter-cropping). In contrast, in 2022 (Figure 2B), strawberry plants cultivated in sole cropping were characterized by the highest fruit production (282 g plant−1). Overall, FRA-ALL, FRA-CAL, and FRA-MENp combinations significantly reduced strawberries by −56%, −34%, −27%, respectively, as compared to respective monoculture production. Conversely, FRA-MENs and FRA-SAL exhibited non-significant difference compared to strawberry in pure cropping (Figure 2B).


[image: Bar charts comparing plant fresh weight (g FW plant^–1) across six categories: FRA, FRA-ALL, FRA-CAL, FRA-MENp, FRA-MENs, and FRA-SAL. The left chart shows no significant differences (ns) among categories, with weights around 150 to 200 grams. The right chart indicates significant differences with letters denoting groups: FRA (a) has the highest weight, followed by FRA-SAL (ab), FRA-MENs (abc), FRA-MENp (cd), FRA-CAL (bc), and FRA-ALL (d). Error bars represent variability.]
FIGURE 2
 Strawberry total production, expressed as grams fresh fruit weight (FW) per plant, at the end of first (2021—A) and second (2022—B) cropping year, as affected by intercropping systems. Vertical bars indicate means ± SD (n = 6). The letters indicate significant differences according to Tukey's HSD test; p < 0.05 (ns, not significant).


Strawberry qualitative traits assessed as flesh firmness (FF), total soluble solid (TSS), titratable acidity (TA), and color index (CI) were not significantly affected by treatments (Table 2). The factor “year” was the only significantly relevant for the quality parameters. In general, FF, TSS and TA values were observed to be higher during the second cropping year, indicating more consistent, sweeter, and more acid-containing fruits. Fruit coloration appeared more intensely red in the first year (Table 2).

TABLE 2 Fruit quality traits (FF, firmness; TSS, total soluble solids; TA, titratable acidity, and CI, color index), as affected by intercropping systems.


	
	FF (durofel index)
	TSS (°Brix)
	TA (g acid citric L−1)
	Color index





	Intercropping combinations (T)

 
	FRA
	38.09 ± 3.111a
	8.05 ± 0.77a
	8.43 ± 0.46a
	46.74 ± 9.46a

 
	FRA-ALL
	40.33 ± 6.01a
	7.95 ± 0.51a
	9.13 ± 1.28a
	49.18 ± 7.30a

 
	FRA-CAL
	38.73 ± 5.72a
	7.76 ± 1.04a
	8.43 ± 0.75a
	45.72 ± 6.09a

 
	FRA-MENp
	37.80 ± 5.77a
	7.63 ± 1.61a
	8.28 ± 0.72a
	45.46 ± 8.21a

 
	FRA-MENs
	39.36 ± 5.49a
	7.54 ± 0.86a
	8.32 ± 0.81a
	49.70 ± 7.67a

 
	FRA-SAL
	38.97 ± 2.91a
	7.69 ± 0.86a
	8.38 ± 0.16a
	44.48 ± 6.86a

 
	Significance
	ns
	ns
	ns
	ns

 
	Year (Y)

 
	2021
	35.11 ± 2.45
	7.03 ± 0.56
	7.98 ± 0.31
	53.36 ± 3.52

 
	2022
	42.65 ± 3.10
	8.51 ± 0.60
	9.01 ± 0.77
	40.40 ± 3.23

 
	Significance
	***
	***
	***
	***

 
	T ×Y
	ns
	ns
	ns
	ns



1Means ± SD (n = 6) followed by the same letter do not significantly differ according to Tukey's HSD test; p < 0.05. Two-way ANOVA significant differences: ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant.



Total biomass of strawberry plants under different cropping patterns at the end of the second year is presented in Figure 3. Intercropping with species from the genera Allium, Calendula, and Mentha (specifically M. piperita) resulted in a significant reduction in biomass, with an average decrease of 33% compared to monoculture (Figure 3). Consistent with the trends observed for fruit production data, the intercropping combinations FRA-MENs and FRA-SAL did not differ significantly from monoculture, indicating minimal impact on plant biomass.


[image: Bar chart showing total biomass (g DW plant^–1) of strawberry plants after the second cropping year under different conditions. Significant biomass reduction in intercropping compared to monocropping plants.]
FIGURE 3
 Total biomass (grams dry weight—DW per plant) of strawberry plants at the end of second cropping year (2022), as affected by intercropping systems. Vertical bars indicate means ± SD (n = 6). The letters on the top of the bar indicate significant differences according to Tukey's HSD test; p < 0.05.




Effect of intercropping system on the companion crops

Generally, intercropping combinations have almost always generated a significant reduction in production compared to the monoculture of those companion crops (xlimited in specialized farming systemsFigure 4). During the first year, the graph shows a deterioration in the performance of plants under a mixture system, with an average of −40% (Figure 4A). The gap between the two cultivation systems increased in the second year, except for peppermint (around 135 g in both mono- and inter-cropping systems) (Figure 4B).


[image: Bar charts compare herb total production, expressed as grams fresh weight (g FW plant^–1) of different plant treatments. The left chart shows lower weights across treatments compared to the right chart. Asterisk on the top between 2 bars indicates significant differences according to t-test.]
FIGURE 4
 Herb total production, expressed as grams fresh weight (FW) per plant, at the end of first (2021—A) and second (2022—B) cropping year, as affected by intercropping systems. Vertical bars indicate means ± SD (n = 6). The abbreviation “monoc.” indicates a crop grown in monoculture, while “interc.” indicates the same crop in an intercropping system. Asterisk on the top between 2 bars indicates significant differences according to t-test (*p < 0.05).


Chives was the crop with the highest growth potential, quintupling production from the first to the second year. Marigold flower production, on the other hand, declined dramatically in 2022, as well as for peppermint in monoculture (−70%). The amount collected from strawberry mint and sage did not differ appreciably between cropping years.

Peppermint and chives were the companion crops with the highest production under pure stand in 2021 and 2022, respectively. Conversely, the companion crop with the lowest growth capacity in both harvest years was strawberry mint (less than 50 g per plant).

The concentrations of certain nutrients in leaves, stems and flowers of the companion crops were significantly (p < 0.05) influenced by the cropping year and the intercropping treatment (Figure 5). When compared with pure stands, intercropping treatments significantly increased the plant content of K (+50%) and S (+30%) in marigold and chives leaves, respectively, in both years (Figures 5A, B). In addition, the sulfur content also increased in other interplant treatments, e.g., in marigold (Figures 5B, C) and peppermint (Figure 5D), but this was significant only in the second year. Similarly, in 2022, the phosphorus content increased by +68, +28, and +39% in the leaves (Figure 5B) and flowers (Figure 5C) of marigold, and peppermint (Figure 5D), respectively, under a mixture regime. A higher magnesium content (+41%) was observed in the flowers of C. officinalis intercropped with strawberry in the second year (Figure 5C). The N and Ca contents of intercropped plants showed no significant differences compared to the respective monocultures (Figure 5). A high Ca content was evident in the marigold leaves, with values tending to exceed 5% DW (Figure 5B). For strawberry mint and sage treatments, macronutrient content in plant tissues was not significantly affected by cultivation regimes (Figures 5E, F).


[image: Six bar graphs showing the percentage of dry weight (% DW) of N, P, K, Ca, Mg, and S across four categories: monoculture 2021, intercropping 2021, monoculture 2022, and intercropping 2022. Asterisks indicate significant differences.]
FIGURE 5
 Macroelement content (N, P, K, Ca, Mg, and S), expressed as percentage dry weight—DW, in chives leaves (A), marigold leaves (B), marigold flowers (C), peppermint stems/leaves (D), strawberry mint stems/leaves (E), sage leaves (F), in plants grown in monoculture 2021 (turquoise bar) vs. intercropping 2021 (light blue bar) and monoculture 2022 (orange bar) vs. intercropping 2022 (yellow bar). Vertical bars indicate mean ± SD (n = 6). Asterisk on the top between 2 bars indicates significant differences according to t-test (*p < 0.05).


Intercropping patterns notably influenced manganese (Mn) accumulation in plant tissues (Figure 6). Overall, Mn content was reduced under intercropping for all companion crops, with the exception of S. officinalis. Particularly striking was the high Mn concentration in marigold (C. officinalis) leaves under sole cropping, where levels exceeded 1,300 mg kg−1 dry weight (DW). In contrast, intercropped marigold exhibited a significant reduction in leaf Mn content, with decreases exceeding 70% (Figure 6B). A similar trend was observed in marigold flowers, although absolute Mn values were substantially lower, ranging from 33 to 125 mg kg−1 DW (Figure 6C). In 2021, intercropping significantly increased boron (B) and iron (Fe) concentrations in strawberry mint (M. suaveolens), by 45% and 18%, respectively, compared to monoculture (Figure 6E). In 2022, B content in marigold leaves doubled under intercropping (Figure 6B). No significant differences in micronutrient content were detected between sole and intercropped systems for chives, peppermint, and sage across both years (Figures 6A, D, F).


[image: Bar charts compare micronutrient (B, Fe, Mn, Cu, Zn) levels (mg kg^–1 DW) for monoculture and intercropping in 2021 and 2022. Treatments are color-coded: monoculture 2021 (turquoise), intercropping 2021 (light blue), monoculture 2022 (orange), and intercropping 2022 (yellow). The top middle chart shows notably high manganese values. Bars indicate standard deviation, some of which are marked as significant.]
FIGURE 6
 Microelement content (B, Fe, Mn, Cu, and Zn), expressed as mg per kg dry weight—DW, in chives leaves (A), marigold leaves (B), marigold flowers (C), peppermint stems/leaves (D), strawberry mint stems/leaves (E), sage leaves (F). Vertical bars indicate mean ± SD (n = 6). Asterisk on the top between 2 bars indicates significant differences according to t-test (*p < 0.05).




Biological efficiency of the Fragaria-herbs intercropping systems

The data reported in Figure 7 and Table 3 were presented separately for the 2 years, as the interaction between the factor “treatment” and the factor “year” was significant. LER, ATER, LUR, SPI, and PYD were significantly (p < 0.05) influenced by intercropping combinations with a substantial effect attributable to crop years. Generally, analyzing the indices separately for each year, we observed that during the first year the partial LER of target crop (i.e., strawberry) tended to be close to 1, corresponding to the theoretical value assumed for the pure stand (Figure 7A), while the partial LER values for companion crops ranged between 0.46 and 0.71. As consequence, the total LER 2021 values were higher than 1 in all cases (increased from +43 to +62% compared to sole cropping treatment), without significant differences among the intercropping treatments. On the contrary, intercropping combinations with total LER values around one occurred in 2022 (e.g., in FRA-ALL, FRA-CAL, and FRA-MENs) (Figure 7B). However, the highest LER value (above 1) in 2022 was recorded in FRA-MENp mix, with a value (1.64) significantly higher than the other intercropping combinations. A similar trend was shown for the ATER and LUE (Table 3). Regarding the SPI and PYD (Table 3), extreme values were recorded in the second cropping year, because the highest significant value was obtained in FRA-MENp combination, while the lowest in FRA-MENs.
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FIGURE 7
 Land equivalent ratios (LERs) at the first (2021—A) and second (2022—B) cropping year, as affected by intercropping systems. Partial LERs are indicated with “f ” for strawberry crop and “k” for companion crops. (n = 6). The letters indicate significant differences according to Tukey's HSD test; p < 0.05 (ns, not significant). The dashed lines denote a LER equal to 1.


TABLE 3 Area time equivalent ratio (ATER), land utilization efficiency (LUE), system productivity index (SPI), percentage yield difference (PYD) as affected by strawberry-herb intercropping systems.


	Year (Y)
	Intercropping combinations (T)
	ATER
	LUE
	SPI (Mg ha−1)
	PYD (%)





	2021
	FRA-ALL
	1.39a
	1.50a
	16.02a
	61.69a



	
	FRA-CAL
	1.30a
	1.41a
	15.03a
	51.68a



	
	FRA-MENp
	1.19a
	1.31a
	14.21a
	43.42a



	
	FRA-MENs
	1.31a
	1.44a
	15.47a
	56.07a



	
	FRA-SAL
	1.33a
	1.45a
	15.45a
	55.93a



	
	Significance
	ns
	ns
	ns
	ns

 
	2022
	FRA-ALL
	0.93b
	0.98b
	16.96b
	3.67b



	
	FRA-CAL
	0.80b
	0.90b
	16.17b
	−1.22b



	
	FRA-MENp
	1.47a
	1.56a
	26.81a
	63.83a



	
	FRA-MENs
	0.66b
	0.76b
	14.15b
	−13.55b



	
	FRA-SAL
	1.09ab
	1.20ab
	21.49ab
	31.33ab



	
	Significance
	***
	**
	***
	***



Means (n = 6) followed by the same letter do not significantly differ according to Tukey's HSD test; p < 0.05. ANOVA significant differences: ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant.





Competition indices under the Fragaria-herbs intercropping systems

As previously observed for the biological efficiency indices, significant differences emerged for competition indices depending on the factor “year” (Table 4). In our 2-year experiment, the aggressivity of companion crops exhibited consistently positive (up to +0.02) or equal to 0, and consequently Fragaria values were negative (up to −0.02) or zero, suggesting that strawberry was the dominated crop, or that both crops were equally competitive (A = 0), respectively. In only one combination was strawberry dominant (e.g., in FRA-MENs during the second year).

TABLE 4 Aggressivity (A), competition ratio (CR), actual yield loss (AYL) as affected by strawberry-herb intercropping systems.


	Year (Y)
	Intercropping combinations (T)
	A
	CR
	AYL



	
	
	Af
	Ak
	CRf
	CRk
	AYLtot





	2021
	FRA-ALL
	−0.01a
	0.01a
	0.70b
	1.58ab
	1.50a



	
	FRA-CAL
	−0.01a
	0.01a
	0.66b
	1.59a
	1.28a



	
	FRA-MENp
	0.00a
	0.00a
	1.16a
	0.97b
	0.85a



	
	FRA-MENs
	0.00a
	0.00a
	0.89ab
	1.16ab
	1.20a



	
	FRA-SAL
	−0.01a
	0.01a
	0.70b
	1.45ab
	1.33a



	
	Significance
	ns
	ns
	**
	*
	ns

 
	2022
	FRA-ALL
	−0.01bc
	0.01ab
	0.39b
	3.02a
	0.46b



	
	FRA-CAL
	0.00a
	0.00c
	1.52b
	0.72b
	−0.13b



	
	FRA-MENp
	−0.02c
	0.02a
	0.47b
	3.01a
	1.95a



	
	FRA-MENs
	0.01a
	−0.01c
	5.00a
	0.13b
	−0.63b



	
	FRA-SAL
	0.00ab
	0.00bc
	1.15b
	1.01b
	0.62ab



	
	Significance
	***
	***
	***
	***
	***



Means (n = 6) followed by the same letter do not significantly differ according to Tukey's HSD test; p < 0.05. ANOVA significant differences: ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant.



In almost all cropping systems, the partial CRk was greater than one, meaning that companion crops were characterized by a higher ability of competition than Fragaria (Table 4). The highest and lowest CRf values were recorded in 2022 with the FRA-MENs and FRA-ALL combinations, respectively. In addition, the highest and the lowest CRk were obtained in the same intercropping combinations, but in the opposite way. That means that strawberry mint appeared as a poor competitor, while chives were a strong competitor.

In all treatments, an advantage in intercropping system was achieved as confirmed by the positive value of the AYL index, except for FRA-MENs (−0.63) and FRA-CAL (−0.13) in the second year (Table 4).



Economic efficiency of the intercropping systems

The calculation of the Income Equivalent Ratio (IER) and the Monetary Advantage Index (MAI) offers an effective means of assessing the economic efficiency of cropping systems tested (Table 5). The total IER, resulting from the sum of partial IERf and IERk, showed values above 1 in all intercropping combinations except in FRA-MENs.

TABLE 5 Income equivalent ratio (IER), monetary advantage index (MAI), as affected by strawberry-herb intercropping systems.


	Year (Y)
	Intercropping combinations (T)
	IER
	MAI (EUR ha−1)



	
	
	IERf
	IERk
	





	2021
	FRA-ALL
	0.91a
	0.71a
	32,913.54ab



	
	FRA-CAL
	0.86a
	0.66a
	48,833.86a



	
	FRA-MENp
	0.97a
	0.46a
	22,378.27b



	
	FRA-MENs
	1.00a
	0.56a
	19,096.79b



	
	FRA-SAL
	0.91a
	0.65a
	29,215.27ab



	
	Significance
	ns
	ns
	*

 
	2022
	FRA-ALL
	0.44b
	0.59ab
	7,366.23ab



	
	FRA-CAL
	0.73a
	0.26bc
	−915.23ab



	
	FRA-MENp
	0.66ab
	0.98a
	25,083.22a



	
	FRA-MENs
	0.81a
	0.05c
	−10,664.81b



	
	FRA-SAL
	0.89a
	0.43bc
	21,351.66a



	
	Significance
	***
	***
	*



Means (n = 6) followed by the same letter do not significantly differ according to Tukey's HSD test; p < 0.05. ANOVA significant differences: ***p < 0.001; **p < 0.01; * p < 0.05; ns: not significant.



In the second year, the MAI value decreased dramatically in 3 out of 5 combinations. For instance, FRA-CAL reached the highest MAI value in 2021 (EUR 48,833.86), while a negative value was observed in the following year. Similar differences were recorded for FRA-MENs (EUR−10,664.81, corresponding to the lowest MAI value), and for FRA-ALL (the MAI value in 2022 was lower than in the first year but with a positive sign). The MAI values remained stable (above EUR 20,000) for the combinations FRA-MENp and FRA-SAL (both years).



Evaluation of arthropod community response to intercropping system

The visual survey conducted during the experimental period recorded the highest species richness in the blocks subjected to intercropping treatments (+100% as compared to strawberry in pure crop; Figure 8). The number of individuals observed varied depending on the seasons. Arthropods belonging to six insect orders, including Coleoptera, Diptera, Hymenoptera, Lepidoptera, Thysanoptera, and Hemiptera, were identified and assigned to species level.


[image: Diagram illustrating arthropods categorized into four functional groups (pollinators, pests, predators, and neutral species). Intercropping patterns adopted in the trial were a promising approach to integrating islands of biodiversity into traditional farming.]
FIGURE 8
 Arthropods categorized into four functional groups (pollinators, pests, predators, and neutral species). The crop on which they were observed is indicated in brackets. Arthropods identified in strawberry pure stand (left) and under intercropping systems (right).


Bees (especially Apis mellifera L.) were the most frequently observed insects throughout the blooming period, both on target and companion plants. In the group of pollinators, long hoverfly (Sphaerophoria scripta L.), thick-legged hoverfly (Syritta pipiens L.), common drone fly (Eristalis tenax L.) bumblebee (Bombus terrestris L.), small tortoiseshell (Aglais urticae L.) and peacock butterfly (Aglais io L.) were also detected but only on companion crops, particularly on chives and marigold.

Since no pest control treatments were applied, harmful insects such as strawberry-blossom weevil (Anthonomus rubi Herbst), garden foliage beetle (Phyllopertha horticola L.), western flower thrips (Frankliniella occidentalis Pergande), black vine weevil (Otiorhynchus sulcatus Fabricius), strawberry aphids (Chaetosiphon fragaefolii Cockerell) were observed on strawberry plants.

A well-known predator such as the common ladybug (Coccinella septempunctata L.) was found throughout the vegetative and productive phases of the plants.

Other arthropods identified were green tortoise beetle (Cassida viridis L. on peppermint), longhorn beetle (Leptura quadrifasciata L. on strawberry), bordered straw (Heliothis peltigera Denis and Schiffermüller on sage), click beetles (Athous haemorrhoidalis Fabricius on strawberry), and European garden spider (Araneus diadematus Clerck on peppermint).




Discussion

The strawberry is a high-value horticultural crop that requires intensive investment, and profitability is maximized through monoculture (Salaheen and Biswas, 2019; Simpson, 2018). The application of diversification practices such as intercropping still remains limited in specialized farming systems. According to the survey by Rodriguez et al. (2021), the barriers to crop diversification perceived by farmers can be listed as: (1) complex agricultural systems are difficult to manage due to lack of specific knowledge (e.g., best combinations of companion-target crop, suitable technology, etc.); (2) the lack of markets with dedicated infrastructures for alternative or minor crops; (3) high risk of failing to achieve the required quality (e.g., against unforeseen weather events, supporting policy and regulations are necessary). In this context, our study aimed to fill the first gap by conducting a comprehensive investigation into the implementation of the intercropping practice in strawberry farming.

The results from the two-year study indicate that the intercropping systems depend on the cropping year. The total LER values were greater than one during the first season (2021), suggesting the beneficial effect of all companion crops included in these intercropping patterns (Figure 7). Our results were consistent with previous research by Karlidag and Yildirim (2009) and Hata et al. (2019b), who reported that strawberry plants intercropped with vegetables (e.g., lettuce, radish, onion and garlic) significantly improved the land use efficiency (LER > 1) compared to strawberries grown in pure stand. On the other hand, in the second year (2022), reductions were recorded in FRA-ALL, FRA-CAL, and FRA-MENs, with values approaching 1 (Figure 7). Similar trends were shown for other biological efficiency indices (Table 3). The variation of these indices over the years was closely related to the production parameter.

Local strawberry production levels are around 250 g per plant during the first year, to double the following year (considering plants cultivated in soil conditions; Soppelsa et al., 2023). These values refer to crops managed according to Integrated Pest Management (IPM). In an organic or non-treatment regime, as in the current study, the production values are inevitably lower.

Analyzing the first year (2021), strawberry production data revealed a stable situation among the various combinations and no significant differences in comparison with pure stand (Figure 2A). Nurseries provide strawberry plants with appropriate floral induction conditions for optimal fruit production in future commercial fields (Bosc and Demené, 2009). This means strawberry plants maintain constant production levels during the first cropping year in the field, even though the plants are subjected to different agronomic growing conditions (Soppelsa et al., 2023). Nevertheless, plant-plant interactions in the first year can generate negative implications for the second harvest cycle (Soppelsa et al., 2023). The negative impact on strawberry plants in terms of production and total biomass was clearly visible in the second year for the intercropping combinations such as FRA-ALL, FRA-CAL, and FRA-MENp (Figures 2B, 3).

Strawberry crown and roots are considered a crucial source of carbohydrates and nutrients stored in reserve organs in late summer and then remobilized the following spring to support plant growth and reproductive organs (Albregts and Howard, 1980; Kirschbaum et al., 2012; Macías-Rodríguez et al., 2002; Tagliavini et al., 2005). Poor developed crowns directly affect plant vigor and production performance (Fagherazzi et al., 2021; Torres-Quezada et al., 2015). Intra- or inter-specific competition dependent on light and nutrient availability can lead plants to alter floral differentiation, the accumulation and distribution of storage compounds and nutrients in the reserve organs (Aerts, 1999; Craine and Dybzinski, 2013; Kobe, 1997; Soppelsa et al., 2023; Zhang et al., 2018).

Anyway, the lower biomass in strawberry plants observed in some of our cropping systems cannot be attributed to nutrient deficiencies because no changes in nutrient content were recorded in strawberry leaf tissue (Supplementary Table S1). The causes could be found in another factor such as light. Exposure to light is an essential environmental factor for plant development (Wu et al., 2025). The interaction between light and reproductive phenology in strawberry plants has been well studied as reported in some studies (Sidhu et al., 2022; Sønsteby and Hytonen, 2005; Wang et al., 2020). Planting plants close together inevitably leads to shading, resulting in poor photosynthetic capacity and reduced plant growth (Li et al., 2014; Pierson et al., 1990). In the first year, the size of the young companion plants was not sufficient to establish shading effects on the target plant, while the development of some herbs became excessive in the following year. The competition indices help us to explain the morphological changes in companion crops. The target crop appeared to be the dominated crop (negative A values), with a lower ability to compete than the companion crops (CRf < 1, especially in combination with chives and peppermint plants in 2022) (Table 4). Chives are perennial plants with thin, clustered bulbs, each with leaves in clumps of 2-5 (Chen, 2006). Leaves are cylindrical/filiform, and therefore a few bulbs, like our starting plants, do not have a great capacity for shade. Nevertheless, the bulbs multiply very quickly over time, creating a dense and large clump of leaves (Figure 4). Similarly, Mentha x piperita, a rhizomatous perennial plant with rapidly spreading above- and below-ground stolons, can quickly colonize new areas (Taneja and Chandra, 2012). The stems can reach a height of approximately 0.5 m (Oroian et al., 2017), decisively exceeding the height of a strawberry plant. In addition, the stems were not always well erect, thus shading any surrounding plants. Choosing complementary crops suitable for growing in the shade might be a valid solution (Prakhyath et al., 2024).

The development of complementary plants was altered by intercropping treatments (Figure 4). These findings are in line with a study conducted by Ragab et al. (2014), who observed a more vigorous growth in sole crops than intercropping patterns. Several studies have determined that the intercropping practice modifies plant-soil interactions, affecting root architecture, metabolite and microbiome profiles of the rhizosphere compared to the profiles observed in monoculture (Jiang et al., 2024; Liu et al., 2023; Moţ et al., 2023; Shao et al., 2024). Increased microbial diversity and chemo-diversity of metabolites in intercropping soils can lead to an impact on nutrient uptake by plants (Chen et al., 2023; Jiang et al., 2024; Lu et al., 2025). It is interesting to note that the sulfur content increased significantly in the leaves of intercropped chives in both years, with a similar trend for the other intercropped herbs (Figure 5). Organic sulfur content in the soil is usually positively correlated with organic matter (Nguyen and Goh, 1992). Soil organic matter (SOM) mineralization gives rise to sulfate (SO42-) which is the main source of available S for plants (Narayan et al., 2023). Sulfur-containing compounds such as cysteine (Cys) and methionine (Met) are involved in protein synthesis, while other metabolites (e.g., glutathione—GSH) contribute to oxidative stress protection and redox-control in plants (Godat et al., 2010; Sharma et al., 2024; Singh and Schwan, 2011). Sulfur interacts with other mineral elements, modifying the nutrient uptake and assimilation (Abdin et al., 2003), showing a synergistic relationship with K and P uptake (Mehmood et al., 2021; Singh et al., 2013) and an antagonistic effect for Mn assimilation (Kalbas et al., 1988; Klikocka, 2011). These findings were in agreement with the data shown in our study (Figures 5, 6). For instance, manganese content was drastically reduced in most intercropping systems (significantly in intercropped marigold plants; Figures 6B, C). Li et al. (2024) observed that the Mn uptake and extraction amount from soil were significantly decreased in intercropped maize plants compared to maize in pure stand, while increasing the Mn content in the associated plant (Sedum alfredii, Hance). In contrast, the results of our experiment did not reveal the strawberry to be a hyperaccumulator plant of that heavy metal (Supplementary Table S1).

According to several literature studies (Alcon et al., 2024; Rosa-Schleich et al., 2019; Sánchez et al., 2022; Stratton et al., 2021; Yogendra et al., 2024), a diversified farming system might lead to particularly favorable economic outcomes. Assessment of intercropping based on economic efficiency indicated that IER values were above 1, suggesting advantageous intercropping systems in both years with the only exception in FRA-MENs in 2022 (Table 5).

A higher MAI value means that the intercropping pattern is more profitable than another (Ghosh, 2004). The highest MAI value, close to EUR 50,000 per hectare, was observed in FRA-CAL cropping system in 2021 (Table 5). Calendula officinalis is a popular medicinal plant with edible flowers rich in nutraceutical compounds used in food and pharmaceutical industries (Kumari et al., 2021; Shahane et al., 2023). As consumer health consciousness has increased in recent years, the market for edible flowers has also grown (Fernandes et al., 2020; Jadhav et al., 2023). Pot marigold is considered a low-investment crop but high-profit (Popa, 2024). Nevertheless, the following year the MAI value collapsed for that combination because the flower yield of pot marigold intercrop was negligible (Figure 4B). This result can be explained due to planting time. While in the first year the young strawberry and pot marigold plants, planted at the same time, developed harmoniously together, in the second year the transplanting time of the marigold had a significant influence on its development. Please note that C. officinalis is an annual plant, which needs to be planted every year. Planting time is a crucial factor for intra-species competition, and if not optimized, has negative consequences on plant growth and yield (Ahmed et al., 2020). As reported by Santos et al. (2008), analyzing the different planting times for cucurbits included in some intercropping patterns with strawberry plants. In our experiment, the C. officinalis was probably planted too late in 2022 and consequently the already well-established strawberry plant, with its leaf canopy, prevented the young marigold plants from growing properly (Figure 4). In contrast to marigold, adopting perennial plants could be advantageous (e.g., no need to transplant new plants). Considering all planting patterns, great economic stability over the 2 years was achieved with strawberries intercropped with peppermint and sage (Table 5), both of which, however, developed less than in the first year (Figure 4). In the second year, we noted that parts of the sage plants were desiccated, confirming the limited tolerance of this Mediterranean species to alpine environments characterized by harsh winters. This observation is consistent with those of Carlen et al. (2009), which report that overwintering of Salvia officinalis L. can be problematic in mountain areas.

As shown in Figure 8, the intercropping patterns adopted in the trial were a promising approach to integrating islands of biodiversity into traditional farming. For instance, we found new and more beneficial arthropods attracted to the floral resources produced by the herbs in the intercropping systems (Figure 8). More specifically, marigold flowers proved particularly attractive to pollinators as confirmed by Kowalska et al. (2022). Although companion crops can provide supplemental food (e.g., nectar, pollen) for pollinators and natural enemies, the abundant and concomitant flowering of some species such as C. officinalis can act as a competitor in the pollination of the target crop (Azpiazu et al., 2020). In the field experiment conducted by Gowton et al. (2021), peppermint intercropped with berry crops increased the pollinator community and reduced the spotted-wing drosophila (Drosophila suzukii Matsumura) infestations. These results can be attributed to the volatile organic compounds (VOCs) released by mint, which have attraction or deterrence properties (Conboy et al., 2020; Gowton et al., 2021). Other studies have confirmed the ability of herbs to protect main crops against pests (Hata et al., 2016; Jankowska et al., 2009; Matsuura et al., 2006). Therefore, establishing attraction and/or repulsion zones in the field could represent a potential pest management practice.

The interference of intercropping treatments with arthropod pest pressure could not be established in our study. Although the strawberry plants were colonized by several individuals belonging to the pest category (e.g., blossom weevil, flower thrips), we only identified their presence, without counting the individuals. In future trials, the visitation rate of arthropods such as pollinators, predators and pests affected by the intercropping treatments will certainly be taken into account.



Conclusion

The present study is a broad investigation into the use of intercropping in strawberry cultivation in the alpine environment. Considering the parameters analyzed, the 2-year study revealed markedly different outcomes depending on the cropping year. All the different plant combinations in 2021 showed an advantage from the application of the intercropping practice, as illustrated by biological efficiency indices (e.g., LER above 1) and by positive values of the economic index (e.g., the highest MAI value was reached with C. officinalis). However, unlike the first year, companion crops such as chives, marigold and strawberry mint led to a deterioration of the cropping system in the following year. Greater economic stability over the 2 years was achieved with mint and sage.

Based on these findings, the following recommendations are proposed: evaluate whether to use annual or perennial companion crops, and whether the target crop will be maintained for one or more growing seasons; the selection of companion crops should prioritize species that are already present in the terroir and are tolerant or less susceptible to pathogens and pests.

This study also offers new insights into nutrient uptake dynamics, which warrant more in-depth analysis, in relation to the mechanisms of nutrient acquisition by plant roots in a mixed cropping system. Additionally, further research is needed to better understand how the arthropod community is influenced by intercropping, with the aim of leveraging this practice as a sustainable pest management strategy.
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