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Abstract  

Sustainable agriculture requires farming systems that promote biodiversity, 

resources use effectively and reduce external input usage. Intercropping has been 

proposed as a strategy to increase ecological resilience while maintaining 

productivity. The intercropping effect of winter wheat-winter pea (W+P) and winter 

oilseed rape-winter pea (R+P) on above ground dwelling arthropod abundance, 

suppressing weeds, enhancing crop biomass, and sustaining grain yield was 

evaluated compared to their sole strip cropping (SSC), and with their large field 

reference sole cropping plots (Ref). Field experiments were conducted in the 

2023/2024 crop production season at SITES Lönnstorp Research Station, Skåne, 

southern Sweden. Abundance of aboveground dwelling arthropods was quantified 

by using pitfall traps and analysed with Generalized Linear Mixed Models 

(GLMM), while weed biomass, crop biomass, and grain yield were quantified with 

Linear Mixed Models (LMM). Tukey-adjusted pair-wise comparisons of estimated 

marginal means were used for treatment comparisons. Land Equivalent Ratio 

(LER) was computed for land-use efficiency comparison and correlation analysis 

was performed to examine the relationships these variables. Intercropping had a 

major positive impact on arthropod abundance, with intercropped cropping system 

showing about 27% and 69.2% higher than sole strip cropping (SSC) and sole 

cropping (Ref) plots, respectively. Significant weed suppression was also observed 

in winter pea treatment when intercropped with winter wheat. Similarly, both 

intercrop systems showed strong land-use advantages (LER > 1). In winter wheat- 

winter pea intercrops, where both crops were sown at 50% seeding density, winter 

pea contributed most (partial LER = 2.40), giving the highest total LER of 3.15. In 

winter oilseed rape- winter pea intercrops, where both crops were fully seeded, 

winter pea again dominated (partial LER = 1.95), with a total LER of 2.47. Thus, 

intercropping improved land-use efficiency, especially for winter wheat-winter pea 

IC cropping system. In conclusion intercropping increased land-use efficiency and 

biodiversity mainly in cereal-legume combination without compromising grain 

yield. Therefore, intercropping is a promising agroecological innovation that 

increasing biodiversity, weed control, and resource use efficiency while supporting 

sustainable intensification and enhancing ecological resilience in temperate 

agroecosystems. 

 

Key words: arthropods abundance, crop biomass, intercropping, sole strip-

cropping, weed suppression, winter wheat, 
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1. Introduction 
Agriculture is one of the pillars that sustained human existence and the global 

economy by providing the world with vital commodities such as food, raw 

materials, and energy. Plus, in developing countries it contributes to national 

economic progress, livelihood food security, and social stability (FAO 2021). 

Currently, global agriculture hosts approximately eight billion people and provides 

other services such as employment, cultural values, and ecosystem services (Power 

2010). Furthermore, the agricultural sector has the principal responsibility of 

feeding an estimated world population of 9 billion by the year 2050, and therefore 

sustainable, resilient, climate change shock-resistant food production system 

without compromising yield are required (Tilman et al. 2011). But, as 

Suchithkumar et al. (2024) highlight, the present agricultural production system is 

facing twin challenges. Those are: ensuring food security and environmental 

conservation. While intensive sole cropping supported by high synthetic external 

inputs is in use, it often increases the cost of production, causes ecological 

degradation, reduces soil fertility, and increases vulnerability to pests, climate 

extremes, and decline in biodiversity (Altieri 1999; Tilman et al. 2002).  

According to Hussain et al. (2025) finding the synthetic nitrogen fertilizer supply 

chain was responsible for estimated emissions of 1.13 billion tons of CO2 in 2018, 

representing 10.6% of agricultural emissions. Another thing, due to  the intensive 

synthetic fertilizer  application on sole cropping system, nutrients  leach from 

agricultural fields into water bodies, causing eutrophication (Menegat et al. 2022). 

This process reduces biodiversity in aquatic ecosystems and disrupts species 

diversity in terrestrial habitats.  

The same problems are seen in Europe, mainly in Western European regions, 

that are heavily farmed. The over-reliance on synthetic agricultural inputs has 

resulted in a decline of soil organic matter and microbial diversity as well as a 

depletion in soil fertility (Virto et al. 2015). In area like Skåne, Sweden, there are 

few main crops like winter wheat, barley, oats, and oilseed rape, which together 

occupy the majority of arable land (Hösel 2019;Reumaux et al. 2023). These crops 

are mainly grown in smaller rotation systems or even in sole farming schemes, as 

per Börjesson et al. (2018) studied. Although such systems secure high yields, they 

are highly dependent on external inputs such as mineral fertilizers and chemical 

plant protection products (Ulfbecker 2018). Reliance on mono-cropping and input-

intensive management  reflects the negative trend observed globally (Meynard 

2012;Jacobs et al. 2020). This situation raises concerns about the long-term 

sustainability and resilience of current cropping systems and highlights the need for 

diversified systems that can reduce dependence on external inputs while 

maintaining productivity. One of the promising practices to reduce the negative 

impact of sole cropping is intercropping (IC). Because adopting of crop 

diversification farming systems improves nutrient cycling, enhances biological pest 

control, and strengthens ecological resilience, thereby supporting sustainable crop 

production systems (Brooker et al. 2015(Landis et al. 2000; Rusch et al. 2016; 

Altieri 2018; Tamburini et al. 2020). 

 

Similarly, Mason et al. (2020) documented that, in addition to biodiversity 

values, intercropping (IC) increases resource-use efficiency through spatial and 

temporal complementarity among crops. For example legumes such as pea can fix 
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atmospheric nitrogen, reducing the use of synthetic nitrogen fertilizers, while 

cereals such as wheat offer structural canopy by covering the nearby ground can 

suppresses weeds and encourages beneficial arthropods, and physical supports to 

peas (Jensen et al. 2020). In addition to this, Crops like oilseed rape, having deep 

and strong root systems, break up compacted soil layers, improving topsoil 

structure, increasing nutrient availability (Kupcsik et al. 2021). Another point, 

oilseed rape uses as a bio fumigation that can reduce soil-borne pests, diseases, and 

weeds due to the capacity of releasing isothiocyanates, improving soil health and 

crop yields (Matthiessen & Kirkegaard 2006; Gimsing & Kirkegaard 2009).  

While winter wheat, winter Peas and winter oilseed rape are important crops not 

only in Swedish but in global context, they are grown as sole crops with high 

external inputs (especially agrochemicals) leading to negative environmental 

consequences such as on biodiversity, soil depletion and water pollutions (Hossard 

et al. 2014 ; Reckling et al. 2016).  There are few studies on intercropping in Europe 

(Luuk Croijmans et al.2024;  Cadoux et al.2015) however, these studies focus on 

comparing sole crops when grown in strips. To my knowledge there is no study 

done yet on the implications of strip intercropping system of IC winter wheat-winter 

pea and winter pea-winter oilseed rape on biodiversity and crop performance.   

 

1.1  Research aim, questions and hypothesis 

Aim: 
The aim of this study was to quantify and compare the agroecological 

performance of intercropping (IC) with sole strip cropping (SSC), by evaluating its 

effects on aboveground-dwelling beneficial arthropod abundance, weed 

suppression, crop biomass, and grain yield, with consideration of its potential 

contribution to reducing reliance on external inputs. 

 

Research questions 
To achieve the above research aim, four different questions were addressed. 

These are: 

1. Does intercropping (IC) increase above ground dwelling arthropod 

abundance compared with its sole strip cropping (SSC)?  

2. Does intercropping (IC) effectively suppress weeds relative to its sole strip 

cropping (SSC)?  

3. Does intercropping (IC) enhance crop biomass accumulation compared with 

its sole strip cropping (SSC)? and  

4.  Does intercropping (IC) increase or sustain grain yield relative to its sole 

strip cropping (SSC)?  

 
Hypothesis 
Null Hypothesis (H₀): Intercropping (IC) has no significant effect on above 

ground dwelling arthropod abundance, weed suppression, crop biomass 

accumulation and grain yields compared with sole strip cropping (SSC). 
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Alternative Hypothesis (H₁): Intercropping (IC) significantly increases above 

ground dwelling arthropod abundance, suppresses weed, increases crop biomass 

and crop grain yields compared with sole strip cropping (SSC). 

1.2. Scope and limitations of the study 

This research was conducted in the 2024 crop production year at SITES 

Lönnstorp experimental farm, Skåne, Sweden, on three winter crops: winter wheat 

(W), winter oilseed rape (R), and winter pea (P). The field experiment had 

intercropping (IC) vs. sole strip cropping (SSC) systems, and Sole cropping (Ref) 

used as a baseline. Data were analyzed on above-ground dwelling arthropod 

abundance, weed dry matter biomass, crop dry matter biomass, and grain yield. The 

research had limited generality, as it was conducted in a single season on the basis 

of data from a specific experimental location that would limit geographical as well 

as seasonal variations. Furthermore, aboveground arthropod indicator groups of 

insect abundance were collected, these were identified to the group and not the 

species level, and only their total sum was analyzed, which might have reduced the 

taxonomic resolution of the ecological analysis. Winter pea and oilseed rape were 

over-mature, which caused some grain shattering during harvest and transport; 

therefore, productivity may likely underestimate. Despite these limitations, the 

present research offers significant empirical evidence of the effects of intercropping 

systems in increasing weed suppression, enhancing crop biomass, and increasing 

grain yield in temperate agroecosystems. 

 

1.3. Significance of the study 
 

This research contributes to crop production effort to apply ecological 

intensification to temperate agroecosystems, like biodiversity conservation, 

biological pest control, nutrient cycling, and the reduction of external synthetic 

inputs (Kremen & Miles 2012; Bommarco et al. 2013). The evaluation of 

intercropping (IC) effects on aboveground arthropod abundance, weed suppression, 

and crop performance provides empirical evidence for the design of sustainable 

cropping systems and the EU Green Deal strategy of biodiversity and 

agroecological transition. Plus, it contributes to the achievements of the United 

Nations Sustainable Development Goals (SDGs, 2015): like, SDG 13 (Climate 

Action) by building increased resilience and reducing external synthetic inputs; 

SDG 15 (Life on Land) by improving on-farm biodiversity; and SDG 12 

(Responsible Consumption and Production) by maximizing the use of resources. 

Furthermore, it contributes to improve habitat quality, increase species diversity, 

and strengthen the ecological processes of agro-landscapes; the findings support 

Sweden's Environmental Quality Objective of "A Rich Diversity of Plant and 

Animal Life" (Tscharntke, Klein and Kruess, 2005).  

 

2. Background 
2.1. Definition and historical development of 

intercropping (IC)  
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2.1.1. Definition of intercropping (IC) 
 

  Several cropping arrangements that are employed on a farm during a specific 

production year are referred to as cropping systems (Ofori & Stern 1987b). These 

cropping systems' structure and efficiency are determined by how they interact with 

farm resources, and available technology. Some of the cropping systems are sole 

cropping, mixed cropping and intercropping (Willey 1979; Lithourgidis et al. 2011).  

    Intercropping is defined as the technique of growing two or more crops in the 

same farmland at the same crop production time (Willey 1979a). There are different 

types of intercropping production systems. Row intercropping is one of the 

intercropping crop production systems where two or more crops are cultivated 

simultaneously in a definite row pattern. Planting in rows makes applying fertilizer, 

weeding and harvesting easier ( Brooker et al. 2015; Singh et al.2018). On the other 

hand, mixed intercropping is growing of two or more crops simultaneously with no 

definite row pattern; the seeds are mixed and sown in the field either by dibbling at 

random or by broadcast (Vandermeer 1992;Francis 1986). Another form of 

intercropping is Strip intercropping which is defined as growing of two or more 

crops simultaneously in different strips wide enough to permit for independent 

cultivation of crops but narrow enough for the crops to interact ecologically (L 

Bedoussac et al.2015; Lithourgidis et al. 2011; Duchene, Vian and Celette 2017; 

Martin-Guay et al. 2018). The underlying assumptions of intercropping are drawn 

from the ecological theory of Nitch, complementarity, facilitation, and resource 

partitioning with the aim of achieving a "land equivalent ratio" (LER) of greater 

than one, which will indicate greater land use efficiency than in sole cropping 

(Willey 1979).  

2.1.2. The development and adaptation of 
intercropping (IC) 

   The conceptual roots of  intercropping (IC) lie in historical agriculture production 

systems that date back centuries prior to the onset of industrial agriculture (Altieri 

1995; Vandermeer 1995; Trenbath 1999). Traditional indigenous farmers and 

smallholder producers of most farms, from the "milpa" cropping systems of 

Mesoamerica (maize, beans, squash) to Asian and African traditional polycultures, 

naturally fostered many systems of intercropping as a means to enhance food 

security, improve dietary diversity, and reduce agricultural risks inherent in farming 

(Altieri 1994; Netting 1993).   

  As Novotny et al.(2021) specified that, despite milpa practices having their merits, 

they are diminishing because of socio-economic transformations and increasing 

labor demands, yet Fonteyne et al. (2023) added that milpa agronomy research had 

been scarce, with most focusing predominantly on maize. And he recommended 

that, for the sake of preserving and improving these old systems, research on crop 

types, soil fertility management, weeds, and general productivity-keeping in mind 

reducing labor needs-should continue. Such traditional systems possessed spatial 

arrangements similar to intercropping, on the basis of empirical observations of 

useful crop associations and local agroecology (Letourneau et al. 2011). As Altieri 
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(2002) emphasis is given to land use efficiency, building an enduring food base, 

and design of the system which is able to adapt to environmental fluctuations and 

low rates of external inputs were some of the key priorities. The scientific 

justification behind intercropping, under which the cropping system is operating, 

came into critical attention in middle decades of 20th century as scientists 

increasingly acknowledged its ability to lead towards more sustainable and efficient 

agriculture (Willey 1979a; Francis 1986). 

    Pioneering scientific investigation measured the yield benefit of intercropping 

with indices like Land Equivalent Ratio (LER) and unraveled the intricate 

competitive and facilitative relationships among component crops (Trenbath 1976; 

Vandermeer & Cunningham 1989). According to (Snapp et al. 2005), intercropping 

systems, such as strip planting, are still prevalent in the most developing nations 

and are a key way for resource-poor farmers to maximize land use, and diversify 

their income streams. To assess the advantages of intercropping scientifically, 

theoretical frameworks and experimental techniques were also used during this 

study. Globally, different policy regimes, agroclimatic factors, and socioeconomic 

traits all have an impact on the adoption of intercropping. Large-scale industrialized 

farming regions have tended to favor sole cropping, because of its apparent ease of 

management, mechanization, and reliance on synthetic inputs that contribute to 

ecological simplification, though intercropping's low input requirements and risk-

reducing qualities are highly desirable in such contexts (Snapp et al., 2005; 

Gliessman et al., 2007).  

   However, Boliko (2019) argues that, awareness creation about biodiversity loss, 

ecological degradation, and the economic vulnerabilities of sole cropping  has 

reversed this and promoted the use of diversified crop production in the developed 

regions.  Similarly, Levidow (2018) notes that, changes in policy that support 

ecological intensification, agroecological transition, and ongoing studies showing 

the economic and environmental advantages of intercropping have helped it 

gradually re-grow and regain traction in many regions of the world, including 

Northern Europe. 

   Technological innovation in precision agricultural machines and equipment 

dedicated to intercropping is also overcoming some of the historical barriers to the 

adoption of intercropping on a larger scale (Gurr et al. 2016; Raseduzzaman & 

Jensen 2017). For example, in Europe during the 1990s, there was renewed interest 

in intercropping as a response to the environmental weaknesses of intensive sole 

cropping, with experiments conducted in France, Germany, and the Netherlands 

indicated that cereal-legume intercropping production systems could maintain or 

even increase yields while reducing nitrogen leaching and pesticide application (L 

Bedoussac et al., 2015). This is in parallel with the EU Green Deal and renewal of 

the Common Agricultural Policy (CAP) in sustainability and biodiversity directions 

(Silander 2019). That promotes sustainable and biodiversity-friendly agriculture 

production system by giving financial support to those who are engaged in 

diversifying cropping systems. 
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2.2. Agroecological outcomes of intercropping 
(IC)  

   Compared to sole strip cropping (SSC) systems, intercropping (IC) systems of 

leguminous crops possess several ecological benefits.  A research done by 

Hauggaard-Nielsen et al. (2016) demonstrated that, IC reduces external input costs, 

maintains the total yield across rotation, and reduces the carbon footprint through 

improved root biomass, biological nitrogen fixation, and soil carbon and nitrogen 

sequestration. Also, as per  Ali et al. (2024), IC also helps to suppress weeds by 

providing cover to soil, reducing solar radiation for weeds but increasing light 

interception and water use efficiency for its companion crop.  As Mousavi and 

Eskandari (2011)  also mentioned that, IC systems are less affected by pests and 

diseases due to enhacing of natural enemies.Crop diversification production 

systems generally promote sustainable agriculture via ecologic balance, better 

resource use efficiency, and increased productivity of land as described by Ali et al. 

(2024) and Mousavi & Eskandari (2011). This enable  lowering the environmental 

impact of agricultural production. Besides that, IC produces more varied conditions 

with different canopy structures and microclimates, favoring greater diversity and 

density of beneficial insects, including aboveground-living arthropods (Rusch et al. 

2016; D’adamo & Sassanelli 2022).  

2.2.1. Arthropods abundance 

  According to Puliga et al. (2024), wheat-pea intercropping increases arthropod 

abundance and activity in the aboveground space compared with sole cropping of 

wheat. Similarly, Alarcón-Segura et al. (2022)  indicated that strip intercropping 

using oilseed rape and wheat gives ecological benefits through enhanced 

populations of arthropods in the aboveground space and also natural pest control 

compared to sole cropping. The above evidence shows that crop-interaction 

systems, as opposed to single monocropping, give conditions for favoring 

beneficial insects. Intercropping, for instance, enhances habitat heterogeneity and 

microclimate by various canopy structures, organic ground litter, and flowering 

patterns, all of which are highly developed to sustain greater arthropod diversity of 

useful species (Sunderland & Samu 2000).  As described by Symondson et al. 

(2002) and Schmidt & Tscharntke (2005) that, Carabidae (ground beetles), 

Staphylinidae (rove beetles), and spiders (Araneae) are the important aboveground 

arthropod families commonly used as indicators of insect diversity in 

agroecosystems. Equally, research by Finch and Collier (2000) and Tscharntke et 

al. (2005) suggests that above-ground arthropod diversity is often positively related 

to structural and compositional complexity of agricultural habitats, confirming their 

status as key indicators of the ecological benefits of intercropping. Ther functional 

describtion is described as follows: 

2.2.1.1. Carabidae (ground beetles)  
Carabidae are one of the ecologically sensitive indicators and major predators of 

agroecosystems (Makwela et al. 2023). Plus, Makwela et al. (2023) described as 

bioindicators of biodiversity balance due to their sensitivity to ecological 

disturbances such as pesticides, herbicides, and fungicides. Whereas cropping 

systems and agronomic practices could have an effect on their abundance. 
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Therefore, among the various cropping systems, IC mainly enhances them with 

higher structural complexity and greater prey abundance. For example, as per 

Rakotomalala et al. (2023) research conducted in France  reported that, 

intercropping (IC) of wheat and maize resulted in a 30% increase  in Carabid 

activity and a 15% higher species abundance compared than sole cropping under 

organic farming. And, in the Netherlands, Rusch et al.(2010) showed that, 1.4-fold 

higher in wheat-rapeseed IC compared with sole cropping, suggesting higher 

predation pressure, presumably caused by spatial segregation between crops with 

refuge and greater richness of food items. Similar benefits have been observed in 

Finland, where carabid abundance was higher in cabbage-faba bean IC than in sole-

cropping cabbage (Holland & Luff 2000). Therefore, these research findings 

indicate that, in IC production system in different crop types, the abundance of 

Carabidae may vary, but overall, they still show an increase with the crop diversity 

compared to sole cropping systems. 

2.2.1.2. Staphylinidae (rove beetles) 
Staphylinidae are generalist predators that are well worth their cost in the biological 

control of insect pests such as aphids and fly larvae, whose effectiveness is strongly 

linked with structurally heterogeneous crop canopies and microhabitats of high 

organic matter content (Dennis & Wratten 1991). In cereal-legume rotations as per 

Gagic et al. (2011) reported that, pea-barley intercropping increased staphylinid 

populations by 32% compared to sole cropping. However, their population in the 

intercropping (IC) system can vary as it depends on conditions of the habitat as well 

as on some crop combinations (Sunderland and Samu, 2000). Experimentation done 

in Kenya also revealed that populations of staphylinids increased in the systems 

where there was minimal external input and maximum plant diversity (Devine et 

al. 2022). Also, Häfner et al.(2024) documented a non-significant but moderate 

increase in the density of staphylinid beetles in pea-wheat IC, which suggested that 

their populations strongly depend on the abundance of prey and the structure of 

vegetation. Additional studies supports for diversified crop production systems, 

such as IC and organic farming (free of chemical spray), are likely to increase 

staphylinid activity with increased habitat heterogeneity and secure prey resources 

as described by (Schmidt & Tscharntke 2005). 

2.2.1.3. Spiders (araneae) 
Spiders are generalist predators with extensive prey spectra and are particularly 

sensitive to habitat structure.  As per Sunderland & Samu (2000) documented spider 

abundance increased under agricultural diversification in 63% of the studies they 

reviewed. Inline to this finding, Samu et al. (1999) described that, spider abundance 

and crop diversity correlates positively. That means at multiple spatial scales, with 

interspersed habitat diversifications proving more effective than segregated 

approaches for increasing spider abundance in agricultural systems. This is due to 

better ground cover and microclimatic buffering (Symondson et al. 2002). 

Moreover those findings, wheat-pea intercropping has also indicated that, an 

abundance of generalist predators, including spiders, compared to their sole 

cropping system (Langellotto & Denno 2004).   
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2.2.2. Impacts of intercropping (IC) on crop 
agronomic performance 

Intercropping (IC) is a promising approach to improve the agronomic performance 

of cropping systems. Due to its interspecific interactions and spatial diversifications 

as compared to sole cropping system. Because, IC allows growing crops with 

different functional traits together, which promotes ecological synergy and more 

efficient use of environmental resources. Such increased crop complementarity is 

demonstrated in practical advantages such as reduced weeds, increased crop 

biomass accumulation, and improved grain yields. In addition, IC may result in >1 

land equivalent ratio (LER) values, which reflects better land-use efficiency. Each 

of these agronomic outcomes is discussed below. 

2.2.2.1. Weed density suppression 
Weeds are commonly described as plants that appear in a place and in a time where 

and when they are not wanted (Harlan & deWet 1965). Weeds affect plant growth 

due to their high competitiveness of light, water, and nutrients. This leads to a 

reduction in crop yield quantity and quality (Radosevich et al. 2007; Zimdahl 2018). 

But, intercropping (IC)  provides a sustainable way of weed management by 

enhancing natural suppression mechanisms which are less effective in sole cropping 

systems (Liebman and Dyck 1993; Harker and O’Donovan 2013). Therefore IC 

production system promotes weed control through spatial complementarity, high 

canopy cover, and niche occupation, by reducing resource availability for weeds 

(Brooker et al. 2015; Lithourgidis et al.2011). Evidence from Europe experiments  

by Laurent Bedoussac et al. (2015) indicates that, wheat with peas, barley and 

clover IC reduces weed density compared to sole cropping.  

Like findings by Cadoux et al. (2015) also demonstrated that intercropping of 

legumes like faba bean with oilseed rape reduced herbicide needs. Therfore 

biological way of weed control can be attained with other benefits like an increase 

of nitrogen use efficiency and reduced insect damage by reducing competition and 

host plants of pest and disease. Additionally, according to Dayoub et al. (2022), 

intercropping oilseed rape with frost-sensitive legumes such as faba beans results 

significantly less weed dry biomass up to 41% compared to sole oilseed rape. 

Furthermore, Cadoux et al. (2015) documented that, these kinds of crop 

combinations reduces insect damage and improve the efficiency of nitrogen use, 

giving stringent evidence as IC adoption as a sustainable crop production systems 

substitute for the common conventional agricultural crop  production systems. 

2.2.2.2. Crop dry biomass accumulation  
Aboveground crop dry biomass is described as being all the living components of 

crops such as stems, leaves, flowers, and reproductive structures, are critical 

indicators of crop yield and ecosystem processes (Zhu et al. 2019); Scurlock et al. 

2003). It reflects a system's ability to direct solar energy, nutrients, and water into 

plant growth in varying environmental conditions (Kay et al. 2022). Intercropping 

(IC), it enhances dry biomass accumulation that is normally attributed to 

complementarity of resources and interspecific facilitation whereby crops utilize 

exclusive spatial and temporal niches for acquisition of light, water, and nutrients 
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(Brooker et al. 2015). Cereal-legume intercropping results indicate increased 

biomass production (Samu et al. 1999).  

Also, Bedoussac and Justes (2010), argued that legumes add to nitrogen content of 

soil, while cereals benefit from earlier canopy closure and stronger roots, resulting 

in interdependence benefits. In addition, Blanc et al. (2024) further quoted other 

studies saying that, when winter oilseed rape intercropped with legumes contributes 

to dry biomass increments by rapid occupation of the surface, shading of weeds, 

and release of allelopathic compounds deterring competitor growth. Winter oilseed 

rape also improves soil structure by means of greater aeration and water infiltration 

as a result of the depth of its taproot (Liu 2009). In contrast to sole strips, evidence 

shows IC has experienced notable dry biomass increases (Lowry & Brainard 2016). 

For example, inter-cropping of peas with wheat increases wheat dry biomass due to 

the enhanced capture of light and reduced shading among the wheat plants. 

Furthermore, they get nutrients in a complementary way, there is less competition, 

and nitrogen fixation is an additional benefit from pea (Lithourgidis et al. 2011b). 

Intercropping legumes such as winter pea with oilseed rape increases system 

productivity, especially under low nitrogen application and further row spacings, 

due to greater nitrogen-use efficiency and spatial complementarity (Stahl et al. 

2016).  

2.2.2.3. Grain yield increase  
Grain yield refers to the dry weight of grain per unit area, typically expressed in 

tons or kilograms per hectare, and is defined to be the main economic yield of cereal 

crops (Fischer 2015. Grain yield is one of the most reliable measures of cropping 

system performance and a primary determinant of farm profitability and food 

security (Albahri et al. 2023). However, it is influenced by different factors. Such 

as, genetic potential of the crop, climate condition of the production area, and 

cropping system (Peltonen-Sainio et al. 2007). As per Lithourgidis et al.(2011) 

study, IC has the potential to increase grain yield due to complementary interaction 

between crop species. Because of their canopy architecture, root development, and 

synergistic nutrient acquisition, cereal and legume crops or oilseeds with 

intercropping systems of oilseeds and legumes also experienced a yield advantage 

in comparison to monocropping (Raza et al. 2023). Additionally, by excluding the 

intraspecies competition and also profiting from the nitrogen fixed by the legume 

crop, wheat-pea mixtures improve wheat grain yield (Bedoussac et al. 2015b). Also, 

Su et al. (2015) found that oilseed rape sown with legumes has been effective in 

terms of acquiring pod yield and nitrogen due to enhanced belowground soil 

architecture for better utilization of nutrient resources. 

Apart from this, Yu et al. (2016) also inferred that intercropping production systems 

demonstrated the potential to attain higher grain yield than sole cropping, low-input 

(organic farm) production systems. In order to quantify the yield advantage of 

intercropping, land equivalent ratio (LER) is commonly used, which demonstrates 

whether intercropping produces more per hectare than sole cropping (Yu et al. 

2016).  
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2.2.2.4. Land equivalent ratio (LER) 
Land use efficiency, measured by the LER, is a critical parameter for assessing the 

efficiency of sole cropping compared with intercropped systems (Willey 1979).  

LER result, if greater than one, shows better intercropping efficiency. LER more 

than one is achieved normally with combination crops such as cereal crops with 

legume crops (Lithourgidis et al. 2011). The benefits are based on complementarity 

between weed-suppressing, nutrient-use-efficient cereals and nitrogen-fixing 

legumes (Rodriguez et al. 2020). Land-use efficiency is important for ensuring food 

requirements while minimizing environmental negative impacts. Which is in line 

with the FAO objectives and global sustainability goals (Lan et al. 2023). Adoption 

of intercropping is not only increasing productivity, but it is also contributed to the 

conservation of natural resources and leads to enhanced environmental integrity. 

This cropping system can contribute towards solving extensive farming systems 

and improve sustainable production system (Lithourgidis et al. 2011a). Given these 

global perspectives on land-use efficiency and the sustainability benefits of 

intercropping, the following section describes the crop production system of Skåne 

region, Sweden, where the research site for this study is located. 

2.3. Crop production system in Skåne, Sweden  

Sweden covers about 45 million hectares, around 70% forested, and 3.2 million 

hectares are cultivated land (Petridou et al., 2024). Agricultural production is 

mainly in the south part. Skåne is the country’s most productive agricultural region. 

With fertile soils, the longest growing season in Sweden, and nearly 60% of the 

country’s arable land (Skärbäck & Grahn 2012). Despite its potential, crop 

production, Skåne has become highly specialized. Sole cropping of cereals, sugar 

beet, and oilseed rape dominates the landscape, and crop diversity has become 

declined (Yang 2020). This specialization is started in post-war agricultural 

modernization driven by mechanization, synthetic fertilizers, and pesticides and 

was further reinforced by Sweden’s entry into the European Union in 1995.The 

Common Agricultural Policy (CAP) also has its role due giving a promotion on 

large scape productivity-based cereal and oilseed rape sole cropping system 

(Haberzettl et al. 2021). 

While such production systems secure more production in the short term, they 

also create long-term environmental and agronomic problems. Continuous sole 

cropping, depletes soil nutrients, reduces organic matter, and causes biodiversity 

loss by limiting habitats for beneficial insects (Raderschall et al. 2021). These 

production systems are also dependent on external inputs. These external inputs 

may increase production costs while also posing environmental issues such as 

fertilizer leaching and pesticide contamination (Atapattu et al. 2025). To address 

these challenges and ensure long-term farming practices is important. Therefore, 

diversified cropping practices mainly intercropping, offer a promising alternative 

by enhancing biodiversity, suppressing weeds, improving crop performance, and 

increasing overall resilience and sustainability.  

In this regard, the Lönnstorp Research Center is an appropriate experimental site 

for assessing such possibilities.  Lönnstorp long-term field trials allow long term 

field experiments of diverse practices like strip intercropping under realistic 

farming conditions. This provides valuable insights into whether crop 
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diversification can address ecological and agronomic challenges in Skåne’s and 

other locations having similar agroecological zones. 

3. Materials and methods 
This part explains the method followed to achieve the research aim, and the material 

used during the process. Quantitative approach was selected to achieve both 

scientific standards and practical requirements in order to keep the data collected 

and subsequent analysis valid as relevant to the scope of the study. 

3.1. Schematic approach 
This study looked at the impact of intercropping (IC) on important agroecosystem 

components such as aboveground arthropod abundance, and agronomic practices 

like weed suppression, dry biomass accumulation, grain yield, and land use 

efficiency. The experiment took place during the 2023/2024 winter crop production 

season and conducted at the SITES Lönnstorp Research Station in Skåne, southern 

Sweden. Three cropping systems were evaluated: (1) IC of winter wheat with winter 

pea (W+P) and winter oilseed rape with winter pea (R+P); (2) sole strip cropping 

of winter wheat (W), sole strip cropping winter oilseed rape (R), and sole strip 

cropping of winter pea (P); and (3) Reference plots of winter wheat (W), Reference 

plots winter oilseed rape (R), and Reference plot of winter pea (P). 

Grain yield was evaluated after threshing and weighing, weed and crop dry biomass 

were collected from 0.5 m² quadrats, arthropod abundance was sampled using 

pitfall traps, and LER was computed using yields from sole-cropped and 

intercropped treatments.  Generalized linear mixed models (GLMMs) were used to 

assess arthropod data, while linear mixed models (LMMs) were used to examine 

grain yield, crop dry biomass, and weed dry biomass. Tukey-adjusted pairwise 

comparisons of estimated marginal means were employed for individual treatment 

comparisons of weed, crop biomass and grain yield, while Tukey-adjusted pairwise 

comparisons were used for arthropod abundances. A land-use advantage for 

intercropping was indicated by LER values. Diagrammatic representation is 

illustrated in Figure 1 below. 
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Figure 1. Schematic representation of the research framework of the experiment. 

 

3.2. Description of the study site 
The research was conducted during the 2023/2024 winter crop production season 

at the SITES Lönnstorp research station. This research center is located in Skåne 

region, southern Sweden, at the coordination of 55.67°N, 13.11°E. According to 

Lan et al. (2023) characterizes the site’s climate zone is a temperate climate. Having 

an annual temperature of 5.5°C and mean annual precipitation of approximately 

550 mm. The soil texture in the SITES Lönnstorp study area is loam with a clay 

content of around 15% and an organic content of 3% (SITES, 2015). The field site 

was mapped and georeferenced using Google Earth and QGIS, and administrative 

boundaries were obtained from DIVA-GIS and downloaded as a shapefile from 

https://diva-gis.org/. 

  

https://diva-gis.org/
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Figure 2. Study area site map of the Lönnstorp Research Station. 

3.3. Experimental design  
Randomized complete block design (RCBD) with four replications was used to 

account for spatial heterogeneity in soil properties. All the five treatments, i.e., 

winter wheat (W), winter oil seed rape (R) and winter pea (P), intercrop of winter 

wheat and winter pea (W+P), and intercrop of winter oilseed rape and winter pea 

(R+P), were individually allocated to a block. Three reference plots, reference of 

winter wheat (Ref_W), Reference of winter oilseed rape (Ref_R), and reference of 

winter pea (Ref_P), were established for comparison. Ref plots were 50 × 50 m 

while intercropped (IC) and the sole strip crops (SSC) strips were 100 × 6 m wide.  

Following the 2023 harvest, soil was shallow tilled to a 20 cm deep and 50 kg N 

ha⁻¹ Biofer (containing 10:3:1 of N:P: K) fertilizer were applied at sowing time to 

all treatments. Treatment, R was sowed around 26-27th august, to allow sufficient 

autumn growth for winter survival.  While treatments, W and P were sowed 

simultaneously at around 28th September, 30 days later to reduce early competition, 

as well to arrange the maturity time.  

The row spacing was 50 cm in treatment R and 12.5 cm in treatments, W and P. 

And the seeding density were 50 seeds m⁻² for R, 300 seeds m⁻² for W, and 60 seeds 

m⁻² for P in both sole strip cropping (SSC) and reference plots of Ref _P, Ref _W 

and Ref _R.  However, in intercropping (IC) system, W and P seeding density were 

at 50% reduction (150 and 30 seeds) m⁻² respectively, whereas R was kept constant 

at 50 seeds m⁻². This was because the inter-row spacing of oilseed rape is 

sufficiently wide to enable successful intercropping with winter pea without 

compromising crop establishment. The layout of the field experiment indicated 

below in Figure 3.  
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Figure 3 field layout of the experimental design at Lönnstorp research station. 

 

The above Figure 3 illustrates the spatial arrangement of treatments in the 

intercropping (IC), sole strip cropping (SSC), and reference plots (Ref) plots of the 

experiment. The field was designed as strips having a total of 20 strips (Strip-ID, 

A–T), which were divided into four replicated blocks (BLOCK1-4). Each block 

contained five strips, and each strip was assigned to one of the five cropping 

treatments: winter wheat (W), winter oilseed rape (R), winter pea (P), intercrop of 

winter wheat with winter pea (W+P), and intercrop of winter oilseed rape with 

winter pea (R+P). Commonly placed sampling points for pitfall traps are indicated 

by black circular (●) symbols, while crop dry biomass, weed dry biomass, and grain 

yield are represented by rectangular (□) symbol on each treatment strip. The design 

allows the sampling to be uniformly distributed in the field. Treatment W is 

indicated in green, R in yellow, and P in cyan. And, W+P and R+P are represented 

in golden yellow and dark orange colors, respectively. Similarly, the reference plots 

represented by W, R and P, however they are placed in the center of the plots. The 

actual filed experiment’s aerial photo was illustrated in figure 4 below. 
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Figure 4. The aerial view of the actual experimental site of this study. 

Photo credit: Ryan Davidson (2023) 

3.4. Sample collection 
3.4.1. Above ground dwelling arthropod  

The above ground-dwelling arthropods Carabidae (ground beetles), 

Staphylinidae (rove beetles), and spiders (order Araneae) sampled with pitfall traps. 

Because pitfall trapping is efficient in sampling ground-active arthropods (Pearce 

& Venier 2006). In total, 115 traps made of hard white polypropylene were used. 

All traps followed a nested cup design: a detachable inner cut cup, slit on the rim 

for ease of removal, was inserted into an uncut cup, stationary un slit outer cup 

anchored at ground level for the sampling period. The uncut cup was measured 12 

cm in height, 11 cm in diameter wide at the rim, 8 cm in diameter at the base. These 

dimensions were designed to allow for a large enough opening to successfully trap 

surface-active arthropods (Luff 1975). The inside cup contained 250 ml of a 1:1 

combination of water and Propylene glycol. Ethylene glycol was chosen due to its 

low evaporation rate and ability to fix both hard and soft-bodied specimens with 

negligible deterioration over lengthy trapping durations (Høisæter et al. 2024). Five 

traps were placed at 20 m intervals along the 100 m transect in each strip. In sole-

cropped reference plots, one trap was placed at the center, and the remaining four 

traps were placed 2 m inwards from each corner to give even spatial coverage and 

reduce sampling bias. Samplings were done twice, at seven-day intervals on 25th 

June and 2nd July 2024. Figure 5. Materials used in Pitfall trap installation figure 5 

below illustrates trap deployment:  
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Figure 5. Materials used in Pitfall trap installation 

 

Figure 5(C) illustrates the hole ready, demonstrating a good depth to the cup with 

the rim even with the soil surface. Section 5(D) illustrates the whole set-up of the 

pitfall trap in the field, where the cup is positioned and half-filled with water and 

glycol. Following specimen collection, specimens were stored in 90% ethanol for 

identification in the laboratory. Sorting was taxonomic with the help of a Nikon 

SMZ 1000 stereomicroscope (New 1998). The specimens were sorted into 

Carabidae, Staphylinidae, and spiders. These were chosen to be used in my study 

based on their roles in biodiversity above ground arthropod abundance and habitat 

diversity indicators. 

Below in (Figure 6), the materials were used in laboratory during the specimen 

identification were illustrated. 

 
Figure 6. Illustrates the laboratory materials used during identification and sorting of 

arthropod specimens. 

 

Figure 5(A) shows stereomicroscope used for the detailed observation and 

identification of arthropod specimens; 5(B) section indicates three Petri dishes 
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displaying sorted arthropod specimens from trap samples. 5(C) indicates the row of 

labeled centrifuge tubes and bottles containing arthropods preserved in alcohol. 

5(D) shows the plastic wash bottles and pipettes, used for handling, cleaning, and 

processing specimens. 

3.4.2. Weed dry matter biomass 
To quantify the impact of intercropping (IC) on suppressing weeds, samples of 

every sole strip cropping (SSC) and IC treatment strips, and reference (Ref) plots 

were collected, and weed biomass was collected from a 0.5 m² quadrat at every 

sampling plots. Employing similar 0.5 m² quadrats and the use of uniform 

harvesting procedures in all the plots raised the credibility and comparability of data 

(Kolb et al. 2012). The sampling was carried out on four consecutive days, 29th 

July to 1st August 2024. The sampling was carried out at every 10-meter interval 

along the 100 m length of the strips, thus providing 10 sample points for each strip. 

In the reference plots, winter wheat (Ref-W), winter oilseed rape (Ref_ R) and 

winter pea (Ref_P), five sample points were harvested from each plot: four samples 

at 2 meters from each corner, and one sample from the center. This sampling 

strategy was followed to make sure that the data were representative of the whole 

plot.  Out of a total of 215 weed biomass samples 212 were examined. Three of the 

(R+P), (W+P), and sole strip cropping winter wheat (SSC_W) samples were lost 

and recorded as "NA" in the data. All weeds in a quadrat were trimmed at the ground 

level using pruning shears and placed directly into pre-labeled paper bags. Paper 

bags were utilized as they are permeable, allowing for air passage and avoiding the 

collection of moisture, thereby eliminating any chances of mold formation or 

contamination of samples during storage and transportation (Jones & Muehlchen, 

1994). A hot air oven at a temperature of 60°C was used to oven-dry for 48 hours, 

or until constant weight was reached (Cornelissen et al. 2003; Tecco et al. 2013). 

Then the dried biomass was weighed using the Sartorius 3713, a precision digital 

balance with ±0.01 grams. The Figure 6  below indicates the dominant weeds found 

in the research site.  

 

Figure 7. Representative weed species observed and sampled from the research site for 

biomass analysis. 

The dominant weed types observed at the research site were figure 7(A), German 

chamomile (Matricaria chamomilla), which formed a dense ground cover and 7(B), 

common poppy (Papaver rhoeas) as illustrated in Figure 7above. 
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3.4.3. Crop dry biomass  
To measure aboveground dry matter crop biomass, crop samples were collected 

from the same plots and quadrat size used for weed biomass sampling and following 

the same procedure. However, the intercropping treatment samples were separated 

into two distinct by crop types to evaluate the dry biomass and gain yield separately. 

Because this enabled us to assess and compare the cropping systems of the 

individual crop growth performance with the treatments on the sole strip cropping 

(SSC) system. In addition, this approach enables us to determine and quantify the 

contribution of each crop to the total dry biomass accumulation (Lithourgidis et al. 

2011a). Based on this, from a total of 295 samples 293 crop biomass samples were 

analyzed. Two samples, one from the intercrop of winter wheat-winter pea (W+P) 

strip and one from the sole strip of winter wheat (SSC- W), were lost and recorded 

as “NA”). The Figure 8 below shows the material and technique used during the 

weed and crop biomass sampling.  

 
 

Figure 8. Crop and weed biomass sampling in a research field plot using the quadrat 

method. 

 

Figure 8 above illustrates A metal quadrat frame (0.5 m²) was placed on the ground 

to delineate the sampling area within the crop stand. Pruning shears were used to 

clip all aboveground plant material within the quadrat. 

3.4.4. Grain yield  
After the crop biomass was harvested from the 0.5 m² quadrats, oven hot air-drying 

was dried at 60 CO until a constant weight was achieved. After that crop samples 

threshing was done to research grain yield (kg ha⁻¹) per treatment. A total of 293 

crop yield samples were obtained. Grain yields were obtained from winter wheat 

(W); after the spikes were manually separated, it trashed using a threshing machine. 

However, winter pea (P) and winter oilseed rape (R), were threshed manually. For 

treatment-level yield comparisons, grain weights were standardized to a per-hectare 

base and recorded immediately after threshing using a Sartorius 3713 precision 

digital balance (±0.01-gram accuracy).  
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3.5. Evaluation of land equivalent ratio (LER)  

According to Cortés-Mora et al. (2010), the land equivalent ratio (LER) is widely 

recognized as a key indicator of land-use efficiency in intercropping (IC), as it 

compares the productivity of crops grown in intercropping systems with that of the 

same crops cultivated separately under sole cropping. Equation (1) illustrates how 

LER, assesses the productivity of intercropping in comparison to sole cropping, 

was determined, as explained by Ofori & Stern (1987): 

𝐋𝐄𝐑 =  ∑
𝐘𝐢 (𝐼𝐶)

𝐘𝐢(𝑆𝑆𝐶)

𝐧

𝐧=𝟏

… … … … … … … … … … … … … … … … … … … … … … … … . . (𝟏) 

Where: n = number of different crops intercropped, Yi (SSC), =The yield for the ith 

crop under intercropping, Yi (SSC) = The yield for the ith crop under sole strip 

cropping system on the same area. In order to compute the LER and evaluate land-

use efficiency in our study, we deduced Equation (2,3,4, 5 and 6) from Equation 

(1). 

𝑷𝒂𝒓𝒕𝒊𝒂𝒍 𝐋𝐄𝐑 − 𝐖 =  
𝐘𝐖(𝐼𝐶)

𝐘𝐖 (SSC)
… … … … … … … … … … … . . … … … … … … … . (𝟐) 

𝐏𝐚𝐫𝐭𝐢𝐚𝐥 𝐋𝐄𝐑 − 𝐏 =  
𝒀𝑷 (𝐼𝐶)

𝒀𝑷 (SSC)
… … … … … … … … … … … … … … … … … . . … … . (𝟑) 

𝐓𝐨𝐭𝐚𝐥 𝐋𝐄𝐑 − 𝐖 + 𝐏 =
𝐘𝐖(𝐼𝐶)

𝐘𝐏 (SSC)
+ 

𝐘𝐩 (𝐼𝐶)

𝐘𝐩 (𝑆𝑆𝐶)
… … . … … . . … . . … … … … … … . (𝟒) 

𝑷𝒂𝒓𝒕𝒊𝒂𝒍 𝐋𝐄𝐑 − 𝐑 =  
𝐘𝐑(𝐼𝐶)

𝐘𝐑 (SSC)
… … … … … … … … … … … … . … … … … … … … . (𝟓) 

𝐏𝐚𝐫𝐭𝐢𝐚𝐥 𝐋𝐄𝐑 − 𝐩 =  
𝐘𝐏 (𝐼𝐶)

𝐘𝐏 (𝑆𝑆𝐶)
… … … … … … … … . … … … … … … … … . . … … . (𝟔) 

𝐓𝐨𝐭𝐚𝐥 𝐋𝐄𝐑 _(𝐑 + 𝐏) =
𝐘𝐑(𝐼𝐶)

𝐘𝐑 (SSC)
+  

𝐘𝐏 (𝐼𝐶)

𝐘𝐏 (𝑆𝑆𝐶)
… … … … … … . . … … … … … … . (𝟕) 

Where: W+P=Winter wheat intercropped with winter pea, R+P=Winter oilseed rape 

intercropped with winter pea, P+W=Winter Pea intercropped with wheat.  

The LER, which was computed using the equation (1-7) above was used to assess 

the yield advantage of intercropping (IC). Each crop's yield in the IC system was 

compared to its yield of sole strip crop. In particular, the yield under intercropping 

(IC) was divided by the yield of each sole strip-cropped species per unit area. This 

shows how much land of sole strip cropping needs to match the yield from 

intercropping system. Intercropping is considered as more efficient in land use  

when the LER value is >1, whereas sole cropping is more effective when the LER 

value is <1, and if it becomes 1 indicates the two cropping systems are equally 

efficient  as described by Mead & Willey (1980).  
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3.6. Statistical analysis 

All data were processed in Microsoft Excel and analyzed in R (R Core Team, 2021) 

using RStudio. Abundance estimates of aboveground-dwelling arthropods were 

examined using Generalized Linear Mixed Models (GLMMs) within the glm TMB 

package. Since the arthropod abundance was non-normal and over dispersed, 

negative binomial error structure was selected, and this is the recommended for 

ecological count data (Zuur et al.2009). The models included cropping system 

intercropping (IC), sole strip cropping (SSC) and reference plots (Ref), and their 

treatment-level as fixed effect and (1|Block/as a random effect to account for the 

randomized complete block design. Above ground dwelling arthropods count data 

were log-transformed prior to analysis to further improve normality and fit of the 

model. Model diagnostics (residuals, zero-inflation, and random effects structure) 

were performed using the DHARMa package. Where the cropping system effect 

was substantial, post hoc estimation comparisons were conducted with emmeans 

package and Tukey's adjustment (Lenth 2022),with reference plots treated as the 

baseline.  

 

Linear Mixed Model (LMM) were also fit for weed dry biomass, crop dry biomass, 

and grain yield in lme4 package (Bates et al. 2015),  crop system or treatment as 

fixed and block as random factors. These variables were not log-transformed since 

model diagnostics for normality and homoscedasticity of their residuals had no 

requirement for transformation. Test for significance of the fixed effects was 

conducted using Satterthwaite's approximation of degrees of freedom within the 

lmer Test package (Kuznetsova et al. 2017). When such treatment effect was found 

to yield significant p-values < 0.05, then emmeans with Tukey's correction for 

comparisons was derived. 

 

Direct calculation from mean yield was employed to derive the LER using the 

formula standard  by Mead & Willey (1980)  and partial LER for each crop and 

total LER for all combinations of intercropping. Intercepts of LERs greater than 

one was considered as estimates of land use advantage in intercropping. Correlation 

analysis was also analyzed to determine the linkage among above ground dwelling 

arthropod abundance, weed biomass, crop biomass and grain yield across 

treatments.  

 

All graphical visualizations were produced in R using ggplot2, with bar plots 

displaying Total mean means count ± standard errors (SE) for above ground 

dwelling arthropod counts, weed and crop dry matter biomass (kg ha⁻¹), and grain 

yield (qt ha⁻¹). The bars plots with standard error pairwise were conducted using 

Tukey’s HSD post-hoc tests to identify differences among the cropping systems and 

the treatments. The significance letters shown in figures correspond to results from 

these post-hoc comparisons Statistical group letters or asterisks were used to 

indicate significant differences. Significance levels were denoted as: ***p < 0.001, 

**p < 0.01, *p < 0.05, and ns = not significant (p > 0.05). 
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4. Result 
4.1. The effects of intercropping (IC) on 

abundance of aboveground-dwelling 
arthropods 

17,100 aboveground-dwelling arthropods were trapped using pitfall traps. The 

collected arthropods were classified into three functional groups: Staphylinidae, 

Carabidae, and spiders. Spiders were dominant (62.5%) of the total capture, 

followed by Carabidae at 27.9%, and Staphylinidae accounting for 9.6% as 

indicated in (Appendix5). But for aboveground dwelling arthropod abundance 

analysis, I use the total of the functional groups. 

The results indicated a very significant difference between the three cropping 

patterns of intercropping (IC), sole strip cropping (SSC) and reference plots (Ref), 

as indicated in (Figure 9) below. Figure 9 below indicates that the IC system had 

the most abundant, from SSC and Ref. SSC had significantly abundant values than 

the Ref plots. 

 

Figure 9. Total mean (±SE) total abundance of above-ground-dwelling arthropods across 

cropping systems Reference (Ref), sole crop (SSC), and intercrop (IC). Different letters 

above bars indicate significant differences among systems within each panel and sharing 

the same letter indicates not significantly different among them (Tukey’s HSD test, p < 

0.05).  

Generalized Linear Mixed Model (GLMM) analysis was conducted to identify the 

significant difference across cropping systems of intercropping (IC), sole strip 

cropping (SSC) and Reference (Ref) plots. The analysis confirmed that IC cropping 

systems were indicated statistically significantly abundant compared to the SSC 

and Ref plots. The statistical grouping indicated by different letters (a, b, and c) 
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above the bars demonstrates significant difference among the cropping systems (p 

< 0.05 In the analysis Ref were taken as the baseline (table 1 below). 

 Table 1. Generalized Linear Mixed Model (GLMM) analysis results of above ground 

dwelling arthropod abundance (log-transformed). Displayed are the model estimates, 

standard errors (SE), z values, p values, and significance levels (**p < 0.01, ***p < 

0.001) 

Arthropod 

abundance across 

Cropping system 

Estimate SE z value P-value Significance 

Ref-(Intercept) 4.655 0.094 49.613 <0.001 *** 

IC 0.526 0.110 4.803 <0.001 *** 

SSC 0.287 0.105 2.741 0.006 ** 

 

Table 1 above describes the IC indicated highly significant of above ground 

arthropod abundance compared to the Ref plots (p < 0.001). And sole strip cropping 

(SSC) indicated significant difference from reference (Ref) plots (p = 0.006). The 

direct comparison between intercropping (IC) and sole strip cropping system (SSC) 

treatments revealed that IC had a higher arthropod abundance than SSC system. 

Based on this analysis meaning across treatments indicated that the cropping system 

had significant effects on aboveground-dwelling arthropod abundance on 

treatments winter wheat (W) and winter oilseed rape (R), as in indicated in bar plot 

Figure 9(A-B) respectively, IC treatments supporting significantly abundant 

compared to SSC (Figure 10) below. However, treatment winter pea (P) Figure 10 

(C), although it shows numerical difference, but doesn’t show any significant 

difference among the treatments. 

 

Figure 10. Total Mean (±SE) total abundance of above-ground-dwelling arthropods across 

different cropping systems and treatments. Different letters above bar plot indicate 

significant differences among treatments with each panel and sharing the same letter 

indicates not significantly different among them (Tukey’s HSD test, p < 0.05).  
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Figure 10 (A) above in winter wheat (W) treatments: Intercropping of winter wheat 

and winter pea (IC_(W+P)) supported the highest abundance, followed by sole strip 

cropping sole strip winter wheat (SSC_W), while reference winter wheat plot 

(Ref_W) had the lowest.  

In winter oilseed rape (R) treatment Figure 10 (B): Intercropping of winter oilseed 

rape with winter pea (IC_R+P) also had significantly higher abundance compared 

to winter oilseed rape (SSC_R), but they do not indicate significant variation with 

its winter oilseed rape reference (Ref_R).   

In winter pea (P) treatments Figure 10 (C): No significant differences were 

observed among the treatments, the (Ref_P, SSC_P, IC_(R+P), and IC_(W+P).  

The GLMM  (Appendix1) analysis revealed the results as indicated in the bar plots 

illustrated in Figure 10 above. Treatments winter pea (P): Neither IC_(R+P) nor 

SSC_P indicated a significant difference from Ref_P, although, IC_(W+P) showed 

a marginally significant, with an estimated 38.4% relative to Ref_P (p = 0.048).  

Winter oilseed rape (R) treatments IC_(R+P) indicated significantly higher 

arthropod abundance than Ref_R (p = 0.048), while SSC_R was not indicted 

significant difference. In the winter wheat (W) treatments, both IC_(W+P) and 

SSC_W showed significantly higher arthropod abundance than Ref_W, with 

increases of about 162% (p = 0.001), and 113% (p = 0.001), respectively (Appendix 

1). 

4.2. The effects of intercropping (IC) on 
suppression of weed  

To determine the effect of intercropping (IC), on weed suppression at system-level, 

analysis was conducted at the three cropping systems: intercropping (IC), sole strip 

cropping (SSC), and the reference (Ref) as illustrated in figure 11 below. 

 
 

Figure 11. Mean value of weed dry mater biomass (mean ± SE) kg ha -1 across the 

cropping systems of Sole cropping (Ref), Sole strip cropping (SSC), and intercropping (IC). 

Different letters above bar plot indicate significant differences among treatments and 
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sharing the same letter indicates not significantly different among them (Tukey’s HSD test, 

p < 0.05).  

 

The results presented in the bar plot in Figure 11above indicate that weed dry matter 

biomass varied significantly across the cropping systems. Sole strip cropping (SSC) 

gained the highest weed biomass, which was significantly greater than 

intercropping (IC). On the other hand, intercropping recorded the lower than SSC. 

The Sole cropping or reference plot (Ref) showed intermediate weed biomass, 

which was not significantly different from either SSC or IC. as indicated by the 

shared letter “ab.” Further analysis, linear mixed model (LMM (Table 2 below), 

was conducted to investigate the statistically significant difference among the 

cropping systems. Based on the analysis weed biomass under SSC indicated 

marginally significant difference from Ref but IC was not significantly varied with 

the intercept baseline of the reference. 

Table 2. Fixed effect estimates from the linear mixed model (LMM) evaluating the effect of 

cropping system on weed biomass. The baseline biomass (intercept) was highly significant 

(p < 0.001), SSC significantly increased weed biomass (p < 0.05), while IC showed no 

significant effect. 

 
Weed biomass by 

cropping system 

Estimate Std. Error t value P value Significance  

 

(Intercept) 1887.2 428.07 4.40 <0.001 *** 

IC 368.33 455.35 0.80 0.422 Ns 

SSC 926.93 461.22 2.00 0.049 * 

    

 From the above LMM analysis (table 2), the interception baseline weed biomass 

under the reference cropping system, was highly significant (Estimate = 1887.2, p 

< 0.001). Intercropping (IC) did not affect weed biomass significantly compared to 

the reference system (estimate = 368.33, p = 0.422). The SSC cropping system 

significantly increased weed biomass relative to the baseline (estimate = 926.93, p 

= 0.049). These results indicate that while IC had no significant impact-meaning 

relatively reduced weed suppression-SSC promoted significantly higher weed 

biomass relative to the baseline. 

Since there was variation among the cropping systems, further analysis was done 

for individual treatments; even in the intercropping treatments, the intercropped 

treatments were analyzed separately and not as a combined treatment to show their 

specific effects. The variation in crop dry biomass among the different treatments 

statistical significance is indicated by different letters (a, b, ab) above the bar’s 

plots. 

Results showed that at the treatment level, numerical variation among the crop 

treatments occurred consistently except for winter peas (P), which showed a 

statistical difference. These were shown in detail below, Figure 12A -C. Different 

letters above the bars indicate significant differences among the treatments within 

each cropping system (p < 0.05). 
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Figure 12. Mean value of weed dry mater biomass (mean ± SE) kg ha -1 across the 

treatments of winter wheat (W), winter oilseed rape (R) and winter pea (P) treatments 

indicated by the bar plots (A, B and C). The different letters above bar plot indicate 

significant differences among treatments and shared the same letter indicates not 

significantly different among them (Tukey’s HSD test, p < 0.05). 

 

 Figure 12 (A-B) bar plot indicated weed biomass responses across the treatments. 

Based on this, winter wheat treatments in Figure 12(A): Indicated that there were 

no significant differences among the treatments. But, numerically weed biomass 

was lowest in the reference winter wheat (Ref_W) treatment. 

In winter oilseed rape (R) treatments (12B): Similarly to treatments of winter wheat 

(Figure 12A) significant difference were not observed.  But, weed biomass was 

lowest in the reference winter oilseed rape (Ref_R), intermediate under the sole 

strip cropping of winter wheat (SSC-R), numerically higher in winter wheat under 

the intercropped with winter pea (IC_R-(R+P) treatment. In contrast, for winter pea 

treatments (12C), there were distinct treatment effects: Sole strip winter pea 

(SSC_P) supported the most weed biomass, whereas with winter oilseed rape 

(IC_R_(R+P)) and winter wheat (IC_P_(W+P)) resulted in the least biomass. 

Mainly winter pea intercropped with winter wheat (IC_P_(P+W) indicated the 

highest weed-suppressed treatment. 

Further analysis was therefore done using a linear mixed model (LMM) in order to 

investigate the variable response of weed biomass to the various cropping 

treatments. LMM analysis prediction indicated that weed biomass responses differ 

with the individual treatments are described in (Appendix 2) below. The linear 

mixed model analysis showed that variable responses of weed biomass to various 

cropping treatments. In the winter wheat (W) treatments, weed biomass tended to 

increase under winter wheat (IC_W_(W+P)) and sole strip cropped winter wheat 

(SSC_W), compared with the baseline, although these effects were not significant 

(p = 0.097 and p = 0.094, respectively). In the treatments sole strip cropping of 

winter oilseed rape (R), the intercept was significant (p =0.017), indicating a 

positive baseline effect on weed biomass, while winter oilseed rape was 

intercropped with winter pea (IC_R_(R+P)) showed a marginal, but non-

significant, increase (p = 0.085). In the treatment winter pea (P) treatments, the 
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intercept was highly significant (p < 0.001), reflecting high baseline weed biomass. 

Notably, the treatment of winter pea under inter-cropped with winter wheat (IC_P_ 

(W+P)) indicated a significantly reduced weed biomass as compared with the 

baseline (estimate = -1802.18, p = 0.022). While the winter pea under inter-cropped 

with winter oilseed rape (IC_P_ (R+P)) and sole strip winter pea (SSC_P) showed 

no significant effects. Overall, only one treatment, winter pea (IC_P_(W+P)), had 

a significant reduction in weed biomass, while the other treatments did not differ 

significantly from their respective reference systems. 

4.3. Effects of intercropping (IC) on crop dry 
biomass accumulation  

To assess the effect of intercropping (IC) on crop dry biomass accumulation, mean 

values (±SE) were analyzed as presented in bar plots (Figure 13). The analysis was 

made for each individual treatment even though the intercropped (IC) treatments 

were also analyzed separately to highlight their specific effects. These findings 

indicated that sole strip cropping (SSC) increased biomass in winter wheat (W) and 

winter oilseed rape (R) treatments, whereas intercropping (IC) treatments, 

particularly winter pea under intercropping with winter wheat (IC_P _(W+P)), 

resulted in higher biomass in the winter pea (P) treatments. Even their seed density 

was 50% less than their sole strip cropping (SSC) and reference (Ref) plots. The 

variation in crop dry biomass among the different treatments statistical significance 

is indicated by different letters (a, b, ab) above the bars. 

 

Figure 13. Mean crop dry biomass (± SE) kg ha -1) under different treatments across the 

bar plots of (A, B and C). Different letters above bars indicate the individual treatments of 

statistically significant differences based on post hoc mean separation (p < 0.05). 

 

Figure 13(A–C) shows that crop biomass responses varied among the treatments 

depending on the cropping system. For winter wheat (Figure 13A), sole strip 

cropping (SSC_W) produced the highest wheat biomass, which was significantly 

greater than that of winter wheat grown in intercrop with pea (IC_W_(W+P)). The 

reference wheat treatment (Ref_W) showed intermediate values and did not differ 
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significantly from either SSC_W or IC_W_(W+P). It should be noted that 

IC_W_(W+P) was sow at 50% seeding density, whereas SSC_W and Ref_W were 

established at full seeding density. For winter oilseed rape (Figure 13B), sole strip 

cropping (SSC_R) produced the highest oilseed rape biomass, significantly greater 

than oilseed rape in intercrop with pea (IC_R_(R+P)), while Ref_R was 

intermediate and not significantly different from either treatment. Both SSC_R and 

Ref_R were sow at full seeding density. In contrast, for winter pea (Figure 13C), 

intercropping with winter wheat (IC_P_(W+P)) produced the highest pea biomass, 

significantly greater than sole strip pea (SSC_P). Both Ref_P and pea intercropped 

with oilseed rape (IC_P_(R+P)) showed intermediate values and were not 

significantly different from either SSC_P or IC_P_(W+P). Importantly, 

IC_P_(W+P) was sow at 50% seeding density, whereas SSC_P, Ref_P, and 

IC_P_(R+P) were all at full seeding density.  

To identify the statistically significant of the intra-individual differences among 

crop biomass individual treatments were analyzed using LMM. Treatments of 

intercropping were handled as individual treatments following sole strip and 

reference systems rather than being combined categories. The intercepts were 

present in all control treatment references, denoting baseline crop dry biomass of 

winter wheat (Ref_W: Estimate = 3906.8, p = 0.046), winter oilseed rape (Ref_R: 

Estimate = 3628, p = 0.037), and winter pea (Ref_P: Estimate = 1802, p = 0.012). 

In winter wheat application, inter-cropped winter wheat (IC_W_(W+P)) and sole 

strip wheat (SSC_W) did not significantly differ from Ref_W (p = 0.857 and p = 

0.285, respectively). Similarly, during winter oilseed rape uses, IC_R_(R+P) and 

SSC_R were also not different from Ref_R significantly (p = 0.358 and p = 0.851, 

respectively). 

In winter pea treatments, neither IC_P_(R+P), IC_P_(W+P), nor SSC_P 

significantly differed from Ref_P (all p > 0.05). Overall, while the baseline 

reference treatments were associated with significant crop biomass, none of the 

intercropped or sole strip treatments produced significant deviations from their 

respective references (Appendix 3) 

4.4. Effect of intercropping (IC) on grain yield 
compared to sole strip cropping (SSC) 

The mean values (±SE) were analyzed to assess the effect of intercropping (IC) on 

crop dry biomass accumulation, and presented in bar plots, Figure 14. Winter wheat 

and winter pea (W+P) intercropping were each sow at 50% of their sole crop 

seeding density. Based on this, the grain yield indicated variation across treatments. 

The sole strip cropping (SSC) favored grain yield under winter wheat (W) and 

winter oilseed rape (R) treatments. In contrast to this result, under pea treatment, 

the IC result indicated better benefit. 
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Figure 14. Grain yield (mean ± SE, kg ha⁻¹) of winter wheat (A), winter oilseed rape (B), 

and winter pea (C) under reference (Ref), sole strip cropping (SSC), and intercropping 

(IC) systems. The small letters a, b, ab above the bars indicates statistically significant 

differences among treatments (p < 0.05) 

 

The bar plots illustrated in Figure 14 (A-C) above show that the effects of 

intercropping (IC) on grain yield differ depending on the treatments. For winter 

wheat (W) treatments Figure (14A), the sole strip cropping treatment of winter 

wheat (SSC_W) achieved significantly higher grain yield than intercropped winter 

wheat (IC_W_(W+P)), while the reference treatment (Ref_W) indicated 

intermediate yields.  

Similarly, for winter oilseed rape (R) treatments Figure 14 (B), The sole strip 

cropping treatment of winter (SSC_R) indicated more than the intercropped of 

winter oilseed rape (IC_R_(R+P)), with Ref_R again being intermediate.  

Similarly, for winter oilseed rape (R) treatments Figure 14 (B), The sole strip 

cropping treatment of winter (SSC_R) indicated more than the intercropped of 

winter oilseed rape (IC_R_(R+P)), with Ref_R again being intermediate. 

The linear mixed model (LMM) analysis indicated that grain yield responses varied 

across treatments, but most effects were not statistically significant (Appendix A4). 

In the winter wheat (W) treatments, The analysis indicated the intercept was 

marginally significant (estimate = 1986.8, p = 0.054), while neither the result of 

winter wheat intercropped with winter pea (IC_W_(W+P)) nor sole strip winter 

wheat (SSC_W) showed significant effects on grain  yield (p = 0.884 and p = 0.362, 

respectively).  

In the winter oil rape seed (R) treatments, the intercept was significant (estimate = 

826, p = 0.035), indicating a positive baseline effect, but both  the result of winter 

oilseed rape intercropped with winter pea (IC_R_(R+P) and  sole strip winter 

oilseed rape (SSC_R) were non-significant (p = 0.356 and p = 0.763, respectively). 

In the winter pea (P) treatments, the intercept was not significant (estimate = 638, 

p = 0.141), and none of the treatments winter pea in the intercrop with winter oilseed 
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rape (IC_P_(R+P),  intercrop with winter wheat IC_P_(W+P), and sole strip 

(SSC_P) showed significant differences from the reference (all p > 0.05). See in 

detailed results in (Appendix A4).  

4.5. Land equivalent ratio (LER) 

Land Equivalent Ratio (LER) was used to analyze the efficiency of land use of strip 

intercropping systems by comparing the grain yields of sole crops and intercrops.  

Table 5 below is describes the partial and total Land Equivalent Ratio (LER) values 

for winter wheat (W) + winter pea (P) and winter oilseed rape (R) + winter pea (P) 

intercrop systems. Partial LER represents the relative yield advantage of the 

individual crop component in intercropping compared to its sole strip cropping 

system, while total LER is the sum of partial values. A result LER > 1 indicates a 

high land use efficiency, LER = 1 indicates no advantage or the same, and LER < 

1 indicates a disadvantage of the intercropping system. 

 
Table 5. Partial and total Land Equivalent Ratio (LER) values. 

 

Intercrop  Crop Component Partial LER Total LER 

Winter wheat + Winter 

Pea (W+P) 

Winter wheat (W) 0.75  

3.15 Winter Pea (P) 2.40 

Winter Oilseed Rape + 

Winter Pea (R+P) 

Winter Oilseed Rape (R) 0.52  

2.47 Winter Pea (P) 1.95 

 

The LER analysis showed the land use advantage of intercropping systems as 

indicated in (Table 5). For winter wheat (W) + winter pea (P), the partial LER 

values were 0.75 for winter wheat and 2.40 for winter pea, which amounts to an 

overall LER of 3.15. Similarly, under winter oilseed rape (R) + winter pea (P) 

system, partial LER values for winter oilseed rape and winter pea were 0.52 and 

1.95, respectively, and hence total LER = 2.47. Both the inter-crop mixtures were 

greater than unity (LER > 1). 

4.6. Correlation of the Arthropods, Weeds and crop 
performance 

To examine the relationship of crop performance, competition with weeds, and 

arthropod abundance, a correlation analysis was conducted. The analysis measured 

the strength and direction of association between the biomass of crops, grain yield, 

weed biomass, and arthropod density Figure 14 below shows their exact correlation. 
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Figure 15. Correlation matrix shows a strong and positive correlation of crop biomass 

with grain yield, negative correlations of weed biomass, and weak relationships with 

arthropod abundance. 

 

Strong and positive relationship between grain yield and crop biomass (r = 0.83) 

was shown by the correlation study, indicating that higher crop biomass was 

strongly related to higher grain yield. On the other hand, weed biomass had 

moderate negative correlations with crop biomass (r = -0.46) and grain yield (r = -

0.39), meaning that more weed biomass reduced crop growth and yield. Arthropod 

density had only weak and non-significant correlations with crop biomass (r = 

0.00), grain yield (r = 0.09), and weed biomass (r = 0.06) in the sense that little 

relationship with the variables seemed to exist. 
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5. Discussion  

5.1. The effects of intercropping (IC) on 
abundance of aboveground-dwelling 
arthropods 

The findings of this study strongly confirmed that the hypothesis of 

intercropping (IC) production systems enhances higher aboveground-dwelling 

arthropod abundance across the cropping systems than sole strip intercropping 

(SSC) and the reference (Ref) plots. A total of 17,100 individuals were taken into 

account and were dominated by spiders, carabid beetles, and staphylinids 

respectively. Such predominance is expected, as such spiders are among the most 

functionally important natural enemies within temperate agroecosystems as per 

Symondson et al. (2002) documented. Among the tested cropping systems, IC 

supported more arthropods abundance than both SSC and Refs. The Generalized 

leaner mixed model (GLMM) confirmed that IC had about 27% and 69.2% more 

abundance than SSC and Ref Respectively. Plus, SSC system showed 33.3% more 

abundance than Ref plots. These results indicated that more diversifying crops 

have, more above ground dwelling arthropod abundance. Because crop 

diversification enhances living habitats for aboveground arthropods. This aligns 

with previous research documented by Letourneau et al. (2011) and Rakotomalala 

et al. (2023) as polycultures hosting higher arthropod abundance than sole cropping 

systems. In support to this, as per Gurr et al. (2017) described, the positive response 

to IC is most likely due to increased structural heterogeneity,  diversified canopy 

framework and greater ground covers. Thus, it might create microhabitats, reducing 

temperature extremes, desiccation stresses. And, intercrops tend to increase food 

resource availability in terms of space and time (Birkhofer et al. 2008).  

GLMM analysis further confirmed this effect at treatment level that arthropod 

abundance was observed significantly high in IC treatments (Figure 10 A&B). 

Mainly the IC of winter wheat with winter pea yielding statistically significant 

positive estimates (p < 0.001), highlighting the strong promoting arthropod 

abundance were 43% and 162% higher than winter wheat shown in SSC, and is sole 

cropping plot (Ref_W) respectively.  

This result is also aligned with Previous research that has shown that cereal-

legume IC enhances predator activity and supports natural pest control as compared 

to sole cropping. For instance, more abundant generalist predators (Carabidae, 

Staphylinidae, and spiders) were reported in IC than in sole-cropped wheat 

production (Puliga et al., 2021). The observation implies that the growth 

morphology of individual crops, meaning canopy structure govern the effect of 

intercropping on arthropod abundance (Birkhofer et al. 2008). Similarly, winter 

oilseed rape-winter pea IC supported higher arthropod abundance than winter 

oilseed rape in sole strip and Ref plots with significant treatment-level effects (p = 

0.048). But the abundance of dwelling above ground arthropods comparisons 

among winter pea treatments did not reveal significant differences. Nonetheless, 

numerical increases were observed in winter oilseed rape and winter pea intercrops. 
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The absence of statistical significance may be attributed to the relatively small 

sample size, as per previous studies described by Järvinen et al. (2023) like 

statistical significance is frequently lacking due to high variability, small sample 

numbers. 

As described by Letourneau et al. (2011), IC of cereal-legume enhances 

abundance of beneficial insects, which helps with natural pest control. And reduces 

the use of chemical pesticides. The results of this study are in line with these 

findings, suggesting that IC can enhance biological pest control and enhance crop 

performance while limiting external input usage. Likewise, Altieri (1999) observed 

that such cropping systems of the ecological type enhance soil fertility and 

biodiversity conservation, as the same time as Wezel et al. (2014) asserted that it 

supports cost savings in production and long-term sustainability. Combined, these 

research findings point towards the possibility of IC in terms of soil health 

sustenance and resilient agroecosystem development. 

5.2. The effects of intercropping (IC) on weed 
suppression  

Weed suppression differs considerably among treatment. Based on the cropping 

system, sole strip cropping (SSC) tends to indicate more dry weed biomass than IC 

Figure 11. Linear mixed model (LMM) analysis showed that SSC increased weed 

biomass over the intercept of reference (p = 0.049), but IC was not significantly 

different from the reference (p = 0.422). This means IC decreased weed biomass 

compared to SSC. But the effect was not strong enough to indicate statistically 

significant. These trends in line with previous research showing as IC suppresses 

weeds more than sole cropping through advancing canopy closure, enhancing soil 

resource capture, and shading the ground surface, which influences the soil 

unfavorably to germination of weeds (Liebman & Dyck 1993).  

In winter wheat treatments Figure 11A both SSC and IC had more weed dry biomass 

than the reference plot (Ref) treatment, although these differences were not 

statistically significant (p = 0.094 and 0.097, respectively). This may be due to the 

high inherent competitiveness, resulting from a fast and dense tiller structure of 

winter wheat's which provided enough weed suppression (Hauggaard-Nielsen et 

al.2001). In this case, IC of winter peas to winter wheat did not significantly 

improve weed control. This might be due to the 50% Seeding density both winter 

wheat and winter pea than their sole strip cropping (SSC) and reference (Ref) plots. 

Additionally, lower growth performance of winter pea compared to its companion 

crops in the IC system could be offered niches for weed establishment and 

competition, thus could be lowering the overall potential for weed suppression in 

the intercrop. 

In the winter pea treatment-level analysis Figure 11C, weed biomass of winter pea 

was measured about 1,560 kg ha⁻¹ when intercropped with winter wheat, were as it 

reached about 4,535 kg ha⁻¹ in the SSC. The result indicated about 66% weed 

biomass reduction under intercropping. This significant difference highlights the 

strong suppressive effect of IC and supports the view functional complementarity 

and crop heterogeneity play an important role in reducing weed pressure. Similar 

results have been reported in earlier studies, where cereal-legume intercrops were 
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found to reduce weed biomass more effectively than sole crops by improving 

resource use efficiency and canopy closure (Liebman & Dyck, 1993).  

On the other hand, the low competitive ability of sole strip-cropped winter pea, 

characterized by weak canopy cover and slower early growth, may create niches 

that favor weed establishment (Corre-Hellou et al. 2011). When combined with 

cereals such as winter wheat, the strong canopy development and rapid nutrient 

uptake of the companion crop compensated for winter pea’s weaknesses, leading to 

effective suppression of weeds. Plus, weed-suppression through the winter pea-

winter wheat IC may be likely to be the result of crop morphological processes 

through canopy dynamics and resource partitioning. This means vigorous early-

season vertical growth of winter wheat creates a dense canopy suppressing light 

penetration to the soil surface, hence  affects the weed germination and emergence 

(Worthington & Reberg-Horton 2013).  

On the contrary, SSC of winter pea indicated the highest weed dry biomass (4,435 

kg ha-1) among all treatments Figure 12 (C). Highlighting the weak competitive 

ability of legumes when planted in sole. Legumes take longer to develop and form 

open canopies thus may make it prone to more early season weed pressure  as 

described by Liebman et al. (2001). In the case of winter oilseed rape-case Figure 

12 (B), intercropping of winter oilseed rape and winter pea, indicted that an 

implication of low potential weed biomass  as compared to its  sole strip cropping  

but not significantly different was observed. As Shah et al. (2016) described, the 

natural allelopathic effect  of crops may suppress weeds. Oilseed rape is one of the 

crops that can emit allelopathic chemicals. This chemical is considered as eco-

friendly natural product used for weed management. However, it might have a 

negative impact on companion crops and associated weeds similarly as described 

by (Shah et al. 2016).  

From all treatments, winter wheat intercropped with winter pea indicated strong 

weed suppression. This treatment was also associated with higher arthropod density 

(Section 4.1). This intersection suggests that intercrops can attain a combination of 

ecosystem services at the same time, including suppression of weeds, enhance to 

natural enemies’ abundance, and reasonable grain yields. Synergies of this kind are 

consistent with outcomes of diversified cropping systems such as explained by Gurr 

et al. (2017). 

5.3. The effects of intercropping (IC) on crop 
biomass accumulation 

The results of this study showed that crop biomass responses varied depending 

on crop type and cropping system. The treatment responses on crop biomass 

illustrated in  Figure 13 (A-C) indicate that sole strip cropping (SSC) of winter 

wheat and winter oilseed rape produced significantly higher biomass than their 

respective intercrops with winter pea. In contrast, the intercrops of winter pea with 

winter wheat and winter oilseed rape produced significantly higher biomass than 

the sole strip cropping of winter pea. But, in all Figure 13 (A-C) there has been no 

indicated significant difference with their reference. Statistical comparisons were 

conducted to indicate significant difference across treatments, however, the linear 
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mixed model (LMM) analysis confirmed that none of the intercropped treatments 

deviated significantly from their corresponding references P>0.05 (Appendix 3). 

The efficiency of IC, and their SSC systems were evaluated relative to their 

corresponding Ref plots.  

The result of winter wheat treatments (Figure 13A) indicates sole strip of winter 

wheat produced the highest biomass (5749.2 kg ha⁻¹), than Winter wheat (4196.6 

kg ha⁻¹) under intercrop (IC) with winter peas, whereas reference winter wheat 

(3906.8 kg ha⁻¹), indicated lowest values. Despite a 50% seeding density, winter 

wheat under IC with winter peas achieved 73%, and 107% of its fully seeded 

corresponding sole strip cropped and reference respectively. This suggests that 

winter wheat could sustain competitive crop biomass efficiency in IC based on 

compensatory mechanisms and perhaps favorable interactions with winter pea. 

Similar previous findings support this. As per Hauggaard-Nielsen et al. (2001) 

demarcated corresponding compensatory growth of cereals in intercrops, with 

legumes maintain their biomass due to enhanced nitrogen availability and decreased 

intraspecific competition. 

For winter oilseed rape (Figure 13B), sole strip crop of winter oilseed rape 

produced the highest crop biomass (3910.8 kg ha⁻¹), significantly greater than 

Winter oilseed rape (2173 kg ha⁻¹) under IC with winter peas, while its reference 

(3628 kg ha⁻¹ was intermediate. Winter oilseed rape under IC with winter peas, had 

the same seeding density with its corresponded to about 55% of SSC_R and 60% 

of Ref_R, indicating that oilseed rape was suppressed under intercropping. The 

reduction may be related to allelopathic effect of winter oilseed rape as described 

by Singh et al. (2006) with the potential to inhibit companion crops. In the same 

way, Génard et al. (2017) as highlighted that although legumes can enhance crop 

supply, nevertheless this might not necessarily translate to biomass or gain for 

winter rapeseed, with yields depending on timing and density. 

On the other hand, winter pea showed an advantage under IC (Figure 13C). 

Winter pea under IC with winter wheat produced the highest crop biomass (2,284 

kg ha⁻¹) at 50% seeding density, achieving about 219% of from its corresponding 

Sole strip winter pea (1,040.4 kg ha⁻¹), and equivalent to about 128% of Ref_P 

(1,802 kg ha⁻¹). Similarly, Winter pea under IC with winter oilseed rape (IC-P-

(P+R) produced 1,865.7 kg ha⁻¹ but it was at fully seeded. Which indicated about 

179% of its sole strip cropping (SSC_P, 1,040.4 kg ha⁻¹) and about 104% of its 

reference plot (Ref_P,1082 kg ha⁻¹). These results suggest that winter peas 

benefited significantly from IC, particularly with winter wheat, through niche 

complementarity and nitrogen fixation.  

 

These are in line with broader literature: Rodríguez et al. (2020) employed meta-

analysis to verify that legume-cereal intercrops systematically show nitrogen use 

complementarity, that builds up legume biomass without decreasing cereal yields. 

In general, the legume's growth greatly, cereals' filling at low density, and brassicas' 

suppression are strongly assisted by inter-crop research performed (Bedoussac et 

al., 2018). These findings indicate that while inter-cropping enhances the efficiency 

of resource utilization and biomass production in certain species, there are 

extremely variable responses with crop association, density, and competitiveness. 

The most beneficial effects of inter-cropping were experienced by winter pea in this 

study, winter wheat productivity was not affected even when planted at lower 
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density, and winter oilseed rape was competitively inhibited by inter-cropping with 

winter pea. 

 

5.4. Effects of intercropping (IC) on grain yield  
The present study revealed that the effect of intercropping (IC) on grain yield 

was crop-specific, with differing responses among winter wheat, winter oilseed 

rape, and winter pea. Although the Linear Mixed Model (LMM) analysis did not 

identify statistically significant treatment effects across most comparisons 

(Appendix A4), consistent patterns were observed in the mean yields that provide 

important insights into the relative advantages and trade-offs of intercropping 

systems. To determine the advantages of IC on grain yield, relative yield production 

is evaluated with its correspondent SSC and Ref cropping systems. Based on this, 

treatment-level comparisons were conducted. For example, winter wheat, under IC 

with winter pea (Figure 14 A) yielded 2112.1 (kg ha⁻¹) at 50% seeding density 

which is equivalent to about 75% of its sole strip cropped (2802.7 kg ha⁻¹), and 

106% of reference plots (1986.8 kg ha⁻¹). Both the sole strip and reference 

treatments were grown at full seeding density. This indicates that winter wheat was 

competitive in grain yield in intercrops despite reduced seeding density due to 

complementary growth and facilitation provided by winter pea. These types of 

results have also been seen with other cereal-legume agroecosystems, where wheat 

intercrops either sustained or augmented yields through improved nitrogen use 

efficiency and light capture (Bedoussac & Justes, 2010). Additionally, as per 

Brooker et al. (2015) also emphasized that cereals often compensate in intercrops 

by exploiting complementary resource niches provided by legumes, thereby 

stabilizing yields under low-input conditions.  

 

Winter pea showed better performance under IC with winter wheat (Figure 14 

C) yielded 1321 kg ha⁻¹, corresponding to about 240% of its sole strip cropped 

(551.1 kg ha⁻¹), and about 207% of Reference plot (638 kg ha⁻¹). Similarly, under 

winter oilseed rape-winter pea intercrop, winter pea yielded (1077 kg ha⁻¹), or about 

195% of its correspondent sole strip cropping (551.4 kg ha⁻¹) and 169% of reference 

(638 kg ha⁻¹). These results highlight the efficiency of winter pea in intercrops, 

mainly with winter wheat, where structural and resource complementarity 

supported legume productivity. This finding that winter pea performed strongly in 

intercrops, particularly with cereals, is in line with previous studies showing similar 

advantages. As per Bedoussac & Justes (2010) reported that wheat-pea intercrops 

improved grain yield and nitrogen uses under low-input conditions, while (Launay 

et al. 2009) observed better resource use in pea-barley intercrops. Comparable 

benefits have also been documented in pea-cereal systems under organic 

management. And across irrigated and rainfed environments by Justes et al. (2021), 

all pointing to the cropping system and resource complementarity that drives the 

effect of including legume crops to the system. 

On the other hand, winter oilseed rape under IC with winter pea (Figure 14B) 

indicated yield reduction. Which produced only 486 (kg ha⁻¹), equivalent to 52% 

of its sole strip cropped (933 kg ha ⁻¹) and 59% of reference (826 (kg ha⁻¹), 

suggesting interspecific competition with weed and reduced niche 

complementarity. The yield reduced may be related to allelopathic effect of winter 

oilseed rape, which has been shown to affect companion crops through this effect 
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as documented by Singh et al. (2006) it’s potential to effect on its companion crops. 

In addition to this other previous research highlighting its sensitivity to competition 

and species interactions. Studies have shown that companion crops with rapid 

establishment can dominate and suppress brassica growth (Hauggaard-Nielsen et 

al. 2009). Species composition remains critical, as certain mixtures have been 

shown to reduce rape biomass (Bousselin et al., 2024). Beyond the soil nutrient, 

sunlight competition, and allelopathic effects, this study did not quantify the 

relatively poor performance of winter oilseed rape, and the other treatments may 

also be linked to pressure from the major yield-reducing factors in Skåne like biotic 

and abiotic factors. The main biotic factors well studied in this area are pollen 

beetles, aphids, slugs, and vertebrate herbivory like geese and deer (Emery et al. 

2023 ; Montràs-Janer et al. 2020; Montràs-Janer 2021). Furthermore, abiotic factors 

such as spring early-summer drought, wet weather during harvest, waterlogging, 

compaction, and winter frost events have also been studied (Grusson et al. 2021; 

Sjulgård et al. 2023). These stresses may reduce crop performance and lead to a 

decrease in yield, so future experiments need to include monitoring of these factors. 

Having established the relative yield of the IC strips to their sole strip and reference 

plots counterparts within the experimental design, it is also important to position 

these findings in the broader context of productivity within traditional agriculture. 

Though comparison of in the field experiment across IC, SSC and Ref system 

highlights ICs' relative advantage under uniform management and low resource. 

National average production provides a benchmark to how such systems perform 

relative to high-input conventional farm system. The Swedish national average 

grain yield in 2024 production year was about 6,540 kg ha⁻¹ for winter wheat, 3,190 

kg ha⁻¹ for winter oilseed rape, and 2,890 kg ha⁻¹ for peas, according to 

(Jordbruksverket, 2025). Conversely, the zero-external agrochemical input 

intercropping systems employed in this study produced lower yields than the 

national average yield achieved. For example, winter wheat-winter pea inter-crop 

winter wheat produced around 32%, pea 46%, and in the winter oilseed rape-winter 

pea inter-crop yield, winter oilseed rape 34% and winter pea 17% of the average 

national yield. These contrasts identify the input dependency and management 

intensity in traditional systems, while relative effectiveness of inter-crops under 

zero-input conditions still depicts biological complementarity and increased 

efficiency in resource utilization (Raseduzzaman & Jensen 2017). This broader 

comparison therefore identifies not only the productivity trade-offs but also the 

ecological and sustainability potential of diversified low-input systems when 

contrasted with the conventional monoculture baseline. 
Generally, the grain yield results of this study indicated that IC substantially 

enhanced winter pea productivity while maintaining winter wheat yield stability 

relative to its reference but reduced oilseed rape performance. These results 

highlight that the outcomes grain yield in IC systems is highly crop-specific and 

context-dependent. Importantly, the absence of yield advantage does not negate the 

ecological services provided, such as intercropping improved biodiversity, weed 

suppression, and arthropod abundance key attributes of agroecological 

intensification and sustainable farming as described by Gurr et al. (2017). 
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5.5. The land equivalent ratio (LER) 

The analysis of land-use efficiency reveals a clear advantage intercropping. Both 

winter wheat and winter pea intercrop with 50 % seeding density indicated 215% 

more efficient than its sole crops. And winter oilseed rape and winter pea system, 

with 147% more efficient. This demonstrates a strong resource complementarity. 

The significant efficiency of these systems stands from the contribution of winter 

peas. Because in the winter wheat-winter pea intercropping combination, winter 

peas had a partial LER of 2.40 (140% yield increase over sole its sole cropping), 

while winter wheat had an LER of 0.75 meaning 25% of yield decrease. Similarly, 

in the winter oilseed rape-winter pea combination, winter peas provided 1.95 (95% 

yield increase) and winter oilseed rape 0.52 (48% yield drop). In spite of these 

declines, winter pea performed well, showing how legumes are advantaged by 

intercropping production system. This study is consistent with earlier research 

Likewise, earlier research in Iran indicated that the LER values for grain were > 1, 

indicating towards the advantage of IC compared to sole cropping. For instance, 

winter oilseed rape-pea intercrops registered a total LER of 2.85 in 2022, equating 

to +185% land-use benefit. Under such cropping system, rapeseed introduced LER 

of 0.86 (−14% compared to sole cropping) and pea introduced an LER of 1.99 

(+99% compared to sole cropping), with high complementarity between species 

and considerable overall productivity gains (Blanc et al. 2024b). 

 

In this research, winter oilseed rape-winter pea intercropping, while less 

productive compared to winter wheat-winter pea, still provides about a 147% land-

use efficiency advantage over sole cropping, as in other brassica-legume intercrops 

where competition may reduce by legume nitrogen fixation (Raseduzzaman & 

Jensen, 2017). Besides conserving nutrients, the higher canopy diversity enhances 

biodiversity, beneficial arthropods that enhance natural pest control (Hauggaard-

Nielsen et al. 2009). This cropping diversification increases resistance to both 

abiotic and biotic stress with sustainability in production. In essence, the observed 

strong land use efficiency provides strong evidence for the advantage of 

agroecological diversification. That can demonstrate resource conservation, 

biodiversity protection, and gain reasonable yield can be achieved simultaneously. 

However, despite these clear agronomic and ecological benefits, intercropping 

remains limited adopted in Sweden and Europe. For example, Cereal-legume 

mixtures represent about 1.7% of Swedish arable land (Manevska-Tasevska et al. 

2024). Research indicates that the main challenges for adoption, in addition to the 

existing research gap, limited farmers knowledge, and advisory support, as 

adoption needs strongly with awareness creations and technical understanding (Ha 

et al. 2023). The technical challenges are notably the lack of specialized machinery 

for sowing, harvesting, and post-harvest grain separation along with economic 

constraints, such as poor market access, absent value chains, and low-price 

premiums for mixed grains (Manevska-Tasevska et al. 2024). Because agricultural 

mechanizations are designed based on sole cropping system. Over this, these 

barriers are reinforced by market incentives favoring sole cropping, driven by high 

cereal prices and low fertilizer costs (Manevska-Tasevska et al. 2024). 
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 5.5. Correlations among arthropod abundance, 
weed biomass, crop biomass and grain yields 

Correlation analysis showed significant trends among the response indicators of 

this research biomass, grain yield, weed biomass, and arthropod density. High 

positive correlation between crop biomass and grain yield (r = 0.83) indicates that 

higher crop growth is significantly associated with improved grain yield 

performance. This implies the presence of canopy closure and active crop growth 

enhance resource capture, which would have significant value on crop grain yield 

increasement. This aligns with previous studies showing that vigorous vegetative 

growth enhances photosynthetic capacity and assimilate availability for grain 

filling. For example, Fischer & Kohn (1966) demonstrated that higher wheat 

biomass was closely linked to yield potential under favorable conditions. Whereas 

biomass had a negative relationship with crop biomass (r = -0.46) and grain yield 

(r = -0.39). Therefore, it implies that increased weed pressure reduces crop growth 

and grain yield, presumably because of competition for light, nutrients, and water. 

These findings are consistent with studies highlighting suppressive impacts of 

weeds on grain yields, especially in cereal-legume intercrops where competition is 

intense (Horvath et al. 2023). The negative correlation highlights the necessity for 

effective weed control to ensure high yields. Arthropod abundance was weak and 

non-significant correlated with crop biomass, yield, and weed biomass (r = 0.00-

0.09). The result indicates that arthropod abundance within this cropping system 

isn't primarily dictated by crop or weed performance, but rather by crop 

diversification. Factors like the overall habitat composition, the diversity of plants 

present, or the seasonal cycle appear to be the dominant regulatory elements. This 

aligns with findings from diverse cropping systems, where arthropod communities 

typically respond more strongly to habitat complexity (heterogeneity) than to 

variables directly related to yield (Cuperus et al. 2023). Furthermore, the influence 

these insects have on specific parameters, such as yield or weed biomass, is often 

distributed and non-linear, meaning it's experienced and not a simple, scalable 

relationship (Hussain et al. 2025). Instead of directly generating yield increases, 

immediately, arthropods' main contribution is to ecosystem stability by acting as a 

natural pest control (Litovska et al. 2025). Consequently, their population dynamics 

are shaped more by habitat features (e.g. refuges, plant diversity) than by the density 

of a single crop or weed species.  

 

Over all the findings of this study provide strong evidence for the role of 

intercropping as an agroecological practice that enhances ecosystem services while 

maintaining reasonable crop performance. By increasing arthropod abundance, 

suppressing weeds, and improving land-use efficiency (LER > 1), intercropping 

demonstrates the principles of ecological intensification, where biodiversity 

supports productivity and reduces dependence on external inputs. Agroecology 

emphasizes the use of natural processes, such as resource complementarity and 

habitat diversification, to strengthen resilience in farming systems (Altieri, 1999; 

Wezel et al., 2014). In this study, the winter wheat-winter pea intercrop exemplified 

how combining functional traits of cereals and legumes can deliver both ecological 

and agronomic benefits, supporting biodiversity conservation while maintaining 

yields. This aligns with agroecological goals of building sustainable, low-input, and 
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resilient production systems that contribute to long-term food security and 

environmental stewardship. 

6. Conclusion and recommendations 

6.3. Conclusion  

This study showed that intercropping (IC) provides clear ecological and 

agronomic benefits, even if it differs from crop-to-crop combination performance.  

Winter wheat-winter pea IC indicated significant abundance of above ground 

arthropod compared with their sole strip cropping of winter wheat (SSC_W) and 

the winter wheat reference plot (Ref_W), arthropod abundance in the winter wheat 

winter pea intercrop was about 43% and 162% higher, respectively. In addition to 

this, weed biomass was reduced by 66% compared with sole winter pea. Yield 

responses were mixed: winter pea performance improved substantially, winter 

wheat yields were maintained at 50% seeding density, while winter oilseed rape 

was suppressed. All intercrops achieved LER > 1, with gains of up to 215% in 

winter wheat-winter pea and 147% in winter oilseed rape-winter pea systems. 

Overall, the finding reveals that intercropping gives significant ecological benefits 

by the conservation of beneficial insects as well as utilization of resources even 

though short-term benefits in terms of yield are not considerable. The finding 

underscores the advantage of intercropping as a strategy of ecological 

intensification that can contribute towards sustainable production and reducing 

reliance on external farm inputs. 

6.2. Recommendations 

Based on the climatic and edaphic conditions of Skåne, southern Sweden, 

intercropping of winter wheat and winter pea indicates a promising cropping system 

of enhancing biodiversity, weed suppression, and improving land-use efficiency. 

This cropping system can be used as an ecological intensification model in crop 

production areas where the reduction of dependence on external inputs is a critical 

consideration. This cropping system can be used as an ecological intensification 

model in crop production areas where the reduction of dependence on external 

inputs is a critical consideration. To promote broader adoption, a coordinated 

approach is needed that connects agronomic practice innovation with market 

development, farmer education, and supportive policy frameworks. The 

collaboration of researchers, advisors, and policymakers could have a vital role on 

develop incentive programs, giving extension services, and knowledge-sharing 

platforms for crop producer farmers. Future studies should include long-term trials 

that assess economic returns, soil health, and ecosystem services such as natural 

pest regulation, to strengthen the evidence base and ensure the resilience and 

sustainability of intercropping systems in Sweden and northern Europe. 

 

 



50 

 

References 

Agency, S.E.P. (2023). Environmental quality objectives: A rich diversity of plant 

and animal life. Swedish Environmental Protection Agency. 

https://www.swedishepa.se 

Alarcón-Segura, V., Grass, I., Breustedt, G., Rohlfs, M. & Tscharntke, T. (2022). 

Strip intercropping of wheat and oilseed rape enhances biodiversity and 

biological pest control in a conventionally managed farm scenario. Journal 

of Applied Ecology, 59 (6), 1513–1523. https://doi.org/10.1111/1365-

2664.14161 

Albahri, G., Alyamani, A.A., Badran, A., Hijazi, A., Nasser, M., Maresca, M. & 

Baydoun, E. (2023). Enhancing Essential Grains Yield for Sustainable Food 

Security and Bio-Safe Agriculture through Latest Innovative Approaches. 

Agronomy, 13 (7), 1–22. https://doi.org/10.3390/agronomy13071709 

Ali, A., Liu, X., Yang, W., Li, W., Chen, J., Qiao, Y., Gao, Z. & Yang, Z. (2024). 

Impact of bio-organic fertilizer incorporation on soil nutrients, enzymatic 

activity, and microbial community in wheat–maize rotation system. 

Agronomy, 14 (9), 1942 

Altieri, M.A. (1994). Biodiversity and Pest Management in Agroecosystems. 

Haworth Press. 

https://www.taylorfrancis.com/books/mono/10.4324/9781315132476/biodive

rsity-pest-management-agroecosystems-miguel-altieri 

Altieri, M.A. (1995). Agroecology: the science of sustainable agriculture. 

Altieri, M.A. (1999). The ecological role of biodiversity in agroecosystems. 

Agriculture, Ecosystems & Environment, 74 (1–3), 19–31 

Altieri, M.A. (2002). Agroecology: the science of natural resource management 

for poor farmers in marginal environments. Agriculture, ecosystems & 

environment, 93 (1–3), 1–24 

Altieri, M.A. (2018). Agroecology: The science of sustainable agriculture. CRC 

Press. 

Atapattu, A.J., Nuwarapaksha, T.D., Udumann, S.S. & Dissanayaka, N.S. (2025). 

Integrated farming systems: a holistic approach to sustainable agriculture. In: 

Agricultural diversification for sustainable food production. Springer. 89–

127. 

Bedoussac, L., Journet, E.P., Hauggaard-Nielsen, H., Naudin, C., Corre-Hellou, 

G., Jensen, E.S., Prieur, L. & Justes, E. (2015a). Ecological principles 

underlying the increase of productivity achieved by cereal-grain legume 

intercrops in organic farming. A review. Agronomy for Sustainable 

Development, 35 (3), 911–935 

Bedoussac, L., Journet, E.P., Hauggaard-Nielsen, H., Naudin, C., Corre-Hellou, 

G., Jensen, E.S., Prieur, L. & Justes, E. (2015b). Ecological principles 

underlying the increase of productivity achieved by cereal-grain legume 

intercrops in organic farming. A review. Agronomy for Sustainable 

Development, 35 (3), 911–935. https://doi.org/10.1007/s13593-014-0277-7 

Bedoussac, L. & Justes, E. (2010). The efficiency of a durum wheat-winter pea 

intercrop to improve yield and wheat grain protein concentration depends on 

N availability during early growth. Plant and Soil, 330 (1–2), 19–35 



51 

 

Birkhofer, K., Bezemer, T.M., Bloem, J., Bonkowski, M., Christensen, S., 

Dubois, D., Ekelund, F., Fließbach, A., Gunst, L. & Hedlund, K. (2008). 

Long-term organic farming fosters below and aboveground biota: 

Implications for soil quality, biological control and productivity. Soil Biology 

and Biochemistry, 40 (9), 2297–2308 

Blanc, L., Lampurlanés, J., Simon-Miquel, G., Jean-Marius, L. & Plaza-Bonilla, 

D. (2024a). Rapeseed-pea intercrop outperforms wheat-legume ones in land-

use efficiency in Mediterranean conditions. Field Crops Research, 318 

(October). https://doi.org/10.1016/j.fcr.2024.109612 

Blanc, L., Lampurlanés, J., Simon-Miquel, G., Jean-Marius, L. & Plaza-Bonilla, 

D. (2024b). Rapeseed-pea intercrop outperforms wheat-legume ones in land-

use efficiency in Mediterranean conditions. Field Crops Research, 318, 

109612 

Boliko, M.C. (2019). FAO and the situation of food security and nutrition in the 

world. Journal of nutritional science and vitaminology, 65 (Supplement), 

S4–S8 

Bommarco, R., Kleijn, D. & Potts, S.G. (2013). Ecological intensification: 

Harnessing ecosystem services for food security. Trends in Ecology & 

Evolution, 28 (4), 230–238. https://doi.org/10.1016/j.tree.2012.10.012 

Börjesson, G., Bolinder, M.A., Kirchmann, H. & Kätterer, T. (2018). Organic 

carbon stocks in topsoil and subsoil in long-term ley and cereal monoculture 

rotations. Biology and Fertility of Soils, 54 (4), 549–558 

Brooker, R.W., Bennett, A.E., Cong, W., Daniell, T.J., George, T.S., Hallett, P.D., 

Hawes, C., Iannetta, P.P.M., Jones, H.G. & Karley, A.J. (2015). Improving 

intercropping: a synthesis of research in agronomy, plant physiology and 

ecology. New Phytologist, 206 (1), 107–117 

Cadoux, S., Sauzet, G., Valantin-Morison, M., Pontet, C., Champolivier, L., 

Robert, C., Lieven, J., Flénet, F., Mangenot, O. & Fauvin, P. (2015). 

Intercropping frost-sensitive legume crops with winter oilseed rape reduces 

weed competition, insect damage, and improves nitrogen use efficiency. Ocl, 

22 (3), D302 

Cornelissen, J.H.C., Lavorel, S., Garnier, E., Díaz, S., Buchmann, N., Gurvich, 

D.E., Reich, P.B., Ter Steege, H., Morgan, H.D., Van Der Heijden, M.G.A., 

Pausas, J.G. & Poorter, H. (2003). A handbook of protocols for standardised 

and easy measurement of plant functional traits worldwide. Australian 

Journal of Botany, 51 (4), 335–380. https://doi.org/10.1071/BT02124 

Corre-Hellou, G., Dibet, A., Hauggaard-Nielsen, H., Crozat, Y., Gooding, M. & 

Ambus, P. (2011). The competitive ability of pea-barley intercrops against 

weeds and the interactions with crop productivity and soil N availability. 

Field Crops Research, 122 (3), 264–272 

Cortés-Mora, F.A., Piva, G., Jamont, M. & Fustec, J. (2010). Niche separation 

and nitrogen transfer in Brassica-legume intercrops. Field & Vegetable 

Crops Research/Ratarstvo i povrtarstvo, 47 (2) 

Croijmans, L., Cuperus, F., van Apeldoorn, D.F., Bianchi, F.J.J.A., Rossing, 

W.A.H. & Poelman, E.H. (2025). Strip cropping in organic agriculture 

results in 15% higher ground beetle richness and 30% higher activity density 

than monocultures. https://doi.org/10.1101/2024.11.02.621655 

Cuperus, F., Ozinga, W.A., Bianchi, F.J.J.A., Croijmans, L., Rossing, W.A.H. & 



52 

 

van Apeldoorn, D.F. (2023). Effects of field-level strip and mixed cropping 

on aerial arthropod and arable flora communities. Agriculture, Ecosystems 

and Environment, 354 (November 2022), 108568. 

https://doi.org/10.1016/j.agee.2023.108568 

D’adamo, I. & Sassanelli, C. (2022). Biomethane community: A research agenda 

towards sustainability. Sustainability, 14 (8), 4735 

Dennis, P. & Wratten, S.D. (1991). Field manipulation of populations of 

individual staphylinid species in cereals and their impact on aphid 

populations. 

Devine, N.G., Luttermoser, T. & Poveda, K. (2022). Body size, richness, and 

abundance of Staphylinidae unaffected by landscape composition and 

cropping system in a push–pull maize system in Kenya. CABI Agriculture 

and Bioscience, 3 (1), 54 

Duchene, O., Vian, J.-F. & Celette, F. (2017). Intercropping with legume for 

agroecological cropping systems: Complementarity and facilitation processes 

and the importance of soil microorganisms. A review. Agriculture, 

Ecosystems & Environment, 240, 148–161 

Emery, S.E., Klapwijk, M., Sigvald, R., Bommarco, R. & Lundin, O. (2023). Cold 

winters drive consistent and spatially synchronous 8‐year population cycles 

of cabbage stem flea beetle. Journal of Animal Ecology, 92 (3), 594–605 

FAO (2021). The State of Food and Agriculture 2021: Making agrifood systems 

more resilient to shocks and stresses 

Finch, S. & Collier, R.H. (2000). Host‐plant selection by insects–a theory based 

on ‘appropriate/inappropriate landings’ by pest insects of cruciferous plants. 

Entomologia experimentalis et applicata, 96 (2), 91–102 

Fischer, R.A. & Kohn, G. (1966). The relationship of grain yield to vegetative 

growth and post-flowering leaf area in the wheat crop under conditions of 

limited soil moisture. Australian Journal of Agricultural Research, 17 (3), 

281–295 

Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., 

Johnston, M. & others (2011). Solutions for a cultivated planet. Nature, 478 

(7369), 337–342 

Fonteyne, S., Castillo Caamal, J.B., Lopez-Ridaura, S., Van Loon, J., Espidio 

Balbuena, J., Osorio Alcalá, L., Martínez Hernández, F., Odjo, S. & 

Verhulst, N. (2023). Review of agronomic research on the milpa, the 

traditional polyculture system of Mesoamerica. Frontiers in Agronomy, 5 

(February), 1–16. https://doi.org/10.3389/fagro.2023.1115490 

Francis, C.A. (1986). Multiple cropping systems. 

Gagic, V., Tscharntke, T., Dormann, C.F., Gruber, B., Wilstermann, A. & Thies, 

C. (2011). Food web structure and biocontrol in a four-trophic level system 

across a landscape complexity gradient. Proceedings of the Royal Society B: 

Biological Sciences, 278 (1720), 2946–2953 

Gallandt, E.R., Liebman, M. & Huggins, D.R. (1999). Improving soil quality: 

implications for weed management. Journal of Crop Production, 2 (1), 95–

121 

Gimsing, A.L. & Kirkegaard, J.A. (2009). Glucosinolates and biofumigation: fate 

of glucosinolates and their hydrolysis products in soil. Phytochemistry 

Reviews, 8, 299–310 



53 

 

Gliessman, S.R., Rosado-May, F.J., Guadarrama-Zugasti, C., Jedlicka, J., Cohn, 

A., Méndez, V.E., Cohen, R., Trujillo, L., Bacon, C. & Jaffe, R. (2007). 

Agroecología: promoviendo una transición hacia la sostenibilidad. 

Ecosistemas, 16 (1) 

Grusson, Y., Wesström, I. & Joel, A. (2021). Impact of climate change on 

Swedish agriculture: Growing season rain deficit and irrigation need. 

Agricultural Water Management, 251, 106858 

Gurr, G.M., Lu, Z., Zheng, X., Xu, H., Zhu, P., Chen, G., Yao, X., Cheng, J., Zhu, 

Z. & Catindig, J.L. (2016). Multi-country evidence that crop diversification 

promotes ecological intensification of agriculture. Nature plants, 2 (3), 1–4 

Gurr, G.M., Wratten, S.D., Landis, D.A. & You, M. (2017). Habitat management 

to suppress pest populations: progress and prospects. Annual review of 

entomology, 62 (1), 91–109 

Ha, T.M., Manevska-Tasevska, G., Jäck, O., Weih, M. & Hansson, H. (2023). 

Farmers’ intention towards intercropping adoption: the role of 

socioeconomic and behavioural drivers. International Journal of 

Agricultural Sustainability, 21 (1), 2270222 

Haberzettl, J., Hilgert, P. & von Cossel, M. (2021). A critical review on 

lignocellulosic biomass yield modeling and the bioenergy potential from 

marginal land. Agronomy, 11 (12), 2397 

Häfner, B., Schulte auf’m Erley, G., Gabriel, D., Herden, A., Höppner, F., 

Dauber, J. & Nürnberger, F. (2024). Arthropod activity density and predation 

are supported by mixed cropping of maize with common sainfoin 

(Onobrychis viciifolia) and reduced tillage. Entomologia Experimentalis et 

Applicata, 172 (11), 1098–1111 

Harker, K.N. & O’Donovan, J.T. (2013). Recent weed control, weed 

management, and integrated weed management. Weed Technology, 27 (1), 

1–11 

Harlan, J.R. & deWet, J.M.J. (1965). Some thoughts about weeds. Economic 

botany, 19 (1), 16–24 

Hauggaard-Nielsen, H., Jørnsgaard, B., Kinane, J. & Jensen, E.S. (2009). Pea–

barley intercropping for efficient symbiotic N2-fixation, soil N acquisition 

and use of other nutrients in European organic cropping systems. Field 

Crops Research, 113 (1), 64–71. https://doi.org/10.1016/j.fcr.2009.04.009 

Hauggaard-Nielsen, H., Lachouani, P., Knudsen, M.T., Ambus, P., Boelt, B. & 

Gislum, R. (2016). Productivity and carbon footprint of perennial grass–

forage legume intercropping strategies with high or low nitrogen fertilizer 

input. Science of the Total Environment, 541, 1339–1347 

Høisæter, K.K., Buvik, V., Vevelstad, S.J. & Knuutila, H.K. (2024). Analytical 

tools for monitoring glycol degradation. Results in Engineering, 22, 102025 

Holland, J.M. & Luff, M.L. (2000). The effects of agricultural practices on 

Carabidae in temperate agroecosystems. Integrated pest management 

reviews, 5 (2), 109–129 

Horvath, D.P., Clay, S.A., Swanton, C.J., Anderson, J. V & Chao, W.S. (2023). 

Weed-induced crop yield loss: a new paradigm and new challenges. Trends 

in Plant Science, 28 (5), 567–582. 

https://doi.org/10.1016/j.tplants.2022.12.014 

Hösel, S.L. (2019). Crop Diversity in Scania-Geographical and Cognitive 



54 

 

Mapping Gröddiversitet i Skåne-Geografisk och Kognitiv Kartläggning. 

https://stud.epsilon.slu.se 

Hossard, L., Philibert, A., Bertrand, M., Colnenne-David, C., Debaeke, P., 

Munier-Jolain, N., Jeuffroy, M.-H., Richard, G. & Makowski, D. (2014). 

Effects of halving pesticide use on wheat production. Scientific reports, 4 

(1), 4405 

Hussain, N., Hung, C.Y. & Wang, L. (2025). Agricultural nutrient pollution and 

climate change: Challenges and opportunities. Agricultural Nutrient 

Pollution and Climate Change: Challenges and Opportunities. 

https://doi.org/10.1007/978-3-031-80912-5 

Jacobs, N., Clément, C.W.-Y. & Frison, E. (2020). From uniformity to diversity: 

The potential of agroecology to transform food systems. In: Biodiversity, 

Food and Nutrition. Routledge. 64–81. 

Järvinen, A., Hyvönen, T., Raiskio, S. & Himanen, S.J. (2023). Intercropping 

shifts the balance between generalist arthropod predators and oilseed pests 

towards natural pest control. Agriculture, Ecosystems and Environment, 348 

(July 2022). https://doi.org/10.1016/j.agee.2023.108415 

Jensen, E.S., Peoples, M.B. & Hauggaard-Nielsen, H. (2020). Intercropping of 

grain legumes and cereals improves the use of soil N resources and reduces 

the requirement for synthetic fertilizer N: a global-scale analysis. Agronomy 

for Sustainable Development, 40 (5), 1–9. https://doi.org/10.1007/s13593-

020-0607-x 

Justes, E., Bedoussac, L., Dordas, C., Frak, E., Louarn, G., Boudsocq, S., Journet, 

E.-P., Lithourgidis, A., Pankou, C. & Zhang, C. (2021). The 4C approach as 

a way to understand species interactions determining intercropping 

productivity. Frontiers of Agricultural Science and Engineering, 8 (3), 3 

Kay, M., Bunning, S., Burke, J., Boerger, V., Bojic, D., Bosc, P.-M., Clark, M., 

Dale, D., England, M. & Hoogeveen, J. (2022). The state of the world’s land 

and water resources for food and agriculture 2021. Systems at breaking 

point. FAO. 

Kolb, L.N., Gallandt, E.R. & Mallory, E.B. (2012). Impact of spring wheat 

planting density, row spacing, and mechanical weed control on yield, grain 

protein, and economic return in Maine. Weed science, 60 (2), 244–253 

Kremen, C. & Miles, A. (2012). Ecosystem services in biologically diversified 

versus conventional farming systems: benefits, externalities, and trade-offs. 

Ecology and Society, 17 (4), 40 

Kupcsik, L., Chiodi, C., Moturu, T.R., De Gernier, H., Haelterman, L., 

Louvieaux, J., Tillard, P., Sturrock, C.J., Bennett, M., Nacry, P. & Hermans, 

C. (2021). Oilseed Rape Cultivars Show Diversity of Root Morphologies 

with the Potential for Better Capture of Nitrogen. Nitrogen (Switzerland), 2 

(4), 491–505. https://doi.org/10.3390/nitrogen2040033 

Lan, Y., Xu, B., Huan, Y., Guo, J., Liu, X., Han, J. & Li, K. (2023). Food security 

and land use under sustainable development goals: Insights from food supply 

to demand side and limited arable land in China. Foods, 12 (22), 4168 

Landis, D.A., Wratten, S.D. & Gurr, G.M. (2000). Habitat management to 

conserve natural enemies of arthropod pests in agriculture. Annual Review of 

Entomology, 45, 175–201 

Langellotto, G.A. & Denno, R.F. (2004). Responses of invertebrate natural 



55 

 

enemies to complex-structured habitats: a meta-analytical synthesis. 

Oecologia, 139 (1), 1–10 

Letourneau, D.K., Armbrecht, I., Rivera, B.S., Lerma, J.M., Carmona, E.J. & 

Daza, M.C. (2011). Does plant diversity benefit agroecosystems? A synthetic 

review. Ecological Applications, 21 (1), 9–21 

Levidow, L. (2018). Sustainable intensification: Agroecological appropriation or 

contestation? In: Contested sustainability discourses in the agrifood system. 

Routledge. 19–41. 

Liebman, M. & Dyck, E. (1993). Crop rotation and intercropping strategies for 

weed management. Ecological Applications, 3 (1), 92–122 

Liebman, M., Mohler, C.L. & Staver, C.P. (2001). Ecological management of 

agricultural weeds. Cambridge university press. 

Lithourgidis, A.S., Dordas, C.A., Damalas, C.A. & Vlachostergios, D.N. (2011a). 

Annual intercrops: an alternative pathway for sustainable agriculture. 

Australian Journal of Crop Science, 5 (4), 396–410. 

https://www.researchgate.net/publication/224934832_Annual_intercrops_An

_alternative_pathway_for_sustainable_agriculture 

Lithourgidis, A.S., Dordas, C.A., Damalas, C.A. & Vlachostergios, D.N. (2011b). 

Annual intercrops: an alternative pathway for sustainable agriculture. 

Australian Journal of Crop Science, 5 (4), 396–410. 

https://www.researchgate.net/publication/224934832_Annual_intercrops_An

_alternative_pathway_for_sustainable_agriculture 

Litovska, I., van der Plas, F. & Kleijn, D. (2025). Arthropod abundance is most 

strongly driven by crop and semi-natural habitat type rather than 

management in an intensive agricultural landscape in the Netherlands. 

Agriculture, Ecosystems and Environment, 378 (August 2024), 109298. 

https://doi.org/10.1016/j.agee.2024.109298 

Liu, L. (2009). Root systems of oilseed and pulse crops-morphology, distribution 

and growth patterns. University of Saskatchewan. 

Lowry, C.J. & Brainard, D.C. (2016). Strip‐intercropping of rye–vetch mixtures 

affects biomass, carbon/nitrogen ratio, and spatial distribution of cover crop 

residue. Agronomy Journal, 108 (6), 2433–2443 

Luff, M.L. (1975). Some features influencing the efficiency of pitfall traps. 

Oecologia, 345–357 

Makwela, M.M., Slotow, R. & Munyai, T.C. (2023). Carabid beetles (Coleoptera) 

as indicators of sustainability in agroecosystems: A systematic review. 

Sustainability, 15 (5), 3936. https://doi.org/10.3390/su15053936 

Manevska-Tasevska, G., Huang, V.W., Chen, Z., Jäck, O., Adam, N., Ha, T.T.M., 

Weih, M. & Hansson, H. (2024). Economic outcomes from adopting cereal-

legume intercropping practices in Sweden. Agricultural Systems, 220 (June). 

https://doi.org/10.1016/j.agsy.2024.104064 

Martin-Guay, M.-O., Paquette, A., Dupras, J. & Rivest, D. (2018). The new green 

revolution: sustainable intensification of agriculture by intercropping. 

Science of the total environment, 615, 767–772 

Mason, N.W.H., Orwin, K.H., Lambie, S., Waugh, D., Pronger, J., Carmona, C.P. 

& Mudge, P. (2020). Resource-use efficiency drives overyielding via 

enhanced complementarity. Oecologia, 193 (4), 995–1010 

Matthiessen, J.N. & Kirkegaard, J.A. (2006). Biofumigation and enhanced 



56 

 

biodegradation: opportunity and challenge in soilborne pest and disease 

management. Critical reviews in plant sciences, 25 (3), 235–265 

Mead, R. & Willey, R. (1980). The concept of a ‘land equivalent ratio’and 

advantages in yields from intercropping. Experimental agriculture, 16 (3), 

217–228 

Menegat, S., Ledo, A. & Tirado, R. (2022). Greenhouse gas emissions from 

global production and use of nitrogen synthetic fertilisers in agriculture. 

Scientific Reports, 12 (1), 14490 

Meynard, J.-M. (2012). Innovating in cropping and farming systems. In: 

Renewing innovation systems in agriculture and food: How to go towards 

more sustainability?. Springer. 89–108. 

Montràs-Janer, T. (2021). Large grazing birds and crop damage Investigating 

spatial and temporal patterns to guide management practices. 

http://pub.epsilon.slu.se/ 

Montràs-Janer, T., Knape, J., Stoessel, M., Nilsson, L., Tombre, I., Pärt, T. & 

Månsson, J. (2020). Spatio-temporal patterns of crop damage caused by 

geese, swans and cranes—Implications for crop damage prevention. 

Agriculture, Ecosystems and Environment, 300 (May), 107001. 

https://doi.org/10.1016/j.agee.2020.107001 

Mousavi, S.R. & Eskandari, H. (2011). A general overview on intercropping and 

its advantages in sustainable agriculture. Journal of Applied Environmental 

and Biological Sciences, 1 (11), 482–486 

Netting, R. (1993). Smallholders, householders. The ENVIRONMENT in 

anthropology: A reader in ecology, culture, and sustainable living, 10, 14 

New, T.R. (1998). Invertebrate surveys for conservation. Oxford University 

Press. 

Novotny, I.P., Tittonell, P., Fuentes-Ponce, M.H., López-Ridaura, S. & Rossing, 

W.A.H. (2021). The importance of the traditional milpa in food security and 

nutritional self-sufficiency in the highlands of Oaxaca, Mexico. PLoS ONE, 

16 (2 February 2021), 1–21. https://doi.org/10.1371/journal.pone.0246281 

Ofori, F. & Stern, W.R. (1987a). Cereal–legume intercropping systems. Advances 

in agronomy, 41, 41–90 

Ofori, F. & Stern, W.R. (1987b). Cereal–Legume Intercropping Systems. 

Advances in Agronomy, 41 (C), 41–90. https://doi.org/10.1016/S0065-

2113(08)60802-0 

Pearce, J.L. & Venier, L.A. (2006). The use of ground beetles (Coleoptera: 

Carabidae) and spiders (Araneae) as bioindicators of sustainable forest 

management: a review. Ecological indicators, 6 (4), 780–793 

Peltonen-Sainio, P., Kangas, A., Salo, Y. & Jauhiainen, L. (2007). Grain number 

dominates grain weight in temperate cereal yield determination: evidence 

based on 30 years of multi-location trials. Field Crops Research, 100 (2–3), 

179–188 

Pelzer, E., Gomez-Arango, L.F., Barrett, H.L. & Nitert, M.D. (2017). Maternal 

health and the placental microbiome. Placenta, 54, 30–37 

Power, A.G. (2010). Ecosystem services and agriculture: tradeoffs and synergies. 

Philosophical transactions of the royal society B: biological sciences, 365 

(1554), 2959–2971 

Raderschall, C.A., Bommarco, R., Lindström, S.A.M. & Lundin, O. (2021). 



57 

 

Landscape crop diversity and semi-natural habitat affect crop pollinators, 

pollination benefit and yield. Agriculture, Ecosystems & Environment, 306, 

107189 

Radosevich, S.R., Holt, J.S. & Ghersa, C.M. (2007). Ecology of weeds and 

invasive plants: relationship to agriculture and natural resource 

management. John Wiley & Sons. 

Rakotomalala, A.A.N.A., Ficiciyan, A.M. & Tscharntke, T. (2023). Intercropping 

enhances beneficial arthropods and controls pests: A systematic review and 

meta-analysis. Agriculture, Ecosystems & Environment, 356, 108617 

Raseduzzaman, M.D. & Jensen, E.S. (2017). Does intercropping enhance yield 

stability in arable crop production? A meta-analysis. European Journal of 

Agronomy, 91, 25–33 

Raza, M.A., Zhiqi, W., Yasin, H.S., Gul, H., Qin, R., Rehman, S.U., Mahmood, 

A., Iqbal, Z., Ahmed, Z. & Luo, S. (2023). Effect of crop combination on 

yield performance, nutrient uptake, and land use advantage of cereal/legume 

intercropping systems. Field Crops Research, 304, 109144 

Reckling, M., Bergkvist, G., Watson, C.A., Stoddard, F.L., Zander, P.M., Walker, 

R.L., Pristeri, A., Toncea, I. & Bachinger, J. (2016). Trade-offs between 

economic and environmental impacts of introducing legumes into cropping 

systems. Frontiers in plant science, 7, 669 

Reumaux, R., Chopin, P., Bergkvist, G., Watson, C.A. & Öborn, I. (2023). Land 

Parcel Identification System (LPIS) data allows identification of crop 

sequence patterns and diversity in organic and conventional farming systems. 

European Journal of Agronomy, 149, 126916 

Rodriguez, C., Carlsson, G., Englund, J.E., Flöhr, A., Pelzer, E., Jeuffroy, M.H., 

Makowski, D. & Jensen, E.S. (2020). Grain legume-cereal intercropping 

enhances the use of soil-derived and biologically fixed nitrogen in temperate 

agroecosystems. A meta-analysis. European Journal of Agronomy, 118 (July 

2019). https://doi.org/10.1016/j.eja.2020.126077 

Röös, E., Sundberg, C., Tidåker, P., Strid, I. & Hansson, P.A. (2018). Can carbon 

footprint serve as an indicator of the environmental impact of monoculture 

farming? Journal of Cleaner Production, 187, 708–719 

Rusch, A., Chaplin-Kramer, R., Gardiner, M.M., Hawro, V., Holland, J., Landis, 

D.A. & others (2016). Agricultural landscape simplification reduces natural 

pest control: A quantitative synthesis. Agriculture, Ecosystems & 

Environment, 221, 198–204 

Rusch, A., Valantin-Morison, M., Sarthou, J.-P. & Roger-Estrade, J. (2010). 

Biological control of insect pests in agroecosystems: effects of crop 

management, farming systems, and seminatural habitats at the landscape 

scale: a review. Advances in agronomy, 109, 219–259 

Samu, F., Sunderland, K.D. & Szinetar, C. (1999). Scale-dependent dispersal and 

distribution patterns of spiders in agricultural systems: a review. Journal of 

Arachnology, 325–332 

Schmidt, M.H. & Tscharntke, T. (2005). The role of perennial habitats for Central 

European farmland spiders. Agriculture, ecosystems & environment, 105 (1–

2), 235–242 

Scurlock, J.M.O., Johnson, K.R. & Olson, R.J. (2003). NPP Grassland: NPP 

Estimates from Biomass Dynamics for 31 Sites, 1948-1994, R1. ORNL 



58 

 

Distributed Active Archive Center (DAAC) dataset 10.3334/ORNLDAAC/654 

(2003, 654 

Shah, A.N., Iqbal, J., Ullah, A., Yang, G., Yousaf, M., Fahad, S., Tanveer, M., 

Hassan, W., Tung, S.A. & Wang, L. (2016). Allelopathic potential of oil seed 

crops in production of crops: a review. Environmental Science and Pollution 

Research, 23 (15), 14854–14867 

Silander, D. (2019). The European Commission and Europe 2020: Smart, 

sustainable and inclusive growth. In: Smart, sustainable and inclusive 

growth. Edward Elgar Publishing. 2–35. 

Singh, A.K., Amanullah, Singh, J.P., Mahendra, K.V. & Tuti, M.D. (2018). Crops 

and Their Cropping Systems. 

Sjulgård, H., Keller, T., Garland, G. & Colombi, T. (2023). Relationships between 

weather and yield anomalies vary with crop type and latitude in Sweden. 

Agricultural Systems, 211, 103757 

Skärbäck, E. & Grahn, P. (2012). Grönska för kunskapande. Landskap, trädgård, 

jordbruk: rapportserie, (2012: 9) 

Snapp, S.S., Swinton, S.M., Labarta, R., Mutch, D., Black, J.R., Leep, R., 

Nyiraneza, J. & O’neil, K. (2005). Evaluating cover crops for benefits, costs 

and performance within cropping system niches. Agronomy journal, 97 (1), 

322–332 

Stahl, A., Friedt, W., Wittkop, B. & Snowdon, R.J. (2016). Complementary 

diversity for nitrogen uptake and utilisation efficiency reveals broad potential 

for increased sustainability of oilseed rape production. Plant and Soil, 400 

(1), 245–262 

Su, W., Liu, B., Liu, X., Li, X., Ren, T., Cong, R. & Lu, J. (2015). Effect of depth 

of fertilizer banded-placement on growth, nutrient uptake and yield of 

oilseed rape (Brassica napus L.). European Journal of Agronomy, 62, 38–45 

Suchithkumar, C., Reddy, S., Divyavani, P., Divya, S., Sravya, M., Mani, M. & 

Manoharan, G. (2024). Modern challenges in agriculture., 2024. 40051. AIP 

Publishing LLC 

Sunderland, K. & Samu, F. (2000). Effects of agricultural diversification on the 

abundance, distribution, and pest control potential of spiders: a review. 

Entomologia Experimentalis et Applicata, 95 (1), 1–13 

Symondson, W.O.C., Sunderland, K.D. & Greenstone, M.H. (2002). Can 

generalist predators be effective biocontrol agents? Annual review of 

entomology, 47 (1), 561–594 

Tecco, P.A., Urcelay, C., Diaz, S., Cabido, M. & PÉREZ‐HARGUINDEGUY, N. 

(2013). Contrasting functional trait syndromes underlay woody alien success 

in the same ecosystem. Austral Ecology, 38 (4), 443–451 

Tilman, D., Balzer, C., Hill, J. & Befort, B.L. (2011). Global food demand and the 

sustainable intensification of agriculture. Proceedings of the National 

Academy of Sciences, 108 (50), 20260–20264 

Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R. & Polasky, S. (2002). 

Agricultural sustainability and intensive production practices. Nature, 418 

(6898), 671–677 

Trenbath, B.R. (1976). Plant Interactions in Mixed Crop Communities. In: 

Papendick, R.I., Sanchez, P.A., & Triplett, G.B. (eds) Multiple Cropping. 

American Society of Agronomy. 129–169. 



59 

 

https://acsess.onlinelibrary.wiley.com/doi/10.2134/asaspecpub27.c8 

Trenbath, B.R. (1999). Multispecies cropping systems in India: Predictions of 

their productivity, stability, resilience and ecological sustainability. 

Agroforestry Systems, 45, 81–107 

Tscharntke, T., Klein, A.M. & Kruess, A. (2005). Landscape perspectives on 

agricultural intensification and biodiversity–ecosystem service management. 

Ecology Letters, 8 (8), 857–874 

Tscharntke, T., Klein, A.M., Kruess, A., Steffan-Dewenter, I. & Thies, C. (2012). 

Landscape moderation of biodiversity patterns and processes: Eight 

hypotheses. Biological Reviews, 87 (3), 661–685 

Ulfbecker, E. (2018). Farming for food security. 

Vandermeer, J. (1989). The ecology of intercropping. 

Vandermeer, J. (1995). The ecological basis of alternative agriculture. Annual 

review of ecology and systematics, 201–224 

Vandermeer, R.D. & Cunningham, F.K. (1989). Arthroscopic treatment of the 

discoid lateral meniscus: results of long-term follow-up. Arthroscopy: The 

Journal of Arthroscopic & Related Surgery, 5 (2), 101–109 

Virto, I., Imaz, M.J., Fernández-Ugalde, O., Gartzia-Bengoetxea, N., Enrique, A. 

& Bescansa, P. (2015). Soil degradation and soil quality in Western Europe: 

Current situation and future perspectives. Sustainability (Switzerland), 7 (1), 

313–365. https://doi.org/10.3390/su7010313 

Willey, R. (1979a). Intercropping-its importance and research needs. 1. 

Competition and yield advantages. 

Willey, R.W. (1979b). Intercropping: Its importance and research needs. 

Worthington, M. & Reberg-Horton, C. (2013). Breeding cereal crops for 

enhanced weed suppression: optimizing allelopathy and competitive ability. 

Journal of Chemical Ecology, 39 (2), 213–231 

Yang, J. (2020). Opportunities and Barriers of Carbon Farming from a 

Sustainable Livelihoods Perspective-A Case Study from Sweden 

Yu, Y., Stomph, T.J., Makowski, D., Zhang, L. & Van der Werf, W. (2016). A 

meta-analysis of relative crop yields in cereal/legume mixtures suggests 

options for management. Field Crops Research, 198. 

https://doi.org/10.1016/j.fcr.2016.08.001 

Zhu, W., Sun, Z., Peng, J., Huang, Y., Li, J., Zhang, J., Yang, B. & Liao, X. 

(2019). Estimating maize above-ground biomass using 3D point clouds of 

multi-source unmanned aerial vehicle data at multi-spatial scales. Remote 

Sensing, 11 (22), 2678 

Zimdahl, R.L. (2018). Agriculture’s moral dilemmas and the need for 

agroecology. Agronomy, 8 (7), 116 

 



60 

 

Popular science summary 

Intercropping growth of two or more crops grown together on the same field at 

the same time, in a planned arrangement is an option and promising. In Skåne 

southern, Sweden, researcher tried strip intercropping with peas intercropped with 

winter wheat or oilseed rape and compared these systems to the standard sole 

cropping. The outcomes were promising: Intercropped crops fields drew about 

twice as many helpful insects as sole strip crops and suppressed weeds naturally, 

especially when winter peas were intercropped with winter wheat. 

The crops themselves responded differently. Wheat held yields even at half 

seeding density, but winter peas produced two to three times more when cropped 

with winter wheat than when sowing alone. Winter Oilseed rape performed poorly 

in intercropping. Overall, intercropping growth of two or more crops together on 

the same field at the same time, in a planned arrangement produced more food per 

unit of land, with definite advantages for land efficiency. 

On the side of grain yields, such systems also had important ecological benefits 

like biodiversity maintenance, natural weed control with minimal, reduce cost of 

chemicals, and better utilization of natural resources. While short-term grain yields 

were not always increased, the net gains recognize intercropping as a viable path to 

sustainable agriculture aligned with the EU Green Deal and the UN Sustainable 

Development Goals 2015. 
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Appendix 1 

GLMM results in the effects of cropping system treatments on the log-

transformed abundance of aboveground-dwelling arthropods. Estimates (± SE), z 

values, p values, and significance levels are shown for each treatment comparison. 

For each treatment type (P, R, W), the reference (Ref_P, Ref_R, Ref_W) is used as 

the model intercept respectively. Significant positive effects (p < 0.05). 

 

Treatments Estimate SE z value P-

adjusted 

Significance 

(Intercept)-Ref_P 4.901 0.147 33.260 <0.001 *** 

R+P 0.234 0.165 1.421 0.155 ns 

W+P 0.325 0.164 1.979 0.048 * 

P 0.122 0.165 0.744 0.457 ns 

(Intercept)-Ref_R 4.708 0.194 24.273 <0.001 *** 

R+P 0.427 0.216 1.975 0.048 * 

R 0.046 0.218 0.212 0.832 Ns 

(Intercept)-Ref_W 4.256 0.147 28.980 <0.001 *** 

W+P 0.962 0.163 5.909 0.001 *** 

W 0.758 0.163 4.648 0.001 *** 
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Appendix 2 

Fixed effect estimates from the linear mixed model (LMM) assessing the effects 

of different cropping treatments on weed biomass. The intercepts represent baseline 

weed biomass for each treatment block, while estimates for IC and SSC are 

expressed relative to their respective reference systems. Among treatments, only 

IC_P_(W+P) showed a significant reduction in weed biomass (p < 0.05). 

 
Weed biomass by 

treatments 

Estimate Std. Error t value P value Significant 

(Intercept) 627.2 477.21 1.31 0.213 ns 

IC_W_(W+P) 939.09 515.48 1.82 0.097 ns 

SSC_W 945.83 515.48 1.83 0.094 ns 

(Intercept) 1670.8 665.71 2.50 0.017 * 

IC_R_(R+P) 1262.45 707.29 1.78 0.085 ns 

SSC_R 629.5 707.29 0.89 0.381 ns 

(Intercept) 3363.6 680.92 4.93 <0.001 *** 

IC_P_(R+P) -430.35 730.27 -0.58 0.561 ns 

IC_P_(W+P) -1802.18 731.10 -2.46 0.022 * 

SSC_P 1171 730.27 1.60 0.123 ns 
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Appendix 3 

LMM results in the effect of crop treatment on crop dry biomass. Intercepts 

correspond to the reference plots for each crop. Estimates are differences relative 

to the reference. SE = standard error. Significant value: *p < 0.05; ns = not 

significant. 

 

 

Crop_biomas by 
treatments 

Estimate Std. Error t value P value Significance 

(Intercept) 3906.8 1357.803 2.87 0.046 * 
IC_W_(W+P) 289.82 1505.51 0.192 0.857 ns 
SSC_W 1872.791 1505.85 1.24 0.285 ns 
(Intercept) 3628 1301.75 2.78 0.037 * 
IC_R_(R+P) -1455 1432.33 -1.01 0.358 ns 
SSC_R 282.75 1432.33 0.19 0.851 ns 
(Intercept) 1802 648.45 2.77 0.012 * 
IC_P_(R+P) 63.65 698.27 0.09 0.928 ns 
IC_P_(W+P) 471.33 698.98 0.67 0.510 ns 
SSC_P -761.65 698.27 -1.09 0.292 ns 
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Appendix 4 

LMM analysis for the effect of crop treatment on grain yield. Intercepts correspond 

to the reference plots for each crop. Estimates represent differences relative to the 

reference. SE = standard error; Significance: *p < 0.05; ns = not significant. 

 
Grain yield by treatments Estimate Std. Error t value P value Significance 

(Intercept) 1986.8 722.45 2.75 0.054 * 

IC_W_(W+P) 125.25 801.63 0.15 0.884 ns 

SSC_W 832.38 801.80 1.03 0.362 ns 

(Intercept) 826 310.58 2.65 0.035 ** 

IC_R_(R+P) -339.85 339.76 -1.00 0.356 ns 

SSC_R 106.95 339.76 0.31 0.763 ns 

(Intercept) 638 407.06 1.56 0.141 ns 

IC_P_(R+P) 438.7 440.47 0.99 0.339 ns 

IC_P_(W+P) 674.42 440.86 1.52 0.153 ns 

SSC_P -86.6 440.47 -0.19 0.847 ns 
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Appendix 5 

Arthropod abundance (Carabids, Staphylinids, and Spiders) recorded in winter wheat, winter oilseed rape, and winter pea plots across two 

sampling dates (25 June 2024 and 2 July 2024), categorized by block, strip, and plot identification codes. These data were used for statistical 

analyses evaluating the effects of cropping system treatments on aboveground arthropod communities. 

Crops Block_ID Strip_ID Plot_ID 

25-06-2024 2/7/2024 

Carabids Staphylinids Spiders Carabids Staphylinids Spiders 

Winter oilseed rape 1 A A1 44 11 73 21 11 29 

Winter oilseed rape 1 A A2 10 15 44 23 5 41 

Winter oilseed rape 1 A A3 45 13 97 16 6 22 

Winter oilseed rape 1 A A4 24 8 45 5 4 13 

Winter oilseed rape 1 A A5 25 16 37 30 13 30 

Winter Pea 1 B B1 72 8 45 33 7 30 

Winter Pea 1 B B2 21 1 51 18 17 33 

Winter Pea 1 B B3 20 11 60 13 7 46 

Winter Pea 1 B B4 18 5 34 19 8 20 

Winter Pea 1 B B5 15 0 30 1 1 9 

Winter Wheat 1 C C1 12 13 66 21 9 59 

Winter Wheat 1 C C2 8 25 85 6 6 56 

Winter Wheat 1 C C3 19 15 63 17 13 40 

Winter Wheat 1 C C4 17 13 89 28 14 64 

Winter Wheat 1 C C5 22 15 61 16 12 48 

Winter Wheat+Winter Pea 1 D D1 12 3 68 20 4 55 

Winter Wheat+Winter Pea 1 D D2 15 7 95 9 3 48 

Winter Wheat+Winter Pea 1 D D3 34 0 94 14 4 24 
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Winter Wheat+Winter Pea 1 D D4 14 16 83 13 1 32 

Winter Wheat+Winter Pea 1 D D5 8 21 18 13 17 54 

Winter oilseed rape+ Winter Pea 1 E E1 25 18 70 13 17 54 

Winter oilseed rape+ Winter Pea 1 E E2 26 7 41 19 10 35 

Winter oilseed rape+ Winter Pea 1 E E3 22 8 73 5 5 35 

Winter oilseed rape+ Winter Pea 1 E E4 20 13 103 24 8 30 

Winter oilseed rape+ Winter Pea 1 E E5 24 14 49 6 8 78 

Winter Wheat 2 F F1 22 2 92 6 8 78 

Winter Wheat 2 F F2 20 2 85 20 4 35 

Winter Wheat 2 F F3 17 2 56 17 4 61 

Winter Wheat 2 F F4 2 2 43 2 1 64 

Winter Wheat 2 F F5 24 3 74 11 3 24 

Winter Pea 2 G G1 27 7 25 11 7 43 

Winter Pea 2 G G2 31 7 44 18 3 35 

Winter Pea 2 G G3 28 3 11 9 5 30 

Winter Pea 2 G G4 26 4 11 7 9 21 

Winter Pea 2 G G5 15 12 31 25 22 23 

Winter oilseed rape 2 H H1 23 14 99 14 5 52 

Winter oilseed rape 2 H H2 31 15 26 24 6 28 

Winter oilseed rape 2 H H3 29 15 105 11 4 18 

Winter oilseed rape 2 H H4 47 8 34 5 1 3 

Winter oilseed rape 2 H H5 51 15 6 28 10 11 

Winter oilseed rape+ Winter Pea 2 I I1 29 19 73 34 7 43 

Winter oilseed rape+ Winter Pea 2 I I2 30 18 61 3 9 19 

Winter oilseed rape+ Winter Pea 2 I I3 26 22 64 16 5 33 

Winter oilseed rape+ Winter Pea 2 I I4 30 26 122 18 8 54 

Winter oilseed rape+ Winter Pea 2 I I5 37 12 28 1 1 2 
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Winter Wheat+Winter Pea 2 J J1 20 10 74 14 9 94 

Winter Wheat+Winter Pea 2 J J2 8 9 125 25 19 96 

Winter Wheat+Winter Pea 2 J J3 23 25 136 16 13 54 

Winter Wheat+Winter Pea 2 J J4 25 22 145 9 18 48 

Winter Wheat+Winter Pea 2 J J5 45 10 75 27 17 54 

Winter Pea 3 K K1 39 21 97 13 7 40 

Winter Pea 3 K K2 29 26 70 22 5 19 

Winter Pea 3 K K3 4 11 55 2 3 23 

Winter Pea 3 K K4 36 12 57 8 6 34 

Winter Pea 3 K K5 23 9 59 30 7 18 

Winter Wheat 3 L L1 24 6 50 31 4 30 

Winter Wheat 3 L L2 31 5 46 8 3 47 

Winter Wheat 3 L L3 9 1 20 37 7 22 

Winter Wheat 3 L L4 22 4 24 16 0 22 

Winter Wheat 3 L L5 32 4 23 18 5 32 

Winter oilseed rape 3 M M1 13 1 6 7 2 4 

Winter oilseed rape 3 M M2 17 13 45 21 4 19 

Winter oilseed rape 3 M M3 11 5 34 24 2 9 

Winter oilseed rape 3 M M4 12 11 53 19 0 10 

Winter oilseed rape 3 M M5 23 9 8 9 0 20 

Winter oilseed rape+ Winter Pea 3 N N1 18 0 51 38 6 27 

Winter oilseed rape+ Winter Pea 3 N N2 80 7 87 40 2 22 

Winter oilseed rape+ Winter Pea 3 N N3 20 4 72 29 4 41 

Winter oilseed rape+ Winter Pea 3 N N4 30 1 130 25 7 41 

Winter oilseed rape+ Winter Pea 3 N N5 47 5 59 28 6 40 

Winter Wheat+Winter Pea 3 O O1 20 3 55 18 27 122 

Winter Wheat+Winter Pea 3 O O2 33 6 67 30 13 58 
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Winter Wheat+Winter Pea 3 O O3 5 0 42 17 7 52 

Winter Wheat+Winter Pea 3 O O4 12 3 49 30 9 32 

Winter Wheat+Winter Pea 3 O O5 51 7 43 10 4 51 

Winter Pea 4 P P1 53 15 69 26 5 61 

Winter Pea 4 P P2 29 8 46 51 3 18 

Winter Pea 4 P P3 43 10 88 32 15 37 

Winter Pea 4 P P4 43 9 92 29 6 46 

Winter Pea 4 P P5 22 11 70 35 3 75 

Winter oilseed rape 4 Q Q1 16 3 23 17 2 51 

Winter oilseed rape 4 Q Q2 20 3 17 15 2 7 

Winter oilseed rape 4 Q Q3 11 1 11 1 2 12 

Winter oilseed rape 4 Q Q4 5 0 26 35 3 75 

Winter oilseed rape 4 Q Q5 7 2 29 10 0 15 

Winter Wheat 4 R R1 22 16 48 12 5 51 

Winter Wheat 4 R R2 27 16 64 8 3 15 

Winter Wheat 4 R R3 14 0 13 21 5 42 

Winter Wheat 4 R R4 19 2 57 14 2 50 

Winter Wheat 4 R R5 29 4 72 37 2 52 

Winter oilseed rape+ Winter Pea 4 S S1 30 9 16 12 1 3 

Winter oilseed rape+ Winter Pea 4 S S2 45 12 106 26 3 47 

Winter oilseed rape+ Winter Pea 4 S S3 21 14 38 17 5 40 

Winter oilseed rape+ Winter Pea 4 S S4 23 9 87 24 6 51 

Winter oilseed rape+ Winter Pea 4 S S5 22 7 35 2 1 7 

Winter Wheat+Winter Pea 4 T T1 11 8 35 13 3 51 

Winter Wheat+Winter Pea 4 T T2 20 7 71 18 5 46 

Winter Wheat+Winter Pea 4 T T3 18 5 31 20 4 70 

Winter Wheat+Winter Pea 4 T T4 21 8 81 22 8 57 
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Winter Wheat+Winter Pea 4 T T5 20 7 72 7 4 39 

Reference Winter Pea Reference REFP REFP1 42 4 121 18 1 21 

Reference Winter Pea Reference REFP REFP2 18 1 26 12 1 17 

Reference Winter Pea Reference REFP REFP3 16 1 46 0 3 26 

Reference Winter Pea Reference REFP REFP4 14 0 34 44 2 25 

Reference Winter Pea Reference REFP REFP5 47 10 75 25 1 21 

Reference Winter oilseed rape Reference REFR REFR1 21 2 38 25 3 26 

Reference Winter oilseed rape Reference REFR REFR2 2 4 31 17 6 7 

Reference Winter oilseed rape Reference REFR REFR3 9 2 35 14 0 18 

Reference Winter oilseed rape Reference REFR REFR4 20 0 86 28 7 31 

Reference Winter oilseed rape Reference REFR REFR5 21 2 38 22 6 32 

Reference Winter Wheat Reference REFW REFW1 14 2 29 4 1 27 

Reference Winter Wheat Reference REFW REFW2 6 0 34 0 3 26 

Reference Winter Wheat Reference REFW REFW3 14 0 30 9 0 22 

Reference Winter Wheat Reference REFW REFW4 4 1 17 13 2 20 

Reference Winter Wheat Reference REFW REFW5 5 0 28 10 2 29 
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Appendix 6 

Experimental dataset showing block, strip, and plot identification, crop type (winter wheat, winter oilseed rape, and winter pea), cropping 

system, and measured crop dry biomass, grain yield, and weed dry biomass (all in kg/ha). These data were used as input variables for statistical 

analyses assessing the effects of cropping system treatments on crop performance and weed suppression. 
Block_ ID Strip 

ID 
Plot_ ID Crop with Strip 

ID 
Crop type Croping_System Weed_biomas(kg/ha) Crop_biomas 

(kg/ha) 
Grain 
yield(kg/ha) 

1 A A1 RA R SSC 692 6564 1700 
1 A A2 RA R SSC 2328 5632 1324 
1 A A3 RA R SSC 996 5362 1484 
1 A A4 RA R SSC 2032 3646 846 
1 A A5 RA R SSC 470 5590 1702 
1 A A6 RA R SSC 2258 2694 696 
1 A A7 RA R SSC 1838 5150 1286 
1 A A8 RA R SSC 2824 2088 434 
1 A A9 RA R SSC 4200 5076 1428 
1 A A10 RA R SSC 2422 4462 1158 
1 B B1 PB P SSC 4416 3812 2164 
1 B B2 PB P SSC 3824 2844 1754 
1 B B3 PB P SSC 4108 2264 1362 
1 B B4 PB P SSC 7796 2630 1590 
1 B B5 PB P SSC 4824 1124 736 
1 B B6 PB P SSC 5184 1578 906 
1 B B7 PB P SSC 5592 1944 1076 
1 B B8 PB P SSC 5958 464 350 
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1 B B9 PB P SSC 7734 3144 1828 
1 B B10 PB P SSC 4048 56 124 
1 C C1 WC W SSC 6542 6926 3406 
1 C C2 WC W SSC 1860 6228 3116 
1 C C3 WC W SSC 2138 6156 3166 
1 C C4 WC W SSC 2752 6788 3458 
1 C C5 WC W SSC 756 6892 3666 
1 C C6 WC W SSC 1392 5814 3040 
1 C C7 WC W SSC 1512 6316 3096 
1 C C8 WC W SSC 880 5796 3010 
1 C C9 WC W SSC 1058 4328 2212 
1 C C10 WC W SSC 1702 5400 2802 
1 D D1 WD W_(W+P) IC 190 5004 2654 
1 D D2 WD W_(W+P) IC 1986 2210 1146 
1 D D3 WD W_(W+P) IC 1444 4654 2406 
1 D D4 WD W_(W+P) IC 1934 3832 1912 
1 D D5 WD W_(W+P) IC 1270 4870 2568 
1 D D6 WD W_(W+P) IC 886 3090 1592 
1 D D7 WD W_(W+P) IC 1540 6130 3244 
1 D D8 WD W_(W+P) IC 1982 7450 4034 
1 D D9 WD W_(W+P) IC 808 5650 2934 
1 D D10 WD W_(W+P) IC 2288 6408 3420 
1 D D1 PD P_(W+P) IC 190 4496 2910 
1 D D2 PD P_(W+P) IC 1986 2590 1734 
1 D D3 PD P_(W+P) IC 1444 778 576 
1 D D4 PD P_(W+P) IC 1934 3488 2204 
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1 D D5 PD P_(W+P) IC 1270 1526 1058 
1 D D6 PD P_(W+P) IC 886 3096 2032 
1 D D7 PD P_(W+P) IC 1540 578 342 
1 D D8 PD P_(W+P) IC 1982 368 220 
1 D D9 PD P_(W+P) IC 808 660 392 
1 D D10 PD P_(W+P) IC 2288 3974 2542 
1 E E1 RE R_(R+P) IC 3542 842 330 
1 E E2 RE R_(R+P) IC 1142 2366 564 
1 E E3 RE R_(R+P) IC 1480 1744 276 
1 E E4 RE R_(R+P) IC 3746 332 54 
1 E E5 RE R_(R+P) IC 4796 1524 338 
1 E E6 RE R_(R+P) IC 638 3708 1030 
1 E E7 RE R_(R+P) IC 4232 2380 684 
1 E E8 RE R_(R+P) IC 0 2350 740 
1 E E9 RE R_(R+P) IC 5530 116 28 
1 E E10 RE R_(R+P) IC 7404 568 154 
1 E E1 PE P_(R+P) IC 3542 384 222 
1 E E2 PE P_(R+P) IC 1142 794 446 
1 E E3 PE P_(R+P) IC 1480 2798 1262 
1 E E4 PE P_(R+P) IC 3746 556 294 
1 E E5 PE P_(R+P) IC 4796 990 590 
1 E E6 PE P_(R+P) IC 638 3678 1186 
1 E E7 PE P_(R+P) IC 4232 1788 610 
1 E E8 PE P_(R+P) IC 0 1408 922 
1 E E9 PE P_(R+P) IC 5530 386 234 
1 E E10 PE P_(R+P) IC 7404 1030 604 
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2 F F1 WF W SSC 508 5482 2614 
2 F F2 WF W SSC 1262 7328 3414 
2 F F3 WF W SSC NA NA NA 
2 F F4 WF W SSC 1152 6496 3118 
2 F F5 WF W SSC 1656 6762 3260 
2 F F6 WF W SSC 1262 6474 3180 
2 F F7 WF W SSC 666 6702 3262 
2 F F8 WF W SSC 1540 6198 3066 
2 F F9 WF W SSC 1662 6274 3040 
2 F F10 WF W SSC 1100 6768 3350 
2 G G1 PG P SSC 4818 516 212 
2 G G2 PG P SSC 4548 98 24 
2 G G3 PG P SSC 4344 1242 576 
2 G G4 PG P SSC 5140 2554 1378 
2 G G5 PG P SSC 3614 954 446 
2 G G6 PG P SSC 4532 594 260 
2 G G7 PG P SSC 3638 358 72 
2 G G8 PG P SSC 4570 30 0 
2 G G9 PG P SSC 3042 992 448 
2 G G10 PG P SSC 6584 40 0 
2 H H1 RH R SSC 2732 3582 744 
2 H H2 RH R SSC 1900 5182 1192 
2 H H3 RH R SSC 2344 8106 1816 
2 H H4 RH R SSC 1184 2552 506 
2 H H5 RH R SSC 4390 1952 444 
2 H H6 RH R SSC 2480 6298 1514 
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2 H H7 RH R SSC 2524 4100 1016 
2 H H8 RH R SSC 2398 7066 1690 
2 H H9 RH R SSC 2788 4278 878 
2 H H10 RH R SSC 2128 4404 1094 
2 I I1 RI R_(R+P) IC 2152 8250 2264 
2 I I2 RI R_(R+P) IC 2212 928 202 
2 I I3 RI R_(R+P) IC 3922 1252 330 
2 I I4 RI R_(R+P) IC 3610 756 170 
2 I I5 RI R_(R+P) IC 2574 572 124 
2 I I6 RI R_(R+P) IC 5214 958 152 
2 I I7 RI R_(R+P) IC 5624 848 230 
2 I I8 RI R_(R+P) IC 490 2038 566 
2 I I9 RI R_(R+P) IC 1256 4006 1202 
2 I I10 RI R_(R+P) IC 6768 1370 428 
2 I I1 PI P_(R+P) IC 2152 1200 636 
2 I I2 PI P_(R+P) IC 2212 2698 1492 
2 I I3 PI P_(R+P) IC 3922 368 200 
2 I I4 PI P_(R+P) IC 3610 368 196 
2 I I5 PI P_(R+P) IC 2574 830 478 
2 I I6 PI P_(R+P) IC 5214 560 336 
2 I I7 PI P_(R+P) IC 5624 94 42 
2 I I8 PI P_(R+P) IC 490 1412 908 
2 I I9 PI P_(R+P) IC 1256 402 132 
2 I I10 PI P_(R+P) IC 6768 246 144 
2 J J1 WJ W_(W+P) IC 1846 6881 3400 
2 J J2 WJ W_(W+P) IC 1208 904 2272 
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2 J J3 WJ W_(W+P) IC 3194 3868 1746 
2 J J4 WJ W_(W+P) IC 2490 3226 1474 
2 J J5 WJ W_(W+P) IC 1918 6866 2192 
2 J J6 WJ W_(W+P) IC 2868 5802 2800 
2 J J7 WJ W_(W+P) IC 1380 8074 4144 
2 J J8 WJ W_(W+P) IC 584 6696 3990 
2 J J9 WJ W_(W+P) IC 1108 7622 3782 
2 J J10 WJ W_(W+P) IC 282 9224 5160 
2 J J1 PJ P_(W+P) IC 1846 NA NA 
2 J J2 PJ P_(W+P) IC 1208 826 462 
2 J J3 PJ P_(W+P) IC 3194 792 414 
2 J J4 PJ P_(W+P) IC 2490 1648 992 
2 J J5 PJ P_(W+P) IC 1918 1992 1168 
2 J J6 PJ P_(W+P) IC 2868 1146 610 
2 J J7 PJ P_(W+P) IC 1380 3508 1100 
2 J J8 PJ P_(W+P) IC 584 1576 902 
2 J J9 PJ P_(W+P) IC 1108 3466 1518 
2 J J10 PJ P_(W+P) IC 282 1496 932 
3 K K1 PK P SSC 4498 718 324 
3 K K2 PK P SSC 5142 1010 508 
3 K K3 PK P SSC 4344 1736 530 
3 K K4 PK P SSC 6406 630 340 
3 K K5 PK P SSC 5516 172 82 
3 K K6 PK P SSC 5822 232 108 
3 K K7 PK P SSC 5210 1190 506 
3 K K8 PK P SSC 3738 688 202 
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3 K K9 PK P SSC 4318 116 12 
3 K K10 PK P SSC 4342 380 138 
3 L L1 WL W SSC 2252 4882 2276 
3 L L2 WL W SSC 2980 6094 2782 
3 L L3 WL W SSC 1316 5822 2610 
3 L L4 WL W SSC 2894 5800 2634 
3 L L5 WL W SSC 2400 5902 2588 
3 L L6 WL W SSC 1612 5694 2706 
3 L L7 WL W SSC 1480 7184 3618 
3 L L8 WL W SSC 808 7214 3504 
3 L L9 WL W SSC 534 5142 2588 
3 L L10 WL W SSC 1278 6142 2918 
3 M M1 RM R SSC 1142 2172 442 
3 M M2 RM R SSC 2778 6764 1418 
3 M M3 RM R SSC 1502 5182 956 
3 M M4 RM R SSC 1294 2752 554 
3 M M5 RM R SSC 882 1386 264 
3 M M6 RM R SSC 4116 3698 822 
3 M M7 RM R SSC 2914 5614 1272 
3 M M8 RM R SSC 2838 6424 2132 
3 M M9 RM R SSC 470 6470 1480 
3 M M10 RM R SSC 2564 5000 1184 
3 N N1 RN R_(R+P) IC 640 4960 1328 
3 N N2 RN R_(R+P) IC 696 5668 1404 
3 N N3 RN R_(R+P) IC 3820 5012 266 
3 N N4 RN R_(R+P) IC 3142 2500 486 



77 

 

3 N N5 RN R_(R+P) IC 4722 5264 1192 
3 N N6 RN R_(R+P) IC 1058 2692 256 
3 N N7 RN R_(R+P) IC 2732 3574 324 
3 N N8 RN R_(R+P) IC 2548 3750 618 
3 N N9 RN R_(R+P) IC 1966 2472 706 
3 N N10 RN R_(R+P) IC 772 1924 302 
3 N N1 PN P_(R+P) IC 640 5624 3948 
3 N N2 PN P_(R+P) IC 696 3776 2202 
3 N N3 PN P_(R+P) IC 3820 2916 1564 
3 N N4 PN P_(R+P) IC 3142 1840 1148 
3 N N5 PN P_(R+P) IC 4722 3700 2184 
3 N N6 PN P_(R+P) IC 1058 1336 740 
3 N N7 PN P_(R+P) IC 2732 1828 1054 
3 N N8 PN P_(R+P) IC 2548 328 222 
3 N N9 PN P_(R+P) IC 1966 1568 938 
3 N N10 PN P_(R+P) IC 772 3736 2246 
3 O O1 WO W_(W+P) IC 2134 4730 2140 
3 O O2 WO W_(W+P) IC 1216 4154 1962 
3 O O3 WO W_(W+P) IC 2998 4024 1822 
3 O O4 WO W_(W+P) IC 2228 4864 1022 
3 O O5 WO W_(W+P) IC 3038 3578 1658 
3 O O6 WO W_(W+P) IC 2792 4044 1980 
3 O O7 WO W_(W+P) IC 1718 4098 1734 
3 O O8 WO W_(W+P) IC NA 2766 1402 
3 O O9 WO W_(W+P) IC 926 3352 1800 
3 O O10 WO W_(W+P) IC 1884 4130 2080 
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3 O O1 PO P_(W+P) IC 2134 2722 1560 
3 O O2 PO P_(W+P) IC 1216 2784 1636 
3 O O3 PO P_(W+P) IC 2998 1168 686 
3 O O4 PO P_(W+P) IC 2228 2200 1074 
3 O O5 PO P_(W+P) IC 3038 3648 2226 
3 O O6 PO P_(W+P) IC 2792 4056 2288 
3 O O7 PO P_(W+P) IC 1718 888 316 
3 O O8 PO P_(W+P) IC NA 912 550 
3 O O9 PO P_(W+P) IC 926 2996 1972 
3 O O10 PO P_(W+P) IC 1884 1782 1142 
4 P P1 PP P SSC 6070 186 54 
4 P P2 PP P SSC 4440 594 266 
4 P P3 PP P SSC 2708 508 214 
4 P P4 PP P SSC 2966 528 234 
4 P P5 PP P SSC 2336 1632 956 
4 P P6 PP P SSC 2806 548 272 
4 P P7 PP P SSC 2952 528 280 
4 P P8 PP P SSC 3272 1312 844 
4 P P9 PP P SSC 3416 1224 736 
4 P P10 PP P SSC 2768 444 144 
4 Q Q1 RQ R SSC 1292 1864 382 
4 Q Q2 RQ R SSC 2524 2634 562 
4 Q Q3 RQ R SSC 2170 2474 614 
4 Q Q4 RQ R SSC 3106 1068 128 
4 Q Q5 RQ R SSC 2970 1050 234 
4 Q Q6 RQ R SSC 3000 1506 260 
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4 Q Q7 RQ R SSC 2924 1066 274 
4 Q Q8 RQ R SSC 2950 1152 240 
4 Q Q9 RQ R SSC 1816 3040 816 
4 Q Q10 RQ R SSC 3832 1330 332 
4 R R1 WR W SSC 1814 5176 2570 
4 R R2 WR W SSC 2094 3578 2002 
4 R R3 WR W SSC 1814 5142 2340 
4 R R4 WR W SSC 1436 5662 2460 
4 R R5 WR W SSC 1014 3068 1526 
4 R R6 WR W SSC 1226 4468 2116 
4 R R7 WR W SSC 600 4636 2172 
4 R R8 WR W SSC 864 3812 1852 
4 R R9 WR W SSC 606 4338 2168 
4 R R10 WR W SSC 998 5336 2600 
4 S S1 RS R_(R+P) IC 3156 2782 704 
4 S S2 RS R_(R+P) IC 3290 290 90 
4 S S3 RS R_(R+P) IC 6242 1784 450 
4 S S4 RS R_(R+P) IC 3622 570 114 
4 S S5 RS R_(R+P) IC 3606 1848 398 
4 S S6 RS R_(R+P) IC 434 288 58 
4 S S7 RS R_(R+P) IC 3654 790 76 
4 S S8 RS R_(R+P) IC 1800 1986 556 
4 S S9 RS R_(R+P) IC 1580 614 74 
4 S S10 RS R_(R+P) IC 1518 1244 178 
4 S S1 PS P_(R+P) IC 3156 4882 3118 
4 S S2 PS P_(R+P) IC 3290 2792 1684 
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4 S S3 PS P_(R+P) IC 6242 2376 1412 
4 S S4 PS P_(R+P) IC 3622 2520 1504 
4 S S5 PS P_(R+P) IC 3606 2698 1550 
4 S S6 PS P_(R+P) IC 434 3814 2150 
4 S S7 PS P_(R+P) IC 3654 2508 1908 
4 S S8 PS P_(R+P) IC 1800 2512 1528 
4 S S9 PS P_(R+P) IC 1580 1182 752 
4 S S10 PS P_(R+P) IC 1518 700 282 
4 T T1 WT W_(W+P) IC 2050 2080 1048 
4 T T2 WT W_(W+P) IC 1572 1500 712 
4 T T3 WT W_(W+P) IC 508 1336 742 
4 T T4 WT W_(W+P) IC 580 2480 1276 
4 T T5 WT W_(W+P) IC 1452 2304 1176 
4 T T6 WT W_(W+P) IC 1360 1300 652 
4 T T7 WT W_(W+P) IC 980 1784 878 
4 T T8 WT W_(W+P) IC 746 2490 1282 
4 T T9 WT W_(W+P) IC 1280 2394 1274 
4 T T10 WT W_(W+P) IC 194 1996 972 
4 T T1 PT P_(W+P) IC 2050 778 456 
4 T T2 PT P_(W+P) IC 1572 2060 1172 
4 T T3 PT P_(W+P) IC 508 6106 2764 
4 T T4 PT P_(W+P) IC 580 3806 2244 
4 T T5 PT P_(W+P) IC 1452 1972 1146 
4 T T6 PT P_(W+P) IC 1360 2644 1702 
4 T T7 PT P_(W+P) IC 980 5582 3320 
4 T T8 PT P_(W+P) IC 746 0 0 
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4 T T9 PT P_(W+P) IC 1280 2140 1496 
4 T T10 PT P_(W+P) IC 194 2828 1646 
Ref_Pea Ref_P P_Ref1 P_Ref Ref_P Ref 3412 1420 764 
Ref_Pea Ref_P P_Ref2 P_Ref Ref_P Ref 3124 2266 748 
Ref_Pea Ref_P P_Ref3 P_Ref Ref_P Ref 3018 1134 386 
Ref_Pea Ref_P P_Ref4 P_Ref Ref_P Ref 4252 1030 552 
Ref_Pea Ref_P P_Ref5 P_Ref Ref_P Ref 3012 3160 740 
Ref_Rape Ref_R R_Ref1 R_Ref Ref_R Ref 2240 2438 508 
Ref_Rape Ref_R R_Ref2 R_Ref Ref_R Ref 1706 2896 604 
Ref_Rape Ref_R R_Ref3 R_Ref Ref_R Ref 992 3468 728 
Ref_Rape Ref_R R_Ref4 R_Ref Ref_R Ref 2430 3058 742 
Ref_Rape Ref_R R_Ref5 R_Ref Ref_R Ref 986 6280 1548 
Ref_Wheat Ref_W W_Ref1 W_Ref Ref_W Ref 372 3952 1944 
Ref_Wheat Ref_W W_Ref2 W_Ref Ref_W Ref 700 3414 1746 
Ref_Wheat Ref_W W_Ref3 W_Ref Ref_W Ref 392 3428 1734 
Ref_Wheat Ref_W W_Ref4 W_Ref Ref_W Ref 1364 3488 1710 
Ref_Wheat Ref_W W_Ref5 W_Ref Ref_W Ref 308 5252 2800 
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2. Background
• Skåne, Southern Sweden is well 

known by its agricultural 
production potential. Due to its 
fertile soil and longest growing 
season, it covers nearly 60% of 
the total country’s arable land. 

• Despite its potential, crop 
production, in Skåne has become 
dominated by Sole cropping 
system. Mainly winter wheat, 
barley, oats, sugar beet, and 
oilseed rape.

• Over this the production system 

A FACT SHEET AIMED TOWARDS 
SOLE CROP PRODUCERS.

1. Introduction
• Farming is the foundation of 

sustained human existence and the 
global economy by providing the 
world with vital commodities such 
as food, raw materials, and energy. 

• However, producing sole crop and 
using too many chemicals has 
become affecting soils health, 
biodiversity loss, increase 
production costs, and harm the 
environment. 

• To keep farming productive and 
profitable, it needs sustainable crop 
production system that protect soil 
health, enhance beneficial insects, 
and reduce reliance on external 
chemical inputs. Which is 
diversified cropping system.

• Is highly reliance on intensive 
external agrichemical inputs.

• Due to this biodiversity loss, 
soil nutrient depletion, and 
nutrient leaching has become 
problems.

• This situation highlights the 
need for more sustainable, 
resilient, and diversified 
cropping systems that doe not 
rely on external agrochemical 
inputs while maintaining 
productivity.

• One of the promising 
practices to reduce the 
negative impact of sole 
cropping is intercropping (IC).

• Based on this we tested this 
cropping system using winter 
wheat, winter oilseed rape 
and winter pea crops.

2.1. Why intercropping?
• Intercropping (IC) is the 

technique of growing two or 
more crops together at a time 
in the same farm.

• Intercropping helps farmers by 
improving soil health, boosting 
beneficial insects, reducing 
weeds, enhancing nutrient 
cycling, increasing land-use 
efficiency, and raising overall 
yield while lowering input 
costs and total grain yield 
risks.

3. What we tested?
• Intercropping crop production system  

was tested if  it could be:
1. Enhance beneficial insects that 

helps to control pests.
2. Reduce weeds.
3. Improve crop growth and maintain 

or increase grain yields than sole 
strips or sole cropping systems 
while using fewer input with no 
chemical spray.

• Sole Strip Cropping (SSC):Means 
growing one crop per strip in the 
same field. Each strip is managed 
separately in the same farm at the 
same time.

• Sole Cropping (Ref):  Means
Growing only one crop at a time in a 
give farmland. 

• The research was conducted at 
Lönnstorp, Skåne research center on 
2023/2024 crop production year.

Figure 1. The three cropping systems 
tested in this study. 
3.1. Practical steps
Table1. Land preparation and sowing 
dates
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Abbreviations
• SSC-R=Sole strip winter Oilseed Rape
• SSC-W=Sole strip winter Wheat
• SSC-P=Sole strip winter Pea
• IC-R+P=Winter Pea + winter Oilseed Rape

DetailsActivity
Up to 20 cm, then leveledSoil tillage
Winter Oilseed rape: 26–27 
Aug 2023

Winter pea & Wheat: 28 
Sep 2023

Sowing 
dates

• IC-W+P=Winter Wheat + winter Pea
• Ref-W=Winter wheat on uniform plot
• Ref-P=Winter Pea uniform plot
• Ref-R=winter Oilseed Rape uniform plot



How we tested…

4. Key Findings
4.1. Beneficial insects
• Intercropping of winter wheat

with winter pea increased
about 162% more beneficial
insects as compared with
sole cropping (Ref) and 43 %
from sole strip cropping
(SSC).

• This helps for biological pest
control and reduces the need
for agro chemical use.

Figure 3. The three beneficial 
insects collected during this 
study were compared for their 
abundance across the three 
cropping systems.

4. 2. Weed suppression 
• Intercropping winter pea with winter 

wheat reduced weed growth by 66%,
• mainly due to strong canopy cover 

soil shading that slowed weed 
growth and nutrient competions. 

Figure 5. Weed biomass across
cropping types. Orange bars =
Reference (Ref), representing the
common farming system with single
crops. Blue bars = Sole strip cropping
(SSC), where a single crop is planted in
wide strips. Green bars = Intercropping
(IC), where two crops are grown
together.
4.3. Crop Vegetative growth 
(biomass)
• Winter pea intercropped with  winter 

wheat  indicated more benefited from 
in intercropping system.
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Row DistanceCrop
50 cmOilseed rape
12.5 cmWheat & Pea

Table 2. The planting distance
between crops.

Planting MethodCombination
Between rowsPea + Oilseed 

rape
Alternating rowsWheat + Pea

Table 3. The intecropped crop 
combinations and planting 
metheds 

Seeds/m²CropSystem
50Oilseed rape

Sole Crops 60Pea
300Wheat

50 + 60Oilseed rape 
+ Pea

Intercrops

150 + 30Wheat + Pea

Table 4. The seed density within
the different cropping systems

DetailsInput
• Biofer (10:3:1 N:P:K)

• 50 kg/ha

Fertilizer

• None usedChemicals

Table 5. The type and amount of
input used.

Figure 2. The actual site where we 
tested the three cropping systems.

Figure 4. Beneficial insect abundance
across the three cropping types. Red
bars = Reference (Ref), representing
the common farming system with only
single crop in the given plot. Blue bars
= Sole strip cropping (SSC), where a
single crop is planted in wide strips.
Green bars = Intercropping (IC).

Figure 6. Winter pea gained higher
biomass when intercropped with winter
wheat, even at 50% lower seeding
density. Winter wheat biomass
remained stable across treatments,
while winter oilseed rape showed
reduced competitiveness in intercrops.

Abbreviations
• SSC-R=Sole strip winter Oilseed Rape
• SSC-W=Sole strip winter Wheat
• SSC-P=Sole strip winter Pea
• IC-R+P=Winter Pea + winter Oilseed Rape

• IC-W+P=Winter Wheat + winter Pea
• Ref-W=Winter wheat on uniform plot
• Ref-P=Winter Pea uniform plot
• Ref-R=winter Oilseed Rape uniform plot



Key findings…

4.4. Grain yields
• Winter Wheat and winter oilseed rape sometimes 

produced higher yields when grown alone, while 
winter peas performed much better in intercrops.

• Winter pea increased by up to 240% in 
intercropped with winter wheat compared to when 
grown alone. Figure 7 below presents the 
comparison among the crops individual results 
across cropping systems. 

www.slu.se

6. Recommendations
• Start with wheat + pea intercropping this
combination gave better results for weed control,
beneficial insects, and pea grain more yield.
• Reduce fertilizer use when peas are included, since
peas fix nitrogen naturally.
• Plant in intercropped rows so crops can complement
each other: wheat helps suppress weeds, and peas
add nitrogen to the soil.
• Use intercrops to manage weeds naturally; if weed
pressure is high, combine with mechanical weed
control.
• Expect stable or slightly lower yields in wheat and
oilseed rape, but much higher yields in peas.
• Begin small test intercropping on part of your land

before expanding to the whole farm.

Figure 7. Grain yield under different cropping
systems. Winter peas indicated more benefited
when intercropped with winter wheat and winter
wheat also achieved 75% of its sole strip cropping
system. Both winter pea and winter wheat were at
50% seeding density.
5. Conclusion
• This study indicates that intercropping Better for 
nature and crops:
• Improves both soil health and crop performance.
• More helpful insects: Winter wheat and winter
pea grown together had many more beneficial 
insects than fields with only one crop.
• Fewer weeds: Weed growth was cut by about
two-thirds compared with pea grown alone.
• Good yields: Winter Pea yields increased. Wheat
yields stayed stable even with 50% seeding density. 
Oilseed rape didn’t perform as well when mixed.
In summary Intercropping supports, protects soil 
health, conserves biodiversity, reducing reliance on 
chemical fertilizers, pesticides and builds resilience 
for long-term farming.

Abbreviations 
• SSC-R=Sole strip winter Oilseed Rape
• SSC-W=Sole strip winter Wheat
• SSC-P=Sole strip winter Pea
• IC-R+P=Winter Pea + winter Oilseed Rape

• IC-W+P=Winter Wheat + winter Pea
• Ref-W=Winter wheat on uniform plot
• Ref-P=Winter Pea uniform plot
• Ref-R=winter Oilseed Rape uniform plot

Take-Home 
Message 

Benefit of 
intercropping

Lower Costs- by 
reduce 

chemical need

Reduce 
Weeds-By 

Better ground 
cover 

Enhance Beneficial 
Insects- use for 

natural pest control

Better Soil Health-
Improve soil 

structure and 
nutrient balance

Sustainable 
Yields-over 

time

Figure 8. Key Benefits of Intercropping
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