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Foreword 
This thesis, “Analysis of Weed Seed Bank Dynamics Across Four Different 
Cropping Systems in Southern Sweden”, stands as a milestone in my journey as a 
student of agroecology at the Swedish University of Agricultural Sciences (SLU). 

Coming from Nepal, a country where agriculture has long been the backbone of the 
economy and society, I have always been interested in how farming systems 
influence not only crop production but also the environment and the livelihoods of 
people. For generations, a majority of Nepalese people were engaged in farming, 
but in recent years, the numbers have been declining as many young people choose 
to migrate abroad in search of opportunities. This change poses both a challenge 
and a question how can agriculture be made more resilient, attractive, and 
sustainable for future generations? 

With a background in agricultural sciences from India, and now have the chance to 
study agroecology in Sweden. I have been able to connect different perspectives, 
from traditional farming in South Asia to innovative and sustainable systems in 
Europe. For me, agriculture is not only about producing food but also about 
sustaining ecosystems and communities, where even weeds reveal how farmers 
adapt and how resilient their systems can be. 

This work reflects not only my academic growth but also my personal journey 
crossing borders and cultures, learning to adapt, and discovering the common 
threads that connect farmers from Nepal to Sweden. It is my hope that the findings 
here will contribute, even in a small way, to building agricultural systems that are 
more sustainable, diverse, and in harmony with both people and nature. 
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Abstract  

Weed seed banks represent a critical component of agricultural ecosystems, influencing both current 
weed pressure and the long-term resilience of cropping systems. This study investigated the 
dynamics of weed seed banks across four contrasting cropping systems (conventional, organic, 
agroforestry, and perennial (Kernza-based), within the SITES Agroecological Field Experiment 
(SAFE) at Lönnstorp Research Station, southern Sweden. Soil samples were collected from 16 field 
plots and analyzed under controlled greenhouse conditions to quantify weed seedling emergence, 
species richness, diversity, and evenness. 

A total of 3,034 weed seedlings belonging to 40 species were identified across all systems. The 
results showed that cropping systems play a major role in shaping the composition and balance of 
the weed seed bank. Conventional and organic systems had the highest weed abundance, while 
perennial plots had the lowest, which reflected the benefit of continuous ground cover and limited 
soil disturbance. The organic system contained more weed species overall, but it was heavily 
dominated by a few fast-growing weeds such as Chenopodium album, which reduced the evenness 
of the community. Agroforestry plots maintained a moderate number of weeds with relatively 
balanced diversity, suggesting that mixed vegetation and shade can help regulate weed growth. 

Overall, the perennial system developed the most stable and evenly distributed weed community, 
while the conventional and organic systems showed clear trade-offs between productivity and 
ecological balance. The findings indicate that long-term weed management is not only about 
reducing weed numbers but also about creating resilient and diverse seed bank communities. The 
broader implication is that integration, rather than reliance on any single approach, may offer the 
most viable pathway toward sustainable weed management, balancing productivity, biodiversity, 
and environmental health.  

Keywords: weed seed bank, perennial system, agroforestry system, organic system, conventional 
system, long-term weed management. 
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Abbreviations 
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1. Introduction 

 
Weeds are one of the most significant and costly challenges in agricultural 
ecosystems, competing with crops for nutrients, water, and sunlight. One of the 
most important factors affecting weed emergence on fields is the weed seed bank 
(Daouti, 2021). It is a long-term weed species reservoir and its density and 
composition can have permanent impacts on future crop production and weed 
management requirements. 

In traditional farming systems, weed management is primarily done using chemical 
herbicides and tillage. Although effective in the short run, these are known to cause 
environmental degradation, herbicide-resistant weeds, and soil structural and 
biodiversity loss (Ofosu, 2023).  

In contrast, agroecological systems, including organic farming, perennial crops, and 
agroforestry, emphasize ecological equilibrium and natural processes rather than 
chemical inputs (Rosati, Borek, and Canali, 2021). These systems are more and 
more promoted based on their sustainability advantage, yet their capacity for long-
term weed control, especially at the soil seed bank level, is not as well understood. 
Organic farming systems depend on crop rotation, hand weeding or mechanical 
weeding, and adding organic matter, which can suppress weed infestations by 
competition and soil health enhancement (Mwangi et al., 2024).  

Perennial-based systems with crops that endure for several years have continuous 
ground cover and root presence, which could limit the emergence of weeds by 
causing minimal disturbance (Shoenberger, 2022). Agroforestry systems, which 
combine trees and crops, further enhance system complexity by changing 
microclimates, shading regimes, and soil conditions, which could inhibit some 
weed species while benefiting others. 

Moreover, Sweden has been a frontrunner in organic agriculture, with 
approximately 20% of its agricultural land certified as organic in 2023 
(Jordbruksverket, 2023). The government plans to increase this to 30% by 2030, as 
part of larger EU sustainability objectives (Yara, 2024).  Significantly, the 
Sörmland district was in 2024 declared the EU's most organic bio-district, yet again 
indicating Sweden's dedication to organic farming (CoR News, 2024). 
Additionally, 30 years of organic cultivation showed that plant species richness was 
twice that in conventional farms, according to a study from Lund University, 
highlighting the long-term biodiversity advantage of organic farming (Romain 
Carrié, Smith and Johan Ekroos, 2024).  
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Although sustainable agriculture has become increasingly popular, few research has 
addressed how these alternative systems affect weed seed bank composition and 
weed pressure. In order to more effectively design farm systems to restrict the use 
of chemical inputs but maintain productivity and environmental integrity, an 
understanding of the differences in the dynamics of the weed seed banks among 
cropping systems is essential. Through assessing diversity and density of weed seed 
banks in such systems, the present study aims to provide useful inputs for 
developing sustainable weed management strategies for agriculture today. 

Previous studies have examined weed seed banks under conventional and organic 
management, but these have often focused on single systems or short-term effects. 
For instance, Benvenuti et al. (2021) reported that organic systems can sustain 
greater diversity of weed seeds, while Nath et al. (2024) showed that extensive 
herbicide use in conventional systems promotes herbicide-resistant species. Recent 
work by Uduwalage (2024) conducted in the SITES Lonnstorp is particularly 
relevant, as it assessed weed seed bank dynamics in two organic crop rotations. 
That study identified 24 weed species, with Chenopodium album, Veronica 
arvensis, Stellaria media, and Sonchus asper as dominant, and showed that 
intercropping could influence weed diversity within specific crops but did not 
significantly alter total weed abundance or seed bank dynamics. While such 
research provides insights, there is still a lack of comparative studies that evaluate 
weed seed banks across multiple contrasting farming systems. 

 

1.1 Research aim 
This study aims to understand how four different cropping systems, agroforestry, 

organic, conventional, and perennial systems, affect the formulation of weed seed 
banks in order to determine the most viable options that can be used in ensuring 
that weed populations are managed in a sustainable manner. 

Two specific research questions set out to fulfil the study aim are, 
 

1. How do the four cropping systems (conventional, organic, perennial, and 
agroforestry) influence the weed seedbank in terms of species composition, 
abundance, richness, evenness, and overall diversity? 

2. What do the observed differences in the weed seedbank dynamics across these 
cropping systems suggest about their potential for long-term weed management? 
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2 Background 

2.1 Variations in Weed Seed Bank Composition across Cropping 
Systems 
Weed seed bank composition differs widely across diverse cropping systems and 
depends on management, crop type, soil tillage, and ecologically mediated 
interactions. Such differences provide the foundation for implementing effective, 
system-specific weed management techniques that are in harmony with sustainable 
agriculture. 

2.1.1 Conventional and Organic Systems 
In conventional cropping systems, the use of synthetic herbicides, high-intensity 
tillage, and monoculture crops is likely to lead to reduced weed diversity but 
promote dominance by herbicide-resistant or disturbance-tolerant species. 
According to Nath et al. (2024), extensive reliance on herbicides has caused 
worldwide surges in the numbers of populations of herbicide-resistant weeds. These 
systems will tend to produce low weed seed banks, which will first suppress weed 
problems but might produce long-term sustainability issues due to the development 
of resistance and loss of biodiversity. 

Organic farming systems rely on mechanical weeding, crop rotation, and biological 
interactions. These systems tend to promote a richer weed flora as a result of 
minimised chemical disturbance. Nevertheless, Benvenuti et al. (2021) indicate that 
organic systems can sustain greater diversity of weed seeds, but strategic 
management like stale seedbed preparation can reduce seed bank size without 
compromising biodiversity. The diverse rotation of crops and cover cropping that 
is typical in organic production also affects weed species mix and dormancy 
patterns. However, organic approaches can be labour-intensive, often requiring 
more time and resources for weed management, and may also result in lower yields 
compared to conventional systems. Conversely, conventional systems that rely 
heavily on herbicides are less labour demanding and can achieve short-term 
productivity, but they risk environmental drawbacks such as herbicide resistance, 
reducing biodiversity, and potential negative impacts on soil (Fess and Benedito, 
2018). 

2.1.2 Perennial and Agroforestry Systems 
Perennial cropping systems, such as those employing kernza or other deep-rooted 
species, present distinct ecological dynamics compared with annual systems. Due 
to minimal soil disturbance and continuous ground cover, these systems generally 
maintain lower total weed seed densities (Peixoto et al., 2022). Similarly, Sharma 
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et al. (2022) report that perennial crops modify canopy structure and microclimatic 
conditions, reducing light availability and thus limiting the germination and 
reproductive success of many annual weed species. Such environmental changes 
can also select for weed species with extended dormancy or alternative survival 
strategies, gradually reshaping community composition. However, as weeds adapt 
to the prevailing management context, perennial systems may favour the 
persistence and proliferation of perennial weed species capable of enduring reduced 
disturbance and sustained vegetative cover (Radosevich, Holt, and Ghersa, 2007). 

Agroforestry systems add structural complexity by combining trees and crops. 
Multi-layered vegetation structure affects soil moisture, light, and nutrient cycling, 
all of which impact weed seed bank composition. Previous studies, such as Gallandt 
(2006) and Kulkarni et al. (2015), suggest that such systems produce a more 
heterogeneous environment, which may suppress dominance by aggressive annual 
weeds and foster native species balance. Roots of trees and litter material can also 
inhibit weed emergence through the physical and chemical barrier effects. 

2.1.3 Ecological Factors Shaping Weed Seed Bank Dynamics 
According to the perspective of Friedman (2020), one of the key aspects specifying 
these distinctions is the weed life-history strategy, whether or not a weed species is 
an annual, biennial, or perennial, coupled with the disorder regime of the cropping 
system. For instance, systems like conventional agriculture with high levels of soil 
tillage will support rapidly germinating annual species like Amaranthus retroflexus 
and Chenopodium album, which can quickly colonize disturbed ground. In contrast, 
Favrelière et al. (2020) stated that low-disturbance systems like perennial or 
agroforestry setups may select for perennial weed species or those with more 
persistent seeds, such as Cirsium arvense or Taraxacum officinale, which possess 
greater seed dormancy and can survive in deeper soil layers. Nevertheless, Pullens 
et al. (2021) advocated that cropping system legacy effects, the persistent effect of 
extended management, also become important. Long-standing organic or 
agroforestry systems have weed seed banks representative of decades of ecological 
succession and filtering of species. Based on the viewpoint of Siedt et al. (2021), 
soil microbial communities within organic systems affect seed germination rates 
and weed suppression, resulting in a more dynamic but frequently stable weed seed 
bank. However, the composition and behavior of the weed seed bank also shift with 
the seasons and with how well cover crops survive. As an instance, perennial 
systems provide near permanent ground coverage, thereby inhibiting the range in 
which the seeds can live and exercise the photoblastic or light-sensitive properties. 
Agroforestry systems, particularly when managed using deciduous species, have 
gaps in their canopy by season, which has the capacity to potentially influence the 
timing and herbaceous compositions of weed species emerging and create a 
temporal niche diversification within the seed bank (Tian et al., 2023). 
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Allelopathic effects that involve certain species of plants leaving some kind of 
chemicals that affect the germination process in other plants near them also 
contribute towards changes in species in weed seed banks. Agroforestry systems, 
according to the opinion of Sobock et al. (2022), typically include such species as 
Juglans nigra or black walnut, or Populus spp., producing allelochemicals, thus 
determining which of the weed seeds proceeds to live or to stay hidden in the soil 
matrix. On the other hand, Bhaduri et al.  (2022), soil health indicators like organic 
matter content, microbial diversity, as well as nutrient cycling differ considerably 
between systems and even restrain weed seed bank dynamics. Organic matter and 
microbial high levels in organic and agroforestry systems would potentially 
increase weed seed decay or predation. The application of synthetic chemicals in 
conventional systems would lower soil biota that naturally regulate seed bank size, 
resulting in longer seed persistence and lower degradation. 

Overall, these cropping systems organise the weed seed bank in a different way. 
The shift from intensive, homogeneous to diverse, ecologically based ones 
promotes a more stable and resilient weed community (Liebman et al., 2021). 
Knowledge of these differences enables scientists and practitioners to choose 
cropping systems for productivity but also sustainability potential under 
consideration for weed management. 

2.2 Agroecological Practices and Their Role in Weed Suppression   
Sustainable ways of farming are environmentally beneficial since they lower water, 
energy use, and emissions, and boost the amount grown and the health of the soil. 
However, Shah et al. (2021) stated that adopting these ways results in more weeds 
and leads to increased labor needs, which lowers the chances of farmers using them. 
Trying the wider spacing method in the System of Rice Intensification (SRI) can 
help by inhibiting weed growth and boosting plants’ quality.  

For example, Boutagayout et al. (2023) mention that 2 to 4 million tons of 
pesticides are used around the world annually, and sometimes they are misused and 
cause harm to the planet. There are particular concerns with water being turned 
unsafe and the fact that less than 0.1% of insects are killed. They damage 
biodiversity by hurting other parts of the ecosystem and interrupting the life cycle 
of helpful insects. Storing chemicals in their bodies and reacting with other 
chemicals raises the consequences for animals even more. Managing weeds, which 
lead to misfortune against the crops chemicals we use cause both drops in yield and 
substantial economic damage. 

2.2.1 Conservation Agriculture and Policy Context 
According to Cordeau (2022), Conservation Agriculture (CA) depends on three 
important elements: crop diversification, permanent soil cover with organic matter, 
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and minimal or no tillage. Crop diversification typically involves rotating at least 
three different crops, while soil cover requires maintaining over 30% ground 
coverage after planting. Reduced tillage is defined as limiting soil disturbance to 
less than 15cm depth. In the United States, concerns about land erosion were 
already raised in the 1930s, which led the Soil Conservation Service to recommend 
soil conservation methods. Initially, these practices were difficult to implement, but 
advances such as new herbicides and seeder designs later made reduced tillage 
farming more feasible and effective for weed suppression. 

Boinot, Alignier, and Storkey (2024) further note that by 2030, initiatives such as 
the European Green Deal and Farm to Fork strategy aim to reduce pesticide use 
within the EU, compelling farmers to explore alternative weed control strategies. 
One such approach is the Association Weight Matrix (AWM), a landscape-level 
management tool that promotes crop and plant diversity while reducing reliance on 
herbicides. By encouraging practices such as crop switching and intercropping, 
AWM helps maintain a balanced weed community and prevent excessive spread of 
aggressive species, thereby supporting both agricultural productivity and ecosystem 
stability. 

2.3 Sustainable Weed Management Strategies in Diverse Farming 
Systems 

2.3.1 Conventional and Organic Approaches 

The dominant strategy in conventional cropping systems is to depend on herbicides 
to manage weeds. According to Maqsood et al. (2020), weed seed banks are 
massively disturbed by intensive monocropping, high chemical input, and 
mechanical tillage, often reducing weed emergence in the short term. But when this 
strategy is employed, herbicides often stimulate resistance in weeds and cause shifts 
in weed species composition. Repeated applications of herbicide can select species 
with resistance traits based on several studies, and these species require higher 
dosages or alternate herbicides (Maqsood et al. 2020). Deep ploughing that buries 
and delays the germination of seeds is a further characteristic of conventional 
systems, but it prolongs seed viability. 

Organic farming systems, by contrast, deliberately avoid synthetic herbicides and 
instead depend on cultural, mechanical, and biological strategies for weed 
suppression. According to Sabal et al. (2024), organic systems often foster greater 
biodiversity and healthier soils due to reduced chemical disturbance. Yet, this 
ecological advantage comes with challenges: higher weed pressure, greater labor 
demands, and difficulties in management. Controlling the seed bank in such 
systems requires a combination of crop rotation, cover cropping, and manual or 
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mechanical weeding. While these methods can be effective, they are often time-
intensive and require considerable knowledge and planning on the part of farmers. 

2.3.2 Technological and Reduced-Tillage Strategies 

Technological advances are gradually reshaping weed management in modern 
agriculture. Vijayakumar et al. (2025) argue that innovations such as precision 
agriculture, remote sensing, and AI-driven weed detection tools provide targeted 
control options that minimize inputs while maximizing efficiency. These 
approaches are especially valuable in reducing reliance on herbicides and extending 
the sustainability of cropping systems, where non-chemical strategies are critical 
(Sabal et al., 2024). For example, GPS-guided sprayers can deliver herbicides only 
to infested patches, lowering chemical use and protecting beneficial plant species 
(Hunter III et al., 2020). On the other hand, Sabal et al. (2024), argued that 
diversified crop rotations break the lifecycle of weeds, as well as reduce certain 
seed populations. Though very labour-intensive, these methods improve soil 
structure and microbial diversity and have a natural weed-suppressive ability. With 
high accuracy, robotic weeders promise non-chemical control, which is especially 
useful in organic and reduced tillage systems. Field trials over 25 hectares of 
farmland show that spraying robots have cut herbicide use by about 35% and 
achieved 97% weed control efficacy compared to conventional broadcast sprayers 
(Azghadi et al. 2025). Furthermore, data-driven forecasting models can enable 
farmers to predict weed emergence patterns and apply appropriate measures at 
appropriate times (Marschner et al. 2024). Introducing technology can help farmers 
to integrate ecological principles with their management decision-making, to be 
more efficient and to maintain as good as possible, which can reduce the long-term 
persistence of weed seed banks. 

Systems of reduced tillage, such as no-till and strip-till, have become popular due 
to the benefits of soil conservation. This makes weed seeds stay near the surface, 
so the germination is also quick. According to Muni Kumari and Durge (2024), 
Preemergent herbicides and mulching techniques are the major tools of weed 
management in these systems. Integrated practices are necessary when such 
systems have reduced the burial of seeds, resulting in increased surface seed bank 
density. Low-tilled systems can also help retain much moisture and sequester 
carbon, which can have indirect implications in weed control (Hussain et al. 2021). 
For example, in the US Midwest, no-till maize systems increased soil moisture by 
15% and reduced weed emergence by 30%. The key to managing this challenge is 
a hybrid strategy that combines chemical and alternative weed controls to keep in 
line with the soil health objectives. 
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On the other hand, Vijayakumar (2024), stated that the prevention of weed seed 
return is a critical part of sustainable weed management in all systems. Limiting the 
replenishment of the seed bank can be achieved successfully regardless of the 
cropping method if weeds are prevented from maturing into reproductive form. 
Crop topping, clean harvesting, and the use of seed destructors during harvest are 
on the rise (Chaudhary, Chhokar, and Singh, 2022). Stale seedbed techniques, 
which allow weed seeds to germinate and then be destroyed, are also good at 
reducing viable seed banks. When combined in a variety of systems, these methods 
can add up and reduce the persistence and emergence of seeds in subsequent 
seasons. 

2.3.3 Integrated Weed Management (IWM) 

Integrated cropping systems use the best from conventional, organic, and reduced 
tillage practices for optimal weed control. According to Gao and Su (2024), plant 
production systems tend to use Integrated Weed Management (IWM) systems, 
which often employ crop rotation, mechanical weed control, the use of herbicides 
selected for their target activity, and the use of natural biological weed control tools, 
such as host-specific fungal pathogens or insects. A key feature is adaptability, in 
that weed control and crop-based strategies are adjusted based on weed species 
present, crop growth stage, and environmental conditions. For example, reducing 
both seed bank input and weed emergence can be achieved through timely tillage 
in conjunction with competitive crop varieties and selective herbicides (Zamljen, 
Rovanšek and Leskovšek, 2024). While this system demands higher management 
skills, it can be very effective in reducing the long-term accumulation of weed seed 
banks without compromising high impacts on weed pressure. 

Nevertheless, Kocira et al. (2020) stated that weed ecology and seed bank dynamics 
must be understood to complete and tailor strategies across farming systems. Weed 
species have differences in seed dormancy, germination triggers, and seed longevity 
depending on soil type, soil moisture, and temperature. As one example, shallow 
tillage can promote the germination of light-sensitive seeds, which can be managed 
by surface treatment (Petrikovszki et al. 2020). Just as there are specific rotations 
(legumes or small grains) that will also change canopy structure and reduce light 
availability through to emerging weeds. Instead, farmers can make use of ecological 
knowledge to design cropping systems that naturally suppress weed establishment 
so as to decrease reliance on external inputs. 

2.4 Regional Perspectives on Weed Seed Bank Dynamics 
Research from different regions has shown how cropping systems can shape weed 
communities in ways that are very relevant for this study. In Scandinavia, for 
instance, perennial weeds such as Cirsium arvense and Elymus repens often flourish 
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in conventional systems where tillage is frequent and rotations are dominated by 
cereals (S. Håkansson, 2003). Similarly, organic systems that rely heavily on 
cereals and frequent tillage may also experience problems with these perennial 
weeds due to the lack of competitive perennial leys and repeated soil disturbance 
(Grosse, Haase and Heß, 2021). By contrast, organic systems that include grass-
clover leys tend to suppress these perennials and support a broader mix of weed 
species (Björn Ringselle et al., 2018; Salonen, Koppelmäki and Känkänen, 2017; 
Gruber and Claupein, 2009). Across Northern Europe, organic systems generally 
support higher weed species richness compared with conventional systems 
(Hyvönen et al., 2003). However, weeds such as Chenopodium album often remain 
abundant in organic systems where nitrogen availability is high, indicating that 
diversified rotations and careful nutrient management are needed to prevent their 
dominance (Jäck, Ajal and Weih, 2021). 

Evidence from North America tells a similar story. In Minnesota, Culman et al. 
(2013) found that perennial grains such as Kernza provided year-round soil cover, 
which reduced weed emergence and stabilized soil biology. In Nebraska, Wortman 
et al. (2012) demonstrated that including cover crop mixtures in organic systems 
helped suppress annual weeds while still maintaining species richness, much like 
the results seen in Scandinavian organic farms. Agroforestry has also been studied 
in the U.S., where Jose (2009) showed that alley cropping and silvopastoral systems 
reduced the germination of light-demanding weeds by altering shade and soil 
microclimates. These examples underline how diversified and low-disturbance 
systems can naturally regulate weed populations in temperate climates. 
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3  Materials and Methods 

 

3.1 Site description 
This study was carried out at the SITES Agroecological Field Experiment (SAFE), 
located at the Lönnstorp research station in southern Sweden. The station is part of 
the Swedish University of Agricultural Sciences and has been used for research on 
cropping systems dynamics and agroecological processes. The SAFE experiment 
was established to provide a long-term platform for comparing different farming 
systems, with a particular focus on sustainability and ecological interactions. The 
soils at the site are sandy loam, typical for the region, and the area benefits from a 
temperate climate with a mean annual air temperature of nearly 8-9 °C and an 
annual precipitation of around 700-730 mm. These conditions provide relatively 
high yields compared to other parts of the country.  

For this study, sixteen rectangular plots (50 m * 12 m) were used, arranged in four 
blocks (A, B, C, and D) following a randomized block design. This design was 
chosen to minimize the influence of spatial variability in soil and environmental 
conditions across the field. Each block had four systems, organic, reference 
(conventional), agroforestry, and perennial system (Figure 1). Each system reflects 
a distinct approach to crop production and land management. 

 

Figure 1: Overview of the SITES Agroecological Field Experiment (SAFE) at Lonnstorp 
Research Station, showing the arrangement of the four cropping systems (organic=ORG, 
conventional=REF, agroforestry=AI, and perennial=PER) across four blocks (Barreiro 
and Albertsson, 2022). 
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The reference system followed a four-year rotation common to regional farming 
practice, including crops such as winter wheat, spring barley, oilseed rape, and 
sugar beet. The organic system was managed on an eight-year rotation with crops 
such as lupine-barley intercrops, winter rye, faba bean or pea-wheat intercrops, and 
grass-legume leys, avoiding synthetic inputs. The agroforestry system integrated 
annual cereals and legumes (winter rye, winter wheat, spring intercrops) with tree 
rows (apple) and hedgerows, creating a more diversified structure within the field. 
Finally, the perennial system consisted of intermediate wheatgrass (Kernza), both 
as a sole crop and intercropped with lucerne, providing a different long-term cereal-
based system with minimal tillage. 

The choice of 16 plots for this experiment was guided by the need to contrast 
management strategies ranging from high-input conventional practices to 
diversified and perennial systems, while maintaining a common basis for 
comparison. Soil samples were collected from plots where cereals were the 
preceding crop in all four systems: winter wheat in the conventional system, winter 
rye in the organic and agroforestry systems, and perennial Kernza in the perennial 
system. This ensured that all samples were taken under comparable crop conditions, 
providing a consistent reference point for evaluating weed seedbank dynamics 
across contrasting management systems. 

3.2 Soil Sampling  
Soil sampling was carried out on 10 and 11 March 2025 from 16 designated plots 
within the experimental site, as shown in Figure 2. The plots selected for sampling 
were shaded in black in the site layout (Figure 2). An auger with a core barrel of 22 
mm in diameter and 25 cm in height was used to collect the samples (Figure 3). 

From each plot, 20 soil cores were taken at a depth of 25 cm, following a zigzag 
pattern to ensure that the samples represented the entire plot area. To extract soil, 
the auger was inserted into the ground and rotated 180 degrees until the core barrel 
was filled. Each core was then emptied into a plastic basket, and the accumulated 
soil was transferred into labelled plastic bags for identification. We avoided taking 
the soil samples from the outer margins of the plots to prevent the risk of 
contamination from weed seeds from nearby plots. 

Once collected, the soil samples were kept indoors at room temperature until they 
were transported by car (Figure 4) to the greenhouse. The average weight of the 
collected soil was determined to be 3.297 kg per bag. In the greenhouse, the soils 
were placed in plastic trays, where they were stored under suitable conditions until 
the emergence of weed seedlings. 
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Figure 2: Layout of the experimental site showing the sampling plots (black-shaded) from 
which soil samples were collected. 

 

 

Figure 3: Tools and equipment used for sampling, including the auger. 
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Figure 4: Soil samples were transported to the greenhouse by car. 
 

 

Figure 5: Soil samples stored in plastic bags inside the greenhouse before transfer into 
trays for germination. 

 

3.3 Soil Sample Preparation  
Soil samples were collected from the field plots and prepared for greenhouse 
assessment of the soil seed bank. Each sample was crushed into fine particles and 
transferred into plastic trays measuring 50 * 30 cm. To ensure uniform moisture 
retention, a fiber cloth was placed at the bottom of each tray. Since the quantity of 
the soil from a single plot would otherwise result in only a thin layer, Styrofoam 
blocks were inserted into the trays to reduce volume and maintain an adequate soil 
depth (approximately 4 cm) for seed germination (Figure 6). 
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The trays were placed inside a controlled greenhouse facility on March 12th, 2025. 
The greenhouse climate was maintained at nearly 17 to 18 °C, with artificial 
lighting provided when natural sunlight was insufficient. Watering was carried out 
every second day, or daily during sunny weather when evaporation was higher. The 
arrangement of the soil trays under artificial light is shown in Figure 7. 

3.4 Weed Emergence and Identification 

Weed seedling emergence was first monitored 2 weeks after placing the samples in 
the greenhouse. The first phase of weed identification was conducted on April 2nd, 
2025 (22 days after being placed in the greenhouse). During this stage, all weed 
seedlings in the 16 trays were identified to species level, recorded, and removed. 
Following identification, the soil was again crushed and mixed into finer particles 
to stimulate a second flush of seed germination by light induction. 

The second cycle of weed identification (Phase 2) was conducted on April 26th, 
2025, which is 24 days after re-preparing the soil samples. The same procedures as 
in phase 1 were applied. Between cycles, careful observation and documentation of 
weed emergence were maintained, with field notes and reference books assisting in 
the identification process (Figure 8). 

 

  

Figure 6: Soil tray setup with fiber cloth and Styrofoam block to adjust soil depth. 
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Figure 7: Arrangement of soil trays in the greenhouse under artificial lighting. 
 

 

Figure 8: Weed identification process, showing identified weeds, records, and reference 
book. 

 

3.5 Data analysis  

The first step of the analysis involved counting and identifying weed species across 
16 different samples. This process of identification allowed for the assessment of 
weed abundance and species richness within each plot, as well as the determination 
of the most common species present in the weed seed bank. 
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For the weed analysis, the total number of individual weeds was obtained by 
summing the counts from both observation phases, following the common approach 
used in soil seed bank studies. Several diversity indices were then calculated to 
further evaluate the data. These indices described how weed species were 
distributed among the plots and assessed both overall diversity and the evenness of 
species occurrence. This approach provided insights not only into the total number 
of species present but also into how evenly different weed species were represented 
across the plots. 

3.5.1 Shannon Index (H′) 

The Shannon Diversity Index (H′) is one of the most popular ecological indices that 
measures diversity within a community by taking into account both species richness 
(the number of species) and species evenness (the relative abundance of different 
species). It assists in determining the number of species within a system and to what 
extent the individuals are evenly distributed in those species. Mathematically, the 
index can be calculated as: 

H′=−∑(Pi⋅lnPi)  

Where Pi is the fraction of individuals in the ith species. The higher the value of H′, 
the more diverse, either because more species exist or because it is more evenly 
spread. Under the scope of this study, the Shannon Diversity Index was used to 
study weed communities in four different cropping systems, such as Agroforestry, 
Reference, Organic, and Perennial, over two observation periods. Phase 1 took 
place prior to any intervention, while Phase 2 was undertaken after physical 
removal of weeds and a resting period to monitor regrowth. 

3.5.2 Pielou’s Evenness Index (J′) 

Pielou's Evenness Index (J′) is an ecological measure that quantifies the evenness 
with which individuals are distributed across the species in a community. The 
Shannon Diversity Index (H′) averages richness and abundance, but J′ separates out 
the evenness factor by normalising H′ against the greatest possible diversity (if all 
species were of equal abundance). It is calculated with the formula: 

J′= ln(S)/H′ 

Where H′ is the Shannon index and S is the richness of species. They vary from 0 
(extremely uneven) to 1 (completely even). High evenness implies that no single 
species is dominant, which can represent a more stable and robust ecosystem. 
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3.5.3 Statistical Analysis 

Statistical analyses were conducted to evaluate the effects of cropping systems 
and experimental phases on weed abundance, species richness, Shannon diversity 
index (H’), and Pielou's evenness index (J’). Kruskal-Wallis tests were used to 
assess differences across cropping systems. Data organization and preliminary 
calculations were performed using Microsoft Excel, while statistical analysis was 
done using  SPSS software. 
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4 Result 

 

4.1 Composition of the Seed Bank  

Across systems, the seedbank was dominated by a relatively small set of species, 
with the top twelve taxa accounting for the vast majority of total emergence (Figure 
9). However, the identity of the leading species and the evenness of the community 
differed distinctly by cropping system. 

The weed flora in agroforestry plots was strongly shaped by Chenopodium album, 
which contributed 38.3% of all emerged individuals. The next most abundant group 
was Veronica spp. (19.1%), followed by Fallopia convolvulus (9.0%), Stellaria 
media (7.7%), and Tripleurospermum perforatum (7.2%). No other single species 
exceeded 5%. The “Other” category comprised 5.5%, indicating that relatively few 
minor species made up the remainder. Altogether, agroforestry showed a moderate 
dominance structure with one clear primary species, one substantial secondary 
group (Veronica spp.), and then a gradient of mid-ranked species. 

Conventional plots exhibited a different dominance pattern led by Polygonum 
aviculare (31.4%), with Chenopodium album second (20.6%). Mid-tier 
contributions were split among Tripleurospermum perforatum (11.6%), the pooled 
“grass weed” category (8.6%), and Sonchus asper (8.5%). Minor contributors 
included Veronica spp. (3.9%), Stellaria media (3.1%), and Fallopia convolvulus 
(2.9%). The “Other” accounted for 6.1%. Compared with agroforestry, the 
conventional seedbank was less dominated by Chenopodium album and instead 
featured a prominent Polygonum aviculare component. 

Organic plots were characterized by a marked single-species dominance; 
Chenopodium album represented 53.6% of total emergence, over half of the 
seedbank. Secondary groups were Veronica spp. (13.9%), Tripleurospermum 
perforatum (5.5%), and Fallopia convolvulus (5.3%). All other species each 
contributed ≤ 5% (e.g., Persicaria maculosa 4.0%, Viola arvensis 3.7%, Stellaria 
media 2.8%, “grass weed” 2.5%). The “Other” group was 5.2%. 

Perennial plots showed the most even composition among the common species. The 
leading taxon was Polygonum aviculare (18.3%), followed closely by the “grass 
weed” group (12.4%), Chenopodium album (11.4%), and Fallopia convolvulus 
(11.1%). Additional contributors, Stellaria media (9.4%), Veronica spp. (8.9%), 
Persicaria maculosa (5.9%) and Viola arvensis (5.9%) each accounted for 
substantial shares. The “Other” group contributed 6.9%. The relatively even 
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distribution across several species suggests a diversified seedbank under perennial 
management. 

 

Figure 9: Stacked bar chart showing the relative abundance (%) of the top 12 weed species 
(plus “Other”) across cropping systems. Each bar represents a cropping system, and the 
colored sections show each species' proportional contribution to the total weed seedbank. 

4.2 Impact of treatments on the weed seed bank 
To evaluate how different management practices influence the soil seed bank, weed 
emergence was compared across all four cropping systems included in the 
experiment. Each treatment was replicated across four blocks (A, B, C, and D), 
allowing us to assess not only the overall weed abundance but also the distribution 
of individual species within and across systems. 

4.2.1 Weed abundance 
Weed seedling emergence from the soil seed bank varied notably among the 
different cropping systems (Table 1). When combining both germination phases, 
the reference system showed the highest total weed emergence with 1,008 
seedlings. This was closely followed by the organic system with 969 seedlings. In 
comparison, the agroforestry system had fewer weeds (653 seedlings), and the 
perennial system had the lowest overall emergence with 404 seedlings. 
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Although most weeds germinated during the first phase in all systems, the second 
phase still contributed additional seedlings after soil disturbance. For example, in 
the reference system, 913 seedlings emerged in Phase 1 and an additional 95 in 
Phase 2. The organic system followed a similar trend (888 and 81 seedlings, 
respectively), while the agroforestry plots recorded 553 seedlings in Phase 1 and 
100 in Phase 2. The perennial system consistently had the lowest counts across both 
phases (338 and 66 seedlings). 

Table 1: Total weed abundance by cropping system and phase. 

Cropping System Phase 1 Phase 2 Total Weeds 

Agroforestry (AI) 553 100 653 

Reference (REF) 913 95 1008 

Organic (ORG) 888 81 969 

Perennial (KER) 338 66 404 

 

4.2.2 Seed Bank Density By Cropping System 
To place the emergence counts into a field-relevant scale, I converted plot-level 
emergence (Phase 1 + Phase 2 combined) to weeds per square metre from a soil 
layer of 0 to 25 cm. Each plot was sampled with 20 soil cores of 22 mm diameter 
(radius = 0.011 m). Dividing each plot’s total emerged weeds by this sampled area 
yielded densities in weeds per m² for the 25 cm soil layer. With four plots per 
system (n = 4), I summarised the distribution of densities using the mean, median, 
and standard deviation, and visualised the spread with box plots (whiskers = range, 
triangle = mean) as shown in Figure 10. 

The perennial plots had the smallest seedbank overall and the tightest spread; mean 
13284 weeds m⁻², median 12298 weeds m⁻², SD 4979, ranging from 8418 to 20125 
weeds m⁻². This narrow range suggests lower and more stable seed banks across 
blocks. Agroforestry plots sat between perennial and the other cropping systems; 
mean 21473 weeds m⁻², median 22624 weeds m⁻², SD 8826, with a range from 
10391 to 30253 weeds m⁻². The interquartile range (Q1–Q3: 16606–27490 weeds 
m⁻²) indicates moderate plot-to-plot variability. 
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Figure 10: Distribution of soil seedbank density (weeds m⁻², in the soil layer 0–25 cm) by 
cropping system. Values are derived from greenhouse emergence totals (Phase 1 + Phase 
2) per plot, converted to area using 20 soil cores (diameter 22 mm) per plot. 
 
The conventional system showed high seedbank densities and clear between-plot 
differences; mean 33146 weeds m⁻², median 29529 weeds m⁻², SD 13816, spanning 
21045 to 52482 weeds m⁻². The upper end of this range overlaps with the highest 
values observed in the entire study. Organic plots were comparable to the 
conventional system in central tendency but exhibited the largest variability, with 
mean of 31864 weeds m⁻², median of 29463 weeds m⁻², SD of 17462, with a very 
wide range from 14074 up to 54455 weeds m⁻². The broad spread reflected 
differences in weed flushes among blocks and the sensitivity of seed banks. 

To assess whether soil seed bank densities differed among the four cropping 
systems, a Kruskal-Wallis test was applied. The test indicated that differences in 
seed bank density among systems were not statistically significant (p = 0.080). 
While the Reference and Organic plots tended to have higher weed seedbank 
densities and the Perennial plots generally showed the lowest values, the variation 
within each system was large enough that these differences could not be confirmed 
statistically. 

4.2.3 Species Richness 
Species richness was calculated as the number of unique weed species detected per 
plot after combining observations from Phase 1 and Phase 2. Across the four 
cropping systems, richness values were very similar (Table 2). Median richness 
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ranged from 12.5–14.5 species per plot, with narrow interquartile ranges in 
Reference and somewhat broader spreads in Agroforestry and Organic systems. 

To compare systems, the Kruskal–Wallis test on plot-level richness was used. The 
test showed no statistically significant differences among cropping systems (H = 
0.387, p = 0.9428). 

The boxplot of species richness by cropping system visually reinforces these 
findings (Figure 11). The medians are nearly identical across systems, and the boxes 
overlap extensively, indicating similar central distributions. The reference system 
shows the tightest spread, suggesting slightly more uniform richness among its 
plots, whereas agroforestry and organic systems display wider spreads, reflecting 
greater plot-to-plot heterogeneity. Perennial sits between these extremes, with a 
moderate spread and a median comparable to an agroforestry system. 

Table 2: Species richness (number of weed species) observed in both Phases combined 
across cropping systems. 

Cropping system Richness Phase 1 Richness Phase 2 Combined 

Agroforestry 23 13 27 

Reference 22 15 28 

Organic 28 11 29 

Perennial 20 14 24 

 

 

Figure 11: Boxplot of weed species richness (number of species per plot) across cropping 
systems with Phase 1 and Phase 2 combined. 
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Taken together, the descriptive statistics, the boxplot, and the Kruskal–Wallis test 
converge on the same conclusion: weed species richness in the seedbank is 
comparable across the four cropping systems in this dataset, with only modest 
differences in within-system variability. 

4.2.3 Shannon Diversity Index (H’) 
Across cropping systems, Shannon diversity index showed clear differences in 
central tendency, although these differences were not statistically significant at p = 
0.05. As seen in Table 3 below, the perennial system supported the most even and 
taxonomically diverse weed communities, while the organic system had the lowest 
average diversity. Agroforestry and conventional systems were nearly identical in 
mean H′. 

Table 3: Mean ± SE of block‐level H′ values (natural log base), calculated after combining 
Phase 1 and Phase 2 counts within each block (n = 4 blocks per system). 
 
Cropping system Shannon diversity 

index (H′) 
Standard 
Deviation 

Standard 
Error 

Agroforestry 1.862 0.198 0.099 

Reference 1.863 0.27 0.135 

Organic 1.646 0.413 0.206 

Perennial 2.194 0.152 0.076 

 

A Kruskal–Wallis test, performed on block-level H′ values to avoid parametric 
assumptions, indicated no overall difference among cropping systems (H = 6.375, 
df = 3, p = 0.0947). The pattern suggests a tendency toward higher diversity in the 
perennial system and lower diversity in the organic system, but the variability 
among blocks, especially in the organic fields, meant that these differences did not 
reach a significant level. 

4.2.4 Pielou’s Evenness Index (J’)  
Combining Phase 1 and Phase 2 counts within each block, how evenly individuals 
were distributed among weed species was quantified using Pielou’s evenness index. 

Overall, perennial fields showed the most even weed communities, with a high 
mean evenness value and very little variation among blocks, as shown in Table 4. 
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Agroforestry and reference systems exhibited intermediate evenness, while the 
organic system had the lowest average evenness (0.644 ± 0.065). The spread of 
values was widest in the organic fields, indicating that some blocks were dominated 
by a few species, whereas others were more balanced. 

Table 4: Mean ± SE of block‐level J′ values. Indices were computed after combining Phase 
1 and Phase 2 counts within each block (n = 4 blocks per system). 
 
Cropping system Pielou’s Evenness 

Index (J’)  
Standard 
Deviation 

Standard 
Error 

Agroforestry 0.718 0.088 0.044 
Reference 0.704 0.113 0.057 
Organic 0.644 0.13 0.065 
Perennial 0.832 0.041 0.021 

 
To test for overall differences among systems, I used a Kruskal–Wallis test on 
block-level evenness values (non-parametric, avoiding distributional assumptions). 
The test indicated no statistically significant difference across cropping systems at 
α = 0.05 (H = 7.037, df = 3, p = 0.0707). Thus, while the pattern suggests more 
even weed communities in perennial systems and less even communities in organic 
fields, the variability among blocks, especially within the organic system, meant 
these trends did not reach significance. 
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4 Discussion 

5.1 Influence of Cropping Systems on Weed Seed Bank 
The results revealed clear trends in soil weed seed bank dynamics among the 
cropping systems, even though the differences were not statistically significant 
when seed bank densities were compared across treatments (Kruskal–Wallis test, p 
> 0.05). Because emergence was recorded twice, we summed seedlings from both 
flushes to represent the active seed bank. Patterns showed that systems with greater 
soil disturbance tended to support larger soil seed banks, whereas reduced 
disturbance appeared to limit seed bank accumulation. This is consistent with the 
broader understanding that frequent tillage and turnover can promote germination 
and recruitment from buried seed reserves (Travlos et al., 2020). In contrast, the 
perennial Kernza system, with its continuous cover and minimal soil disruption, 
likely restricts key germination cues such as light and temperature fluctuations at 
the soil surface, thereby suppressing seed bank replenishment over time (Ryan et 
al., 2018). Although these patterns were not statistically conclusive, they indicate 
that management intensity and disturbance patterns play central roles in shaping 
how the weed seed bank changes over time. 

Although total weed abundance provides useful context, it does not by itself reveal 
the underlying ecological dynamics occurring within the cropping systems. When 
combining both phases, the Organic system contained the greatest number of weed 
species (29 species), followed closely by the Reference (28), Agroforestry (27), and 
Perennial systems (24). However, despite these numerical differences, a Kruskal–
Wallis test indicated that species richness did not differ significantly among the four 
systems (H = 0.37, p = 0.95). Moreover, higher richness in the Organic system did 
not correspond to more balanced weed communities. In several organic plots, 
Chenopodium album became strongly dominant, resulting in some of the lowest 
evenness values observed (Pielou’s J′ ≈ 0.46 at the block scale). This finding 
challenges the assumption that organic management consistently promotes stable 
or evenly distributed biodiversity. While organic practices may indeed support a 
wider range of species, they can also create conditions under which fast-growing, 
opportunistic weeds gain a competitive advantage if not carefully managed. Similar 
patterns have been reported by Seufert and Ramankutty (2017), who note that 
organic systems often support greater diversity overall but are also more susceptible 
to competitive outbreaks when timely cultivation or weed control measures are not 
implemented. 

Reference plots showed a different, though equally concerning, dynamic. Although 
abundance was high, no single species monopolised the community to the same 
extent as in organic systems, which produced relatively balanced evenness scores 
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(0.704). Shannon diversity values also remained moderate (1.863), suggesting the 
coexistence of several disturbance-adapted species. This is consistent with 
Menalled et al. (2001), who showed that conventional systems maintain 
communities of short-lived annuals well adapted to recurrent tillage and herbicide 
exposure. However, this apparent diversity is misleading. The reliance on 
herbicides encourages the development of resistant biotypes, while the seeming 
balance among species is sustained only through repeated disturbance. In the long 
term, such practices undermine ecological stability and make the system more 
fragile than resilient (Mortensen et al., 2012). 

Agroforestry presented a more balanced outcome. Richness was high (27 species), 
and evenness values suggested relatively balanced communities (0.718). Shannon 
diversity was also higher (1.862), reflecting a more even distribution of species. 
These findings support the claim that structural complexity in agroforestry, through 
shading and root interactions, can buffer against the dominance of opportunistic 
weeds (Pumariño et al., 2015). 

5.1.1 Perennial Weed Dynamics 
The perennial plots were unique in that they combined the lowest weed abundance 
with some of the most stable community dynamics observed in this study. Only 404 
seedlings emerged across both phases, far fewer than in conventional or organic 
systems. What is notable, however, is not just the lower abundance but the way in 
which weed communities were structured. Average evenness values remained 
consistently high across phases (0.832), indicating that no single species dominated 
the perennial seed bank. Species richness was 24 species (combined), and Shannon 
diversity was comparatively high (H′ ≈ 2.20 on average), consistent with a 
community where individuals are spread across many taxa. Taken together, these 
patterns suggest that perennial cover, such as Kernza, acts as a gentle ecological 
filter as it keeps overall seedbank pressure low and discourages the dominance of 
disturbance-adapted annuals such as Chenopodium album, Stelaria media, and 
Fallopia convolvulus. 

These findings align with previous research showing that perennial systems, such 
as intermediate wheatgrass (Kernza), promote ecological filtering by reducing 
disturbance and maintaining continuous canopy cover (Culman et al., 2013). At the 
same time, perennial systems encourage the persistence of slower-germinating or 
shade-tolerant species that are less competitive and less likely to disrupt crop 
growth (Glover et al., 2010). From an ecological perspective, this selectivity is 
advantageous, since even with fewer species overall, the community that remains 
is well balanced and less vulnerable to domination by a single weed. 
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That said, no system is weed-proof. Establishing a perennial cover shifts the 
selective environment, and certain taxa are well-suited to those conditions. Clonal 
perennials such as Cirsium arvense, Elymus repens, and Rumex spp. can tolerate 
low disturbance, spread vegetatively, and slowly build dense patches under 
continuous cover, exactly the conditions we create in perennial systems. In Europe, 
Cirsium arvense is repeatedly identified as one of the most troublesome perennial 
weeds across both conventional and organic arable crops, owing to its vigorous 
rhizomes and yield impacts (Favrelière et al., 2020). Reduced tillage and stable 
canopy cover can also shift communities toward rhizomatous perennials like 
Elymus repens, which are notoriously difficult to suppress once established 
(Ringselle et al., 2020). 

Even with wheatgrass (Kernza), which generally suppresses weeds well over time, 
targeted management is still needed, especially during establishment, because 
annuals can surge early and perennials can slowly gain ground if left 
unchecked(Tautges, Detjens, and Jungers, 2023). In short, perennial systems can 
filter the weed community and keep overall pressure low, but they still select for a 
different set of specialists that thrive under stability rather than disturbance, and 
those specialists require deliberate, integrated management (Andert et al., 2023). 

5.2 Implications for Long-term Weed Management 

Thinking about weed management only in terms of having more weeds or fewer 
weeds risks missing the larger picture. What matters for long-term sustainability is 
not simply how many weeds germinate in a given year, but how cropping systems 
shape the trajectory of the seed bank and the stability of those communities over 
decades (Davis, Renner and Gross, 2005). The findings from SAFE underline that 
each farming system comes with trade-offs. Some stabilize weed populations at low 
levels, others encourage diversity but at the risk of dominance, and still others 
suppress aggressively in the short term but create fragility in the long run. 

Perennial systems 
The results indicate that the perennial system reduces overall seedbank pressure 
while maintaining a well-balanced community. The consistent evenness and low 
overall abundance observed suggest that continuous canopy cover and minimal 
disturbance build resistance into the system itself. By doing so, perennials 
inherently remove many of the opportunities that weeds would otherwise exploit, 
reducing the need for external interventions (Duchene et al., 2022). This aligns with 
the arguments of Crews and Rumsey (2017), who argue that perennial grains can 
reduce the ecological space available to annual weeds and, over time, lead to a seed 
bank dominated by less competitive species. In Swedish agriculture, where a shift 
toward more ecological practices is already underway (OECD, 2018), perennial 
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crops could serve as important tools for reducing reliance on chemical inputs while 
enhancing resilience (Crews et al., 2018; Scott et al., 2022). However, perennials 
do not inherently maximize biodiversity, as the stability they provide can 
sometimes limit species variety (Chapman et al., 2022). This suggests perennials 
should not be seen as replacements for other systems but as anchor points within 
broader rotations. 

Agroforestry Weed Dynamics 
The agroforestry plots in this study occupied an intermediate position between 
suppression and persistence. Total weed emergence was lower than in organic and 
conventional systems, yet considerably higher than in perennials, reflecting that 
structural diversity alone did not translate into consistent weed suppression. The 
presence of apple tree rows and hedgerows likely modified light, soil moisture, and 
microclimate in ways that buffered dominance by a single species, as seen in the 
relatively balanced evenness values (J′ = 0.718; Table 6). At the same time, this 
heterogeneity may also have provided niches for certain weeds to persist, 
explaining why abundance remained higher than in perennials. Similar observations 
have been made by Pumariño et al. (2015) and Torralba et al. (2016), who argue 
that agroforestry can reduce weed pressure but is highly dependent on the design of 
canopy cover, species composition, and spacing. 

Therefore, the results suggest that agroforestry systems are not inherently 
suppressive or vulnerable to weed pressure but are highly dependent on 
management practices. The types of crops cultivated between or alongside tree rows 
play a key role in shaping weed communities over time. For example, incorporating 
annual crops such as cereals can strongly influence weed dynamics by introducing 
both competitive and disturbance-related effects. Cereals often establish quickly 
and form dense canopies that reduce light availability, effectively suppressing many 
fast-growing annual weeds during early growth stages (Liebman, Mohler and 
Staver, 2001). However, because cereals have relatively shallow root systems and 
require frequent soil disturbance for planting and harvesting, they may also create 
temporary gaps that allow opportunistic weed species to emerge once the canopy is 
removed (Smith, Gross and Robertson, 2008). 

In an agroforestry context, these interactions become more complex. Tree 
components can modify light conditions, soil moisture, and belowground 
competition, which may either strengthen or counteract the weed-suppressive 
effects of cereals depending on canopy structure, tree density, and management 
intensity (Udawatta & Jose, 2012; Pumariño et al., 2015). As such, the effectiveness 
of agroforestry for long-term weed management depends on how these biological 
and spatial interactions are balanced. Systems designed with narrower gaps 
between tree rows, the use of shade-tolerant understory crops, and the inclusion of 
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tree species with strong competitive or allelopathic properties (Mathieu et al., 2025) 
are more likely to achieve both weed suppression and biodiversity gains. Overall, 
the findings of this study emphasize that agroforestry occupies an intermediate 
position being more balanced and diverse than conventional and organic systems, 
yet less consistently suppressive than perennial systems. Its contribution to long-
term weed management therefore relies not simply on the presence of trees, but on 
thoughtful crop selection, spatial arrangement, and adaptive management over time. 

Organic Systems: Richness Without Balance 
The organic system in this study recorded the highest number of weed species, with 
31 species identified in Phase 1, which is consistent with previous findings that 
organic farming often supports greater plant diversity compared to conventional 
systems (Birkhofer et al., 2008). However, this richness was not evenly distributed 
across species. A small number of weeds, particularly Chenopodium album, 
Polygonum aviculare, and Stellaria media, were dominant and widespread across 
the plots. In some cases, such as Block B, Chenopodium album alone accounted for 
285 individuals, highlighting the strong competitive advantage of disturbance-
adapted annuals under organic management. 

The dominance of a few opportunistic species reflects the ecological conditions 
typical of organic systems. While synthetic herbicides are excluded, frequent soil 
tillage remains a primary management tool. Soil disturbance exposes buried seeds 
to light and temperature fluctuations, providing germination cues that favour fast-
growing annuals such as Chenopodium album and Amaranthus retroflexus (Peigné 
et al., 2007). This cycle of disturbance and emergence allows these species to 
maintain a consistent presence in the seed bank, which explains their widespread 
occurrence across multiple blocks in this study. Although richness is higher, the 
uneven distribution of species indicates a lack of ecological balance, with potential 
consequences for crop competition and long-term seed bank stability. 
Other studies have reported similar patterns in organic systems. Bond and Grundy 
(2001) found that dominance of a few competitive weeds often undermines the 
benefits of increased diversity, while Kushal et al. (2024) noted that organic 
systems require targeted interventions, such as stale seedbeds, competitive cover 
crops, and crop rotation, to prevent the spread of dominant species. Without such 
measures, the organic seed bank may become increasingly skewed toward a limited 
set of disturbance-adapted weeds, making management more labour-intensive and 
potentially less sustainable (Mohler et al., 2018). This does not mean, however, that 
organic systems should be regarded as failures. On the contrary, the ecological 
value of maintaining higher species richness and avoiding chemical residues 
remains an important contribution to sustainable agriculture (Bengtsson, Ahnstrom 
and Weibull, 2005). 
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In short, the organic system in this experiment illustrates both the strength and the 
weakness of the approach. It promotes species richness, aligning with biodiversity 
goals central to Swedish and EU policy (Dimitrios Kremmydas et al., 2024; Basnet 
et al., 2023), but also demonstrates that richness without balance is insufficient for 
sustainable weed management. The tendency for a few annual species to dominate 
is not accidental but reflects the ecological conditions created by current organic 
management practices. The challenge is not to reject organic farming but to address 
these weaknesses by moving beyond the absence of synthetic inputs toward 
ecologically informed management, where diversity is guided to support resilience 
rather than instability. 

Conventional Systems: Short-Term Effectiveness, Long-Term Risks 
The conventional system produced one of the highest levels of weed abundance in 
this study, with 1008 seedlings emerging across both phases. While diversity 
indices suggested a relatively balanced community, this balance was largely the 
result of frequent disturbance through tillage and the application of herbicides. Such 
practices create opportunities for disturbance-adapted annuals to germinate, 
resulting in communities that appear diverse but are highly dependent on continual 
external control (Derksen et al., 2006). Similar findings have been reported in long-
term studies, where conventional farming maintains weed richness but largely of 
species tolerant to recurrent disturbance (Menalled, Gross and Hammond, 2001). 

Although herbicides and tillage provide immediate control, their long-term 
consequences are less favorable. Repeated chemical use has been linked to the 
spread of herbicide-resistant biotypes, while intensive tillage undermines soil 
structure and ecological stability (Mortensen et al., 2012). In the experimental plots, 
no single species reached the extreme dominance seen in the reference system. 
However, the persistent presence of weeds in the plots, such as Polygonum 
aviculare, Veronica spp., and Tripleurospermum perforatum, indicates that 
conventional farming reshapes the seed bank community rather than achieving 
suppression. Similar outcomes have been reported in long-term tillage studies, 
where conventional disturbance regimes favoured short-lived annual weeds and 
altered seed bank composition rather than reducing it (Kelton et al., 2011). 

From a sustainability perspective, the reliance of conventional systems on chemical 
and mechanical inputs runs counter to the EU Farm to Fork Strategy, which aims 
to reduce pesticide use by 50% by 2030 (European Commission, 2020). While 
effective in the short term, conventional practices are increasingly incompatible 
with policy ambitions and environmental goals. The implication is that 
conventional farming can no longer serve as a stand-alone model for weed 
management. Instead, it must adapt by integrating practices such as cover cropping, 
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reduced tillage, and crop diversification to slow resistance development and build 
ecological stability. 

Cropping systems, Weed pressure, Biodiversity, and What It Means for Yield 

This study's findings indicated that cropping systems influence not only the size of 
the soil seed bank but also its composition, and these differences translate into 
meaningful effects on yield. In practice, achieving high yields depends on 
suppressing early-season weed pressure so the crop can establish a competitive lead 
(Knezevic et al., 2002). This aligns with long-standing evidence that, among major 
pest groups, weeds pose the greatest potential threat to yield, and that yield loss is 
driven by the timing of weed emergence relative to the crop, with early-emerging 
weeds causing the most damage (Horvath et al., 2023). Looking at our combined 
counts from the two assessment times, the Conventional/Reference and Organic 
systems had the largest seedbank emergence. This pattern may signal a higher risk 
of crop–weed competition and, consequently, a greater likelihood of yield loss. 

Community structure also matters for production, not only the total number of 
seedlings (Storkey and Neve, 2018). The Organic system had the highest combined 
richness, but richness on its own did not guarantee a balanced community. In 
several organic plots, Chenopodium album rose to dominance, and evenness 
dropped to some of the lowest values we measured. By contrast, the Perennial 
system paired a small seedbank with consistently high evenness. These results echo 
a broader point in weed ecology. More diverse weed floras can sometimes be less 
damaging to yield than communities dominated by a single aggressive species, 
because competitive pressure is more evenly shared and fewer individuals reach the 
size and timing needed to outcompete the crop (Zingsheim and Döring, 2024). In 
other words, the composition and balance of weed communities help explain why 
similar total weed densities can lead to different yield outcomes. 

Perennial cover with Kernza presented a different trade-off. The seedbank was 
small and the community was well balanced, which reduces the likelihood of strong 
early competition. This fits the ecological principles of continuous cover and 
reduced disturbance, which limit germination cues for many disturbance-adapted 
annual weeds and favor a more even community structure (Culman et al., 2013; 
Glover et al., 2010). However, Kernza and other perennial grains are still in the 
early stages of crop development. Their grain yields are generally lower than those 
of annual wheat and often peak within the first few years of establishment, unless 
the system is managed for both grain and forage or supported by practices that 
sustain stand vigor over time. Many authors therefore frame Kernza as a 
multifunctional system that provides erosion control, nutrient retention, habitat, and 
forage, while breeding and agronomy continue to raise grain yield potential (Ryan 



43 
 

et al., 2018). For farmers, this means that perennial systems can reduce weed 
pressure and stabilize communities, but the yield target is best met when production 
goals include both grain and forage. 

A Broader Policy Perspective 
 Sweden's plan to increase organic farmland to 30% by 2030 (fableconsortium.org, 
n.d.) and the EU's Farm to Fork Strategy goal of 25% organic by 2030 (European 
Commission, 2020) highlight the political and environmental focus on reducing 
chemical inputs and promoting biodiversity. The results from this study suggest that 
these targets might be realistic only if the structural weaknesses of current systems 
are acknowledged. Organic system, while clearly contributing to higher species 
richness, also fostered the accidental dominance of disturbance-adapted weeds. 
This pattern reflects findings from other European field studies showing that in the 
absence of herbicides, a small number of opportunistic species often take advantage 
and become abundant (Birkhofer et al., 2008). Without addressing these dynamics, 
organic systems may fall short of delivering the stability and resilience proposed in 
policy frameworks. 

A sustainable direction for weed management, therefore, requires moving away 
from contrasting systems against each other and instead recognising their 
complementary strengths. Perennial crops in this study demonstrated stable, evenly 
distributed weed communities, while agroforestry provided diversity when canopy 
cover was sufficient, and organic plots supported richness but lacked balance. 
These findings echo the broader concept of ecological intensification, where 
multiple practices are combined to replace external inputs with ecological processes 
(Wezel et al., 2013). The practical implication is that no single system offers a 
complete solution. Instead, designing farming systems that integrate perennial 
stability, agroforestry complexity, and active organic weed management can better 
align agricultural practice with both ecological processes and EU sustainability 
goals. 
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6 Conclusion 

This research set out to understand how contrasting cropping systems influence the 
weed seed bank, a component of agroecosystems that is often overlooked but 
central to long-term weed management. By sampling soils from four systems within 
the SAFE experiment and monitoring seedling emergence in controlled conditions, 
the study revealed not only the size of the seed bank but also its composition and 
community balance. Across 3,034 seedlings representing 40 species, patterns 
emerged that pointed to the ecological fingerprints of each system. Some systems, 
such as reference and organic, generated higher overall emergence, while others, 
such as perennial plots, reduced both abundance and dominance. These outcomes 
highlight that the weed seed bank responds predictably to differences in soil 
disturbance, crop cover, and management intensity, making it a useful indicator for 
comparing farming systems. 

The findings also demonstrate that evaluating weed pressure requires more than 
counting individuals. Species richness, evenness, and diversity indices showed that 
communities can be large but unbalanced, relatively low in abundance but stable. 
For example, widespread species such as Chenopodium album and Polygonum 
aviculare acted as indicators of disturbance across systems, while more balanced 
communities appeared under conditions of continuous cover and minimal soil 
turnover. Taken together, these results confirm that weed seed banks mirror both 
the ecological opportunities and constraints created by management. They provide 
not only a record of past practices but also a preview of future challenges, 
underscoring the importance of integrating seed bank assessments into strategies 
for sustainable agriculture. Future research should extend these insights by linking 
seed bank dynamics to crop yields and long-term resilience, ensuring that weed 
management contributes to both productivity and ecological sustainability.  
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Popular science summary 

This thesis explores how different farming systems shape the reserve of weed seeds 
lying dormant in the soil, which can affect future crop growth. By comparing for 
systems, the study examined how many weeds appear, how many species exist, and 
how balanced these species are. The findings showed that the conventional and 
organic fields had the most weeds, while the perennial system had fewer, which 
may be due to its constant ground cover and very little soil disturbance. Organic 
fields contained many species, but a few fast and aggressive weeds, especially 
Chenopodium album, dominated. Agroforestry lies between these systems, with 
fewer weeds than conventional and organic, probably helped by shade and more 
varied vegetation. 

When the results are compared, a clear pattern appears. It is not only how many 
weeds there are that matters, but whether the weed community is balanced. The 
perennial system created the most stable and even weed community, which is useful 
for long-term control. Conventional and organic systems showed that frequent soil 
disturbance or farming without herbicides can give a small number of weedy 
species the chance to take over, even when overall diversity looks high. This 
suggests that sustainable weed management should combine several ideas at once, 
such as keeping the soil covered, disturbing it less, and growing a wider range of 
crops, so that the weed seed bank is not constantly renewed. In this way, farmers 
can protect yields while moving toward farming that uses fewer chemicals and 
supports more on-farm biodiversity. 
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Appendix 1 

 
Weed abundance in Block A across cropping systems and phases. 

 

Species/Treatments 
Agroforestry Reference Organic Perennial 

Phase 1 Phase 2 Phase 1 Phase 2 Phase 1 Phase 2 Phase 1 Phase 2 

Capsella bursa-pastoris 1 0 10 3 0 0 0 0 
Cerastium fontanum 0 1 0 0 0 0 0 0 
Chenopodium album 70 21 41 3 73 5 5 2 
Cirsium arvense 1 0 0 0 0 0 0 0 
Epilobium Ssp 0 1 0 0 0 0 0 0 
Fallopia convolvulus 4 6 0 0 6 2 6 0 
Grass Weed 10 1 23 3 2 0 13 2 
Laminum purpureum 0 0 1 0 0 0 0 0 
Myostis arvensis 0 0 0 0 0 2 0 0 
Oilseed Rape 0 0 4 1 0 0 0 0 
Papaver dubium 1 0 0 0 1 0 0 0 
Persicaria maculosa 9 2 1 0 34 5 18 6 
Plantago major 0 0 0 1 0 0 0 0 
Polygonum aviculare 10 2 29 9 9 0 23 4 
Rumex crispus 1 1 2 0 1 0 1 0 
Senecio vulgaris 0 0 1 0 0 0 0 0 
Sonchus asper 5 0 0 0 1 0 0 0 
Stellaria media 1 9 19 2 2 4 2 2 
Tripleurospermum 
perforatum 22 0 32 0 15 0 7 0 
Unidentified 4 0 0 0 1 0 1 0 
Veronica Ssp 11 7 10 2 12 0 5 3 
Viola arvensis 0 1 0 0 2 0 1 0 
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Weed abundance in Bock B across cropping systems and two phases 
 

Species/Treatments 
Agroforestry Reference Organic Perennial 
Phase 1 Phase 2 Phase 1 Phase 2 Phase 1 Phase 2 Phase 1 Phase 2 

Capsella bursa-pastoris 0 0 0 0 0 0 1 0 
Cerastium caespitosum 0 0 0 0 0 0 1 0 
Cerastium fontanum 0 0 0 5 0 0 5 0 
Chenopodium album 9 5 28 6 285 5 4 0 
Cirsium arvense 3 0 0 0 0 0 1 0 
Fallopia convolvulus 19 1 6 0 24 0 10 0 
Grass Weed 5 0 40 1 12 0 10 3 
Matricaria chamomilla 2 0 0 0 0 0 0 0 
Myosotis arvensis 2 0 0 1 0 0 5 1 
Papaver dubiam 0 0 1 0 0 0 1 0 
Persicaria maculosa 1 0 0 0 0 0 0 0 
Plantago major 0 0 0 0 0 0 0 1 
Polugonum aviculare 0 0 16 2 0 0 0 0 
Rumex crispus 0 0 0 0 0 0 2 0 
Solanum nigrum 0 0 0 0 2 0 0 0 
Sonchus asper 6 0 5 0 7 0 0 0 
Stellaria media 3 0 2 2 2 0 16 2 
Taraxacum ssp 0 0 0 0 2 0 0 0 
Trifolium ssp 0 0 0 0 2 0 0 0 
Tripleurospermum 
perforatum 0 0 21 8 2 0 4 0 
Unidentified 1 0 1 0 0 0 0 0 
Veronica ssp 18 0 7 5 54 0 10 5 
Viola arvensis 4 0 3 0 17 0 4 0 
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Weed abundance in Block C across the cropping systems and both 
phases. 
 

Species/Treatments 
Agroforestry Reference Organic Perennial 

Phase 1 Phase 
2 

Phase 
1 Phase 2 Phase 1 Phase 2 Phase 

1 Phase 2 

Achillea millifolium 0 0 0 0 3 0 0 0 
Capsella bursa-pastoris 1 0 1 1 2 0 4 1 
Cerastium caespitosum 0 0 0 0 0 0 2 0 
Chenopodium album 95 13 64 8 102 17 30 4 
Cirsium arvense 0 0 1 0 0 0 1 0 
Epilobium ssp 11 0 0 0 1 0 0 0 
Erodium cicutarium 0 0 0 0 1 0 0 0 
Fallopia convolvulus 13 3 20 0 8 2 17 0 
Fumaria officinalis 0 0 0 0 0 0 1 0 
Geranium pusillum 1 1 3 0 2 0 0 0 
Grass Weed 1 0 8 5 4 1 15 3 
Laminum purpureum 0 0 0 0 1 0 0 0 
Matricaria discoidea 0 0 4 0 3 0 1 0 
Myostis arvensis 2 0 0 0 11 4 0 0 
Oilseed Rape 0 0 1 0 1 0 0 0 
Papaver dubiam 1 2 4 0 8 0 2 0 
Plantago major 0 0 0 0 0 0 0 1 
Polygonum aviculare 0 0 224 0 6 0 35 0 
Rumex crispus 0 0 0 0 1 1 0 0 
Sisymbrium officinale 1 0 0 0 1 0 0 0 
Solanum nigrum 0 0 0 0 5 0 0 0 
Sonchus asper 1 0 0 0 0 0 0 0 
Stellaria media 12 0 1 0 7 2 13 0 
Taraxacum ssp 1 0 0 0 0 0 0 0 
Trifolium ssp 1 0 0 0 0 0 0 0 
Tripleurospermum 
perforatum 24 5 22 5 36 0 5 1 
Unidentified 0 0 0 1 0 2 0 0 
Veronica ssp 31 7 5 4 19 9 3 1 
Viola arvensis 2 0 16 1 4 7 11 1 
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Weed abundance in Block D across the cropping systems and both 
phases. 
 

Species/Treatments 
Agroforestry Reference Organic Perennial 

Phase 1 Phase 
2 

Phase 
1 Phase 2 Phase 1 Phase 

2 Phase 1 Phase 2 

Chenopodium album 36 1 52 6 26 6 0 1 
Cirsium arvense 0 0 0 0 1 0 0 0 
Euphorbia helioscopia 0 0 0 1 0 0 0 0 
Fallopia convolvulus 11 2 3 0 8 1 9 3 
Grass Weed 1 0 5 2 5 0 4 0 
Matricaria discoidea 0 0 4 0 0 0 0 0 
Matricaria recutita 0 0 1 0 0 0 0 0 
Myostis arvensis 0 0 0 0 0 0 3 2 
Papaver dubiam 0 0 0 0 0 0 1 0 
Polygonum aviculare 3 1 53 0 0 0 12 0 
Rumex crispus 0 0 3 0 0 0 0 0 
Sonchus asper 2 0 81 1 3 0 4 0 
Stellaria media 24 1 5 0 9 1 0 3 
Taraxacum ssp 0 0 0 0 0 0 0 1 
Trifolium ssp 0 0 0 0 0 0 2 0 
Tripleurospermum perforatum 1 0 23 6 0 0 2 0 
Unidentified 0 0 0 0 0 0 1 0 
Veronica ssp 53 0 6 0 41 0 5 4 
Viola arvensis 0 6 0 0 1 5 3 4 
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Appendix 2 

Weight of soil samples (in grams) collected from each cropping system and block, 
collected in two plastic bags per system. 
 
System Block Crop System_Block_Crop Bag1 (g) Bag2 (g) 
Agroforestry A WRYE AI_A_WRYE 3396 3289 
Agroforestry B WRYE AI_B_WRYE 3583 3321 
Agroforestry C WRYE AI_C_WRYE 3626 3843 
Agroforestry D WRYE AI_D_WRYE 3131 3456 
Organic A WRYE Org_A_WRYE 3319 3193 
Organic B WRYE Org_B_WRYE 4105 4072 
Organic C WRYE Org_C_WRYE 3801 3587 
Organic D WRYE Org_D_WRYE 3316 2910 
Perennial A KER Per_A_KER 2991 2880.5 
Perennial B KER Per_B_KER 2805 2854 
Perennial C KER Per_C_KER 3550 3440 
Perennial D KER Per_D_KER 3267 3048 
Reference A WW Ref_A_WW 3398.5 3612.5 
Reference B WW Ref_B_WW 4042 4155 
Reference C WW Ref_C_WW 3925 3859 
Reference D WW Ref_D_WW 3504 3753 
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Appendix 3 

Photos from experiment 
 

 

Photo 1: Unidentified weed seedlings growing in small pots during the greenhouse 
trial, maintained for further identification and recording. 
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Photo 2: Unidentified grass-type weed seedlings growing in pots, left to mature for 
later identification. 

 

Photo 3: Weed seedlings emerging densely from soil samples collected in the 
organic system (Block B, Winter Rye). 

 

Photo 4: Weed seedlings emerging densely from soil samples collected in the 
organic system (Block C, Winter wheat). 
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