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Abstract 

Seedbanks provide many ecosystem services that support wildlife and regulate soil 

function. The fate of arable seeds is vital in shaping the aboveground composition of 

plant communities in agroecosystems. Understanding seed fate informs seedbank 

dynamics with multi-species interactions, as well as safeguarding arable biodiversity 

and food security. While many seed fate pathways are well known, the role of 

myxospermy in temperate agricultural soils is rarely addressed. Mucilage released by 

myxospermous seeds can modify the soil physical, hydraulic and microbial 

environment surrounding the seed. The principle biophysical mechanisms underlying 

the redistribution of weed seeds in eroded soils are unknown. It is possible that 

myxospermy delivers crucial services at the field scale, such as soil stability and water 

retention. However, modifications of the soil physical environment have been 

investigated using only a single-species approach and are often tested with extracted 

mucilage rather than seeds in-situ. As multiple taxa produce myxospermous seeds, 

the effects of a single species cannot be generalised. As seeds co-exist in the soil as 

multi-species communities, a multi-species approach is needed to further 

understand the functionality of seed mucilage and their implications for soil, relative 

to the wider seedbank. This thesis focussed on examining the mechanisms 

responsible for the adhesive interactions between soil and myxospermous seeds and 

discusses the ecological function and behaviour at the soil particle scale.  

For the first time, the structure and composition of seeds from seven myxospermous 

species was characterised: Arabidopsis thaliana, Capsella bursa-pastoris, Plantago 

lanceolata, Senecio vulgaris, Urtica urens, Veronica arvensis and Viola arvensis. 

Soluble and insoluble mucilage layers were visually distinct between species, with 

structural diversity owing to the presence of epidermal mucilage secreting cells. 

Previously undescribed features of mucilage secreting cells were found (e.g. 

elongated columellae and oval-shaped cells), raising questions over the functionality 

of columellae structures for mucilage release and soil adhesion mechanisms.  

Species-specific mechanisms by which mucilage adheres soil particles to seeds, and 

to other particles, was investigated using glass beads as a proxy for soil. Larger 
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seeded-species with more mucilage, such as Plantago lanceolata and Urtica Urens, 

adhered more beads than smaller-seeded species of Arabidopsis thaliana and 

Capsella bursa-pastoris. The combined effect of soluble and insoluble mucilage 

caused a greater adherence of beads than insoluble mucilage alone. Structural 

characteristics of seed mucilage and seed morphology caused different adherence 

mechanisms between species. 

No prior study has provided evidence of seed mucilage binding soil particles to form 

water-stable aggregates with seeds in-situ. When testing seed amended soil 

aggregates, seed mucilage increased stability in water by 29-44% when compared 

with control aggregates without seeds. Scanning electron micrographs revealed 

networks of interparticle mucilage bonds, facilitating strengthening functions for 

aggregate stability. These results demonstrate seed mucilage can provide a biological 

binding agent for aggregate formation with species-specific mechanisms of seed-soil 

adhesion in naturally occurring soil seedbank communities. The ability to form and 

stabilise aggregates suggests seed mucilage may help to decrease soil detachment at 

the soil surface during intense runoff erosion. 

The seedbank of a long-term tillage trial was surveyed over two years. The 

characterisation of seed mucilage and mucilage secreting cell structures was 

combined with plant traits to form 22 functional group classifications. Tillage (No-Till, 

conventional and deep plough) and crop type (winter and spring barley) treatments 

shaped the presence, composition and abundance of functional groups. These results 

are biologically meaningful as the presence of functional groups (e.g. containing 

myxospermous species) within fields can alter local soil biogeochemistry and 

regional-landscape scale biodiversity. Where myxospermous species are abundant 

aboveground, localised seed rain onto the soil surface would provide a positive 

stabilising effect, decreasing soil erosion in tramlines. However, ploughing buries 

seeds in the soil profile and the effect of mucilage would be diluted. Thus, long-term 

functional effects of mucilage on soil properties is underpinned by the spatial 

distribution of specific functional groups within the seedbank community.
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Chapter 1. Introduction, Literature Review and Aims 

1.1  Introduction 

Soil erosion, water availability and loss of biodiversity are worldwide environmental 

problems, exacerbated by an increasing human population (Pimentel, 2006). Modern 

agriculture and technology have increased food production effectively. However, it 

has also caused widespread environmental damage from land-use change and 

habitat fragmentation, threatening biodiversity (Foley et al., 2005). By 2050, the 

demand for food production is expected to increase by 100-110% (Tilman et al., 

2011), yet arable land area is decreasing (Montgomery, 2007). Intensifying land use 

and agricultural production will proliferate soil vulnerability to pollutants and pests 

while decreasing soil fertility and its ability to withstand severe weather events and 

soil loss from erosion (Smith et al., 2016). 

In Europe, water erosion causes the greatest loss of soil (Panagos et al., 2015; Li & 

Fang, 2016) which causes concern on-site and off-site for soil functioning and 

productivity once erosion has transported both the soil particles and associated biota 

(Pimentel, 2006). Globally, the equivalent of a 1 mm layer of arable soil is eroded 

annually (Montgomery, 2007) causing adverse effects on organic matter and 

microbial communities, while increasing water pollution and channel siltation, and 

decreasing crop productivity (Bakker et al., 2004; Verheijen et al., 2009; Cerdan et 

al., 2010a; Evans, 2010; Li & Fang, 2016; García-Ruiz et al., 2017). In agroecosystems, 

the significance of accelerated erosion in redistributing soil biota is poorly 

understood in relation to the mechanisms of removal, as well as the subsequent 

effects on biodiversity and functioning within and between fields (Baxter et al., 2013; 

Lewis et al., 2013). Soil biological processes are the key to achieving sustainable food 

production and environmental security (Scholes & Scholes, 2013). Indirectly, 

biogeochemical processes protect soil biodiversity by participating in provisioning, 

regulating and supporting services within soil ecosystems, and ultimately underpin 

soil health and functioning (Smith et al., 2015). Thereby, the protection of soil biology 

resilience against future climate change inherently ensures the diversity of soil 

organisms is also protected (Scholes & Scholes, 2013). 
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Permanently vegetated land experiences soil losses an order of magnitude less than 

arable land (Cerdan et al., 2010b) as plant roots can control and alleviate soil erosion 

by holding topsoil together (Jiao et al., 2009), while the leaf canopy directly protects 

the soil surface from weather impacts. However, erosion can still remove nutrients, 

seeds and plant material and in so doing so, alter establishment and weaken the 

longevity of land cover (García-Fayos et al., 2010). The vulnerability of exposed 

surface soils to erosion in arable land creates a necessity to understand the 

consequences of soil and biota redistribution on ecosystem resilience (Van Oost et 

al., 2007).  

Wildflowers in agricultural landscapes are a vital source of diversity that supports a 

wide range of wildlife, while providing an array of ecosystem services, e.g. crop 

pollination, attracting natural enemies of pests, soil quality protection and cultural 

and aesthetic benefits (Chiverton & Sotherton, 1991; Cowgill et al., 1993; Marshall et 

al., 2003; Navntoft et al., 2009; Trichard et al., 2013; Tschumi et al., 2016; Benvenuti 

& Bretzel, 2017). However, the diversity and abundance of arable weeds are 

declining due to the intensification of arable land and increasing agrochemical use 

(Hawes et al., 2010), yet the ramifications for seedbank dynamics and wider 

ecosystem functioning are rarely addressed. 

A seedbank is a reserve of viable seed, incorporating those both within the soil and 

on the surface (Roberts, 1981; Dekker, 1999). Seedbank dynamics are critical in 

regulating annual plant populations causing previous weed studies to focus on 

technological advances for population control (Buhler et al., 1997). However, a focus 

on the ecological understanding of weed species and their interactions within 

agroecosystems is less common. Seedbanks hold the primary source of aboveground 

plant diversity, buffering against short-term disturbance events and reducing the 

pressure of acquiring adaptation to long-term change (Venable & Brown, 1988; 

Loreau et al., 2003; Fried et al., 2009; Lewis, 2013). The distribution, composition and 

density of weed species, and their functional groups can differ to the aboveground 

vegetation community as they become closely linked to the intensity of disturbance 

associated with the cropping history of the land and tillage practices over time 

(Buhler et al., 1997). 
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Intensification of agricultural practice and changes in land management are thought 

to be responsible for recent declines in farmland biodiversity (Marshall et al., 2003; 

Mauchline et al., 2005; Gibson et al., 2006; Hawes et al., 2010; Robinson, 2016). 

Weed control practices can cause biodiversity loss, impairing ecosystem functioning, 

and a reduced contribution to pest and weed suppression by ecosystem services 

(Tscharntke et al., 2005; Snyder et al., 2006; Hector & Bagchi, 2007; Trichard et al., 

2013). In agroecosystems, the removal of primary producers has subsequently 

decreased the provision of food, shelter and adequate reproduction sites for other 

trophic groups (Hawes et al., 2003, 2010). Therefore, balanced, integrated weed 

control to sustain agricultural biodiversity, while maximising crop productivity and 

profitable yields is needed. To achieve such a system, understanding seedbank 

dynamics and the processes driving seed fate is essential. 

The fate of seeds in arable landscapes plays a central role in shaping the composition, 

structure and functioning of plant communities in an environment dominated by 

monoculture cropping. Parent plants produce seeds specifically adapted in 

morphology, germination, dormancy and longevity to withstand abiotic and biotic 

environmental pressures (Dalling et al., 2011; Long et al., 2015). This allows plants to 

disperse over time and space, increasing their chances of encountering favourable 

germination conditions. Seed morphological characteristics such as size and shape 

can influence seedling emergence, survival, establishment capability and resistance 

to erosion (Wang et al., 2014). While not all morphological characteristics can 

prevent removal by erosion equally, seeds with a myxospermous trait can aid the 

avoidance of erosion by facilitating seed adherence to soil. 

Myxospermy is a common trait among angiosperms that allows for colonisation in 

highly disturbed environments such as agroecosystems, and arid and semi-arid 

climates. Myxospermous seeds secrete mucilage upon hydration which is widely 

acknowledged to have multiple ecological advantages enabling the plant to adapt to 

biotic and abiotic stresses, such as pathogen attack and water shortage (X. Yang et 

al., 2012b). Use of mucilage-secreting seeds may contribute to regeneration and 

conservation objectives in vulnerable erosive areas, due to their enhancement of 

seed-soil contact and water retention (Western, 2012; Deng et al., 2015). However, 
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the underlying mechanism of seed-soil adhesion in relation to the chemical 

composition of mucilage and its structure is currently unknown. Further, little 

attention has been given to functionality of seed-soil-mucilage interactions and how 

they may cause stabilisation of soil during runoff erosion events in temperate 

agroecosystems. 

The following literature review provides a synthesis of the multiple aspects of seed 

fate (seed rain, dormancy, dispersal, predation and germination) and assesses how 

soil erosion can influence seedbank dynamics. The role of seed morphology in 

resisting erosion is discussed, revealing the potential for a natural solution, delivered 

by myxospermous seeds, to prevent soil transport in vulnerable arable soils. 

1.2 Seed Fate Pathways 

At least 95% of plants die either as a seed or seedling, making the knowledge of seed 

fate in soil one of the most important research areas in plant ecology (Tsuyuzaki, 

1994). Multiple processes contribute to the generation and regulation of the 

seedbank such as size, species composition, and distribution which alter with 

fluctuating inputs (seed rain and immigration), and losses (dispersal, germination, 

predation and seed mortality) (Schweizer & Zimdahl, 1984; Burnside et al., 1986; 

Wilson, 1988; Forcella, 2003; Mauchline et al., 2005). The main pathways and 

processes of seed fate are summarised in Figure 1.2.1. Separating mortality and seed 

fate from production and germination is challenging (Cousens & Mortimer, 1995; 

Mauchline et al., 2005) whilst determining differences between seed loss via 

predation or secondary dispersal (Stephen B Vander Wall et al., 2005). Overarching 

these processes is the timing and intensity of agronomic practices and management 

strategies (Buhler et al., 1997; Hyvönen et al., 2003; Robinson, 2016), causing major 

seed loss via competition from crops, damage by herbicides and tillage (Buhler et al., 

1997; De Cauwer et al., 2008; Hawes et al., 2010).
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Figure 1.2.1 Diversity of seed fate in seedbanks. Seed inputs (green) and losses (orange) occur due to a multitude of influencing factors, many of which have been extensively studied. Pathways 
and factors of seed fate discussed in this review are labelled A – S. Gaps in knowledge arise in the ecological role of myxospermous seeds during soil erosion, which can prevent their dispersal 
(antitelechory) and stabilise soil. These areas form the key research questions in this thesis.
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1.2.1 Seedbank Inputs 

1.2.1.1 Seed Production 

Seed production is a major determinant of seedbank size and composition. Input of 

new seed can occur from many sources, with the largest being from weed species 

producing seed within the field (Cavers, 1983; Norris, 2007) and therefore seedbank 

persistence depends upon the fecundity of parent plants (Fig. 1.2.1A). Each year, 

fresh seed is added to the older community from previous years via seed rain 

(primary dispersal, Fig. 1.2.1B), altering the abundance and composition of the 

seedbank (Dekker, 1999). Regeneration from seed stored in the soil seedbank is 

typical for most annual plant communities (Buhler et al., 1997), with the 

establishment of seedlings requiring specific physiological and environmental 

conditions (Batlla & Benech-Arnold, 2014).  

A species’ life history strategy and the length of its growing season controls the 

magnitude of seed production. Thus species densities will vary in different climates, 

limiting the transferability of population dynamics models between regional studies 

(Norris, 2007). Additionally, seed production is known to be prolific for weed species 

as many are capable of producing thousands of seeds per plant, with some variation 

caused by the fecundity of ecotypes within a species (Norris, 2007). Currently, there 

is a lack of evidence suggesting a trade-off between seed production and persistence 

(Bekker et al., 2003; Astegiano et al., 2010) and further research is required to 

investigate whether differences occur within and between species (Long et al., 2015).  

Research surrounding seed production as a seed fate pathway is extensive due to its 

importance for modelling weed population dynamics. However, knowledge of seed 

production is limited to relatively few species. Therefore, seed rain data from the 

important weed species in agroecosystems is required to establish relationships 

under multiple growing conditions to ascertain reliable information that can be 

transferrable across climatic regions and farm systems. Comparisons of seed rain 

data in the literature are further limited by the lack of attention given towards the 

competitive ability of crops grown in association with the weeds, as well as intra- and 

interspecific competition with fellow weeds (Norris, 2007). 
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1.2.1.2 Persistence: Dormancy and Secondary Dormancy 

The composition of the seedbank can differ to the aboveground vegetation 

community due to differences in longevity of viable seed: transient species are 

generally short-lived and remain viable in the seedbank only until the next 

opportunity to germinate arises, while persistent species remain viable for over a 

year and may succumb to dispersal before germination occurs (Harper, 1977; 

Thompson, 1992; Bekker et al., 1998; Hulme, 1998). Persistence occurs in two ways: 

quiescence (non-dormant), where seeds in the active seedbank (Fig. 1.2.1C) are 

ready to germinate when conditions are favourable; or dormancy (Fig. 1.2.1D), where 

seeds maintain physical or physiological barriers to germination in the presence of 

germination cues (Murdoch & Ellis, 2000; Thompson et al., 2003; Dalling et al., 2011).  

The accumulation of dormant seed in the seedbank (Fig. 1.2.1C) is argued to be the 

most important trait for successful population survival, as it ensures persistence 

(Grime, 1981; Dekker, 1999). The impedance of germination and degree of dormancy 

is a function of complex physiological requirements involving the interaction of seed 

size with light, temperature, water and gases (Baskin & Baskin, 1989; Hulme, 1998; 

Benech-Arnold et al., 2000). Ultimately, light regulates the termination of dormancy 

in most species and subsequently leads to germination (Fig. 1.2.1E) (Batlla & Benech-

Arnold, 2014).  

Germination and emergence (Fig. 1.2.1F) can also become inhibited by seed burial 

(Fig. 1.2.1G)  (Benvenuti et al., 2001), causing some seeds to implement dormancy as 

an evolutionary strategy in order to avoid adversity in unpredictable environments, 

and establish later when conditions become favourable (Willis et al., 2014). 

Consequently, the type of seed dormancy will influence evolutionary diversification 

within the seedbank and the aboveground vegetation. For those which are buried 

below the critical emergence depth, the light requirement for germination prevents 

the seed from emerging and reaching the surface, thereby resulting in persistent 

seedbanks. Additionally, decreasing thermal fluctuation with increasing burial depth 

may induce dormancy as fluctuations in temperature are known to initiate 

germination (Roberts & Totterdell, 1981; Benvenuti et al., 2001). Therefore, 
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dormancy is a key seed fate process that determines not only the number of seeds 

that can emerge but also the timing of their appearance (Gardarin & Colbach, 2015).  

Persistence arising from dormancy increases the probability of germination when 

favourable conditions eventually occur (Albrecht & Auerswald, 2009), as dormant 

seeds become germinable by moving into the active group within the seedbank (Fig 

1.2.1B). However, dormancy can become re-induced, known as secondary dormancy 

(Fig. 1.2.1H), if the seed subsequently becomes buried deeper in the soil profile 

below the critical emergence depth by tillage and soil disturbance (Forcella et al., 

1997; Dekker, 1999). Seed persistence arises from the development of secondary 

dormancy if fresh seeds (in quiescence) are initially stressed by reductions in 

temperature and water availability, preventing germination from occurring (Lutman 

et al., 2002). Secondary dormancy can be lost and reintroduced several times during 

seasonal changes until the most optimal germination conditions are met. The 

changing depth of dormancy is a fluid cyclical process responding to environmental 

changes, causing inductions into deeper states of dormancy to occur at any point 

during dormancy termination (Finch-Savage & Leubner-Metzger, 2006). Long et al. 

(2015) argue that dormancy cycling is a strategy to ensure that germination occurs in 

favourable conditions for post-emergence competition and reproduction, rather 

than to enhance seed persistence in the soil. However, seeds which exhibit dormancy 

cycling persist longer than those that remain germinable throughout seasonal 

changes.  

1.2.2 Secondary Dispersal: Inputs and Losses to the Seedbank 

Secondary dispersal (Fig 1.2.1I and J) is a substantial vertical or horizontal movement 

from the first landing site, after the initial movement from the mother plant (primary 

dispersal) (Chambers & MacMahon, 1994). Secondary dispersal is vital in hostile 

environments where appropriate physiological and environmental conditions are 

lacking. Unlike other features of arable seedbank dynamics, secondary dispersal 

plays a dual role in seed fate by providing both immigration (seed loss, Fig 1.2.1H) 

and emigration (seed input, Fig 1.2.1I) of individuals. Seeds can also become spatially 

redistributed within the system through short-distance movements (seed 

displacement). This disturbance induced dispersal creates an opportunity for 
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successful regeneration if seeds reach a more favourable site for germination, 

survival and establishment, away from the mother plant, e.g. to avoid pre-

germination predation (Chambers & MacMahon, 1994; Benvenuti, 2007a). 

Therefore, secondary dispersal promotes the colonisation of new areas, while 

maintaining continuous recolonisation of an existing ecological niche (Benvenuti, 

2007a). Weed dispersal is influenced by the distance between the plant community 

and areas devoid of vegetation through the selection of species that are capable of 

reaching and becoming established in the ecological niche available (Cain et al., 

2000). The susceptibility of seeds to be removed varies greatly between species due 

to differences in seeds traits and morphological structures (Fig 1.2.1K, section 1.2.4). 

Secondary dispersal can occur through a variety of biotic agents (Fig. 1.2.1L) (Cousens 

et al., 2008). Seeds can be transported via epizoochory by adhesion onto animal fur 

or skin, according to their mass and morphology (Petit et al., 2013), or via 

endozoochory through manure after ingestion (Harmon & Keim, 1934). Seeds 

surrounded by fleshy tissues are dispersed after being consumed by mammals and 

birds. Germination is promoted as the seed passes through the gut, as a result of 

scarification, followed by deposition within a natural fertiliser (Long et al., 2015). 

However, endozoochoral dispersal can also increase the risk of predation. 

Abiotic agents of secondary dispersal (Fig. 1.2.1M) include anemochory (wind) and 

hydrochory (water). Wind is a very common and well characterised dispersal vector 

as it is easier to study than other mechanisms (Soons & Bullock, 2008). It can modify 

seed shape preference whereby aspherical seeds are selectively transported to new 

sites (Albrecht & Auerswald, 2009). Successful long-distance dispersal via 

anemochory arises through the evolution of wings or plumes, and/or a decrease in 

mass, allowing transportation for hundreds of kilometres. However, this adaption 

results in a trade-off with competitiveness once the new site is reached (Sakai et al., 

1998). Hydrochory describes the process by which seeds are transported via water 

(rainfall, runoff and water courses) aided by their light mass and flattened shape, 

promoting buoyancy (Benvenuti, 2007a). Hydrochorous species can synchronise 

seed release with periods of greatest rainfall and potential runoff (Harper, 1990). 

Despite receiving little attention in the scientific literature, dispersal via overland 
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flow is thought to be an ecological driver with the potential to shape plant 

composition by favouring those that can resist erosion, thereby preventing seed loss 

(Bochet, 2015). However, García-Fayos et al. (2010) reported the role of seed loss by 

erosion in restructuring plant communities could be over-interpreted. A possible 

explanation for low rates of seed loss via erosion may be due to seed burial through 

vertical movements (Chambers & MacMahon, 1994) as well as a lack of data caused 

by erosive processes operating at much larger scales (Bochet, 2015). However, with 

future climate change scenarios predicting intense rainfall events to become more 

frequent (IPCC, 2007), leading to intensive erosion events, opportunities to 

investigate the resilience of the ecosystem following biota redistribution via overland 

flow (e.g. entrained with sediment) will be ongoing.  

Many plant species have maintained diverse dispersal strategies, therefore relying 

on anthropochory (the action of humans, Fig. 1.2.1N) as their mode of dispersal and 

survival (Benvenuti, 2007a). Although it is in much smaller quantities than 

regeneration, the import of seed via external sources such as farm equipment, tillage 

and mechanical weeding (Currie & Peeper, 1988; McCanny & Cavers, 1988) can 

disperse seeds over several metres (Rew & Cussans, 1997; Grundy et al., 1999; 

Marshall & Brain, 1999). This can be increased by several orders of magnitude if 

harvests coincide with seed set or weed seed maturation (Rew et al., 1996; Woolcock 

& Cousens, 2000; Blanco-Moreno et al., 2004; Humston et al., 2005) with on average 

30,000 seeds being redistributed per harvester (Boyd & White, 2009).  

Schupp et al. (2010) suggest that the growth in seed dispersal research has been 

driven by seed dispersal being at the centre of many worldwide ecological questions. 

Dispersal plays a leading role in plant population dynamics as well as community 

structure (Rosindell & Cornell, 2009), recruitment limitation (Clark et al., 2007), 

maintenance of biodiversity and structure of interaction networks (Bascompte & 

Jordano, 2007), ecological consequences of habitat fragmentation (Cordeiro & Howe, 

2003), the effectiveness of corridors for conservation (Levey et al., 2005) and weed 

invasions (Buckley et al., 2006). The greater research interest given to seed dispersal 

is not only due to the need to understand the mechanisms by which biological 
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material moves around the landscape, but that dispersal can result in the successful 

establishment of new individuals (Schupp et al., 2010). 

In the early 1990s, the development of new techniques to fingerprint the 

redistribution of seeds through space and time provided new evidence that dispersal 

was a more complex process than previously thought (Bochet, 2015). Seed dispersal 

is challenging to measure convincingly, leading to a lack of empirical studies required 

to complete a seed budget with pathways that seeds might follow until germination 

and removal from the seedbank (S B Vander Wall et al., 2005; Bochet, 2015). Removal 

studies can provide useful information on seed dynamics, but often these results are 

misinterpreted due to the assumption that seeds were removed by predators, rather 

than surviving by secondary dispersal  (Stephen B Vander Wall et al., 2005). 

1.2.3 Seedbank Losses 

Seed of some weed species have the capacity for long-term (> 10 years) survival in 

the seedbank. However, most have a relatively short lifespan due to germination, 

pathogenic decay, physiological seed death, predation and secondary dispersal 

causing mortality (Fig. 1.2.1O) (Buhler et al., 1997). Disturbance through field 

operations and cropping systems have the potential to alter the abundance and 

composition of the seedbank, causing localised mortality. Additions to the seedbank 

are exceeded by vast losses that may compromise critical ecosystem functions, e.g. 

nutrient cycling and invertebrate food webs (Lewis et al., 2013; Marshall et al., 2003). 

It is recognised that arable seedbank diversity and densities are declining, with long-

term reductions of up to 40% in the UK (Marshall et al., 2003; Gibson et al., 2006; 

Lewis et al., 2013; Robinson, 2016). Rates of loss from death, weed control measures 

and germination have been quantified or estimated (Grime, 1981; Watson et al., 

2003; Westerman et al., 2003, 2011; Benvenuti, 2007a; Navntoft et al., 2009; Davis 

et al., 2011) and their influence on mortality is often shaped by seed morphology 

(Long et al., 2015). 
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1.2.3.1 Predation 

Post-dispersal seed predation (Fig. 1.2.1P) is a significant source of weed mortality 

and thus a driver of plant populations with the potential to restructure communities 

(Crawley, 1992; Hoffman & Moran, 1998; Cromar et al., 1999; Holmes & Froud-

Williams, 2005; Kauffman & Maron, 2006; Kolb et al., 2007; Lewis & Gripenberg, 

2008; Ramírez & Traveset, 2010) and allow a natural suppression of weed 

populations (Brust, 1994; Kromp, 1999). Therefore, predation is considered as a 

valuable ecosystem service within arable fields (Meiss et al., 2010; Davis et al., 2011). 

Weed suppression by predation can reduce the reliance upon synthetic chemical 

controls (Liebman & Gallandt, 1997; Menalled et al., 2000; Davis et al., 2003; Gallandt 

et al., 2005; Westerman et al., 2005). Predation may account for 70-99% of weed 

seeds that are produced annually in cereals, but cannot be retrieved from the seed 

bank or fail to emerge as seedlings (Cardina & Norquay, 1997; Westerman et al., 

2003). The availability and vulnerability of weed seeds is controlled by the timing of 

seed shed, while burial can provide refuge from predation (Westerman et al., 2003; 

Honek et al., 2005). Seed loss is maximised when periods of seed availability overlap 

with active foraging by predators (Westerman et al., 2003, 2011; van Klinken & 

White, 2014). 

Weed seeds are an important food resource for invertebrates, small mammals and 

birds (Whelan et al., 1991; Hulme, 1994; Buhler et al., 1997; Marino et al., 1997; 

Wilson et al., 1999; Kollmann & Bassin, 2001; Westerman et al., 2003; Holmes & 

Froud-Williams, 2005; Saska et al., 2008). However, spatial and seasonal variation of 

foraging taxa alters the composition of both predated seed species and resulting 

emerging species. In temperate arable ecosystems, granivorous ground beetles 

(Carabidae) are the most important predators (Cromar et al., 1999; Tooley et al., 

1999; Honek et al., 2003; Westerman et al., 2003; Marino et al., 2005; Saska et al., 

2008). These beetles are generalist feeders in annual row-crop systems (Jorgensen & 

Toft, 1997; Lee et al., 2001; Harrison et al., 2003; Gallandt et al., 2005; Menalled et 

al., 2007) and several species are identified as consuming substantial numbers of 

weed seeds under laboratory and field conditions (Lund & Turpin, 1977; Harrison et 

al., 2003; Saska et al., 2008; Trichard et al., 2013). Seeds are an important part of 
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carabid (and larvae) diets and seed density can be substantially decreased at the soil 

surface by carabid activity during seed shed and prior to burial (Honek et al., 2005). 

The significance of cropping systems on carabid communities and weed seed 

predation is not fully understood, despite a recent growth in studies concerning their 

potential role in weed suppression (Lee et al., 2001; Westerman et al., 2003; 

Menalled et al., 2007; Kulkarni et al., 2015; Blubaugh et al., 2016; Cutler et al., 2016; 

Petit et al., 2017). 

In addition to seed size and morphology, seed predation can be influenced by the 

farm type and the sown crop species  (Andersson, 1998; Zhang et al., 1998; Cromar 

et al., 1999; Kromp, 1999; Macdonald et al., 2000; Menalled et al., 2006; Westerman 

et al., 2006; O’Rourke et al., 2008; Meiss et al., 2010; Trichard et al., 2013). Less 

featured in research is the role of vegetation cover, despite affecting the quality of 

the foraging habitat. Meiss et al. (2010) found enhanced weed predation when 

vegetation cover was maximised and prolonged on arable fields. Further, 

management practices such as tillage and chemical inputs (fertiliser, pesticides) can 

have extensive impacts on weed seed predation (Menalled et al., 2007). Particularly 

in no-till and organic systems, predation is an essential mechanism for weed control 

(Holmes & Froud-Williams, 2005; Navntoft et al., 2009; Bagavathiannan & 

Norsworthy, 2013), as continual seed rain and a lack of burial promote high weed 

densities and crop suppression.  

A reduction in the availability of seed is a major part of biodiversity loss across 

agroecosystems (Hawes et al., 2010; Robinson, 2016), and the full impacts of post-

dispersal predation regulating arable weed populations is under-researched and 

possibly under-valued (Andersen, 1988; Froud-Williams, 1999; Trichard et al., 2013; 

van Klinken & White, 2014). Understanding how seed predators select seeds can help 

to explain the mechanisms by which some weed species can resist high predation 

pressures (Baraibar et al., 2011). Therefore, knowledge of predation as a seed fate 

pathway can lead to informed weed predatory models that also maintain biodiversity 

and its associated ecosystem services.   
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1.2.3.2 Germination  

Most of seed loss is from germination (Fig. 1.2.1E), and seedbank depletion can occur 

rapidly through premature germination, particularly if seeds are below the critical 

depth (Grundy et al., 2003). Germination occurs when environmental conditions such 

as oxygen, temperature, water and light allow successful emergence and survival. For 

embryos to imbibe and germinate, water is necessary and different species require 

specific water potential thresholds that can support germination at different 

temperatures (Rowse & Finch-Savage, 2003). The probability of seed germination, 

and its relative time of emergence, is determined by the position within the soil 

profile as well as seed size and mass  (Grundy et al., 2003). Larger seeds can emerge 

from greater depths due to their greater reserve of energy, while smaller-seeded 

species have a greater inclination for dormancy regimes, allowing them only to 

germinate when conditions are optimal for establishment (Grundy et al., 2003). The 

timing of germination and weed emergence relative to crop emergence is crucial for 

the survival of the seedling and its capability of producing offspring to replenish the 

seedbank (Batlla & Benech-Arnold, 2014). The most influential transition in the life 

cycle of a plant is thought to be the period between germination and the seedling 

establishing (Harper, 1977) as it affects the plant population and wider community 

structure (Garrido et al., 2005; Gómez-Aparicio, 2008; Wang et al., 2014).  

1.2.3.3 Erosion 

Some seed pathways controlling diversity and abundance are well described, such as 

losses via predation, pathogens or disease as well as agricultural practice related 

mortality from tillage and herbicides. However, the role and impact of erosion (Fig. 

1.2.1Q) is under-recognised in temperate agroecosystems in relation to other seed 

distributive mechanisms. The impacts of soil erosion upon wider ecosystem services 

across multiple scales, in particular arable weed seedbanks, are largely overlooked 

despite the notion that climate change is expected to increase the frequency of 

extreme storm events, further increasing the severity of soil erosion and threats to 

sustainable food production.  

Detachment and transport of soil particles by runoff and splash detachment by 

raindrops are the two main mechanisms by which soil erosion occurs (Lal, 2001; 
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Engelbrecht et al., 2014). The severity of these processes depends on rainfall 

duration, quantity and intensity, physical and chemical properties of the soil 

(hydraulic conductivity, infiltration, and aggregation) and the topography of the land 

(Thornes, 1985; Lal, 2001). Seeds can be carried by overland flow and sediment 

transport at the soil surface and within the soil profile, causing secondary dispersal 

events, influencing seedbank spatial distributions (Han et al., 2011; Lewis, 2013). 

However, this area is under-researched despite spatial relations of weed seedbank 

assemblages playing an important role in securing biodiversity within 

agroecosystems (Benvenuti, 2007a; Alignier & Petit, 2012). Prior to 1994, the effects 

of soil erosion on seed removal and vegetation distribution were unnoticed 

(Chambers & MacMahon, 1994; García-Fayos et al., 1995). Since then, the role of 

seed morphology and influences on seedbank assemblages have gained attention 

because, as with soil mineral particles, the susceptibility of seeds to removal by 

erosion depends on seed morphology, e.g. seed size, shape, appendages and the 

ability to secrete mucilage (García-Fayos & Cerdà, 1997; García-Fayos et al., 2010; 

Wang et al., 2013; Engelbrecht et al., 2014). 

Erosion and vegetation are interlinked as the physical stress caused by soil erosion 

affects the development of vegetation, but can also be controlled by the response of 

the vegetation (Jiao et al., 2009; Han et al., 2011). Soil erosion decreases soil water 

capacity and the availability of nutrients, removes seeds, seedlings and plant 

material, and this limits the recovery of vegetation (Guerrero-Campo & Montserrat-

Martí, 2000; Cerdà & García-Fayos, 2002). There are few soil erosion studies involving 

the behaviour and redistribution of nutrients and organic matter, with previous 

research focusing mainly on the removal of mineral particles (Jiao et al., 2009; 

Dungait et al., 2013). The most effective approach to control soil erosion and aid the 

recovery of degraded ecosystems is through vegetation development and 

colonisation (Xu et al., 2006; Jiao et al., 2009). However, the action of seeds being 

removed by erosion has been overlooked. The benefits of vegetation as a natural 

control for soil erosion is well documented (Xu et al., 2006), but the ways in which 

vegetation development is affected by soil erosion are poorly understood. The 

effects of soil erosion on vegetation involves multiple stages of plant growth: seed 
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availability and distribution, seedbank abundance, germination, colonisation and 

community structure (Jiao et al., 2009; Lewis et al., 2013). More specifically, water 

erosion events affect the redistribution of seed on the soil surface and within the soil, 

and subsequently species composition, altering aboveground vegetation distribution 

(Han et al., 2011). Consequently, vegetation distribution controls the distribution of 

sediment, nutrients, water and seed distribution (resulting from seed rain) (Cerdà, 

1997; Bochet et al., 1999). Hence, seed loss by runoff erosion requires 

acknowledgement due to the importance of seeds for the functioning of soil and 

aboveground ecosystems (García-Fayos et al., 1995).  

Erosion, specifically arising from tillage, can selectively translocate seeds across fields 

(Cousens et al., 2008). Eroded material may accumulate in field depressions 

depending on topography, resulting in seed burial below germination depth, thus 

inducing dormancy and increasing seed mortality (Lewis et al., 2013). Westerman, 

Dixon and Liebman (2009) used beads as proxies for seeds to observe resurfacing 

after topsoil was removed by rainfall and wind following periods of drought, thereby 

highlighting that depositional buried areas could later expose germinable seeds. Seed 

viability can be directly altered by tillage through increasing germination rates for 

species which require scarification, while increasing the mortality of others (Lewis et 

al., 2013). Tillage operations are usually conducted during spring or autumn before 

crop sowing. In northern Europe, this leaves bare ground exposed to splash, inter-rill 

and rilling from late autumn to early spring (Lewis et al., 2013). During exposure, 

seeds that have shed are concentrated at the soil surface, and thus highly susceptible 

to erosive processes prior to incorporation into the seedbank (Westerman et al., 

2006). Therefore, tillage erosion is likely to significantly impact seed distribution and 

species composition at the field scale. 

The intensification of farming is intrinsically linked to accelerated soil erosion (Lal et 

al., 2007; Dungait et al., 2013) causing widespread declines in the abundance and 

diversity of weed species, generating homogenous plant communities in arable 

ecosystems (Brazier, 2004; Baessler & Klotz, 2006; Hawes et al., 2010; Gunton et al., 

2011). Seed mortality from physical damage is common across many ecosystems, yet 

the physical damage caused during runoff erosion is rarely explored (Wang et al., 
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2014). The damage caused by the kinetic energy of extreme precipitation can reduce 

seed survival in addition to being buried by sediment, while causing the soil to crust 

and further reduce seedling emergence (Sheldon, 1974; Baumhardt et al., 2004). On 

arable land across Europe, average annual rates of soil loss by erosion is estimated 

at c.3-40 t ha-1 yr-1 (Verheijen et al., 2009). However, quantitative information 

enlightening the potential significance of accelerated soil erosion as a redistributive 

mechanism of soil biota is currently under-researched (Baxter et al., 2013).  

Studies of seed loss rates after rainfall and overland flow, sediment transportation 

and seed displacement are rare (Han et al., 2011), with only a few at the laboratory 

scale (Cerdà & García-Fayos, 2002) and landscape or catchment scales (Goodson et 

al., 2003; Gurnell et al., 2006). Research has focused on semi-arid and Mediterranean 

systems with concerns to seed loss by overland flow (García-Fayos & Cerdà, 1997), 

slope angle (Cerdà & García-Fayos, 1997) and the influence of seed size and shape 

(Cerdà & García-Fayos, 2002). Despite this, relatively few studies explore seed-soil 

interactions with water erosion in agricultural communities. Studies concerning our 

understanding of temperate agroecosystems are rare, with only Lewis et al. (2013) 

addressing the link between field-scale soil erosion and arable weed seedbank 

diversity and abundance. Other studies into the issues seedbanks face as a result of 

soil erosion are largely based on agroecosystems in semi-arid systems. 

1.2.3.3.1 Soil Erosion in Semi-Arid Systems 

As a result of climate change and human activities, semi-arid ecosystems are 

encountering increasing pressures on land use and soil health, combined with 

predicted vegetation changes and intensified rainstorms causing extreme erosion 

events (Bochet, 2015). These factors have allowed a body of research to emerge 

aiming to understand how these pressures will influence soil biota redistribution 

during erosive events and the consequences for ecosystem functioning.  

Semi-arid regions are characterised by sparse vegetation cover and annual rainfall 

concentrated over a few high intensity events, generating high risks and susceptibility 

to soil erosion (Engelbrecht et al., 2014). Soil erosion naturally occurs on slopes, 

disturbing vegetation development whilst driving ecological degradation (Jiao et al., 
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2009). Surface flow processes influencing seed movement and redistribution of the 

seedbank is suggested to be the main cause of low vegetation cover in regions 

experiencing high soil erosion events (García-Fayos et al., 1995). Badlands are 

characterised by steep, dry terrain with clay rich soils and minimal vegetation. 

Therefore, badlands are prone to severe soil erosion, overland flow and sediment 

transport causing seeds to be carried away from the soil surface as well as those in 

the soil profile (Chambers & MacMahon, 1994; García-Fayos et al., 1995, 2010). 

However, these processes cannot be the only key factors reducing vegetation cover 

(Cerdà & García-Fayos, 2002; García-Fayos et al., 2010; Jiao et al., 2011). 

Selective removal of seeds by erosion has the potential to modify plant communities. 

García-Fayos, Bochet and Cerdà (2010) conclude seed removal susceptibility to be 

greater for species inhabiting flat topographies than those residing on steep slopes. 

Thus, mechanisms reducing seed susceptibility to runoff removal are possibly more 

common in communities residing on severely eroded areas, rather than those on 

poorly eroded areas (García-Fayos et al., 2010). Han et al. (2011) found seed loss 

rates to correlate closely with sediment yield, and more so with runoff volume. Seed 

removal was positively related with rainfall intensity, yet slope gradient appeared to 

cause minimal effects with responses varying amongst species due to differences in 

seed morphology. Seed quantity and position on a slope altered removal rates with 

slope length and species composition. Therefore, on eroded slopes, seed 

redistribution by runoff erosion has the potential to explain species composition and 

vegetation distribution.  

Jiao et al. (2011) found seed dispersal mobilised by runoff erosion to impact the 

distribution of vegetation in the Chinese hill-gully Loess Plateau. However, it may not 

be the only reason for sparse vegetation patterns. High seed loss rates occurred in 

species which also have large soil seedbanks, while species which experienced 

relatively little or no seed loss remain sparsely distributed. While seed production, 

viability, germination, seedling survival and species composition predominantly 

shape vegetation cover, the role of runoff erosion is also important. Using simulated 

rainfall experiments, Jiao et al. (2011) found most seeds to become displaced (as 

opposed to seed loss) following runoff erosion. Additionally, seed redistribution 
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becomes ecologically significant under conditions of rill or gully erosion as some 

seeds were found to move out of the soil, while others remained on the soil surface, 

with most experiencing at least some degree of displacement. However, while 

rainfall and sheet flow altered seed locations, they did not contribute to a net loss of 

seeds with redistribution occurring only during a few rainfall events (Jiao et al., 2011). 

Studies investigating seed removal following runoff erosion with natural underlying 

soil surfaces are limited to a narrow range of rainfall intensities and slope angles. 

Where studies have included a greater range of rainfall and slope gradients, they are 

under laboratory conditions or with unnatural surfaces such as bare loess slopes (Han 

et al., 2011). Thus, the interplay between erosion and seed dispersal and its potential 

to modify species composition and distribution requires further research utilising 

natural slopes over larger scales. 

1.2.4 The Role of Seed Morphology in Seed Fate Pathways 

In addition to abiotic factors, seed traits (Fig. 1.2.1K) influence seedling emergence, 

survival and establishment capability (Wang et al., 2014). For the purposes of the 

aims of this thesis, seed traits are illustrated in Figure 1.2.1 under the erosion 

pathway. However, seeds traits are also influential at other pathways of seed fate.  

1.2.4.1 Mass, Size and Shape 

A relationship exists between the mass and shape of seeds and their longevity 

(Thompson et al., 1993). Non-dormant seeds are likely to be elongated (Gardarin & 

Colbach, 2015), remaining on the soil surface in undisturbed habitats (Benvenuti, 

2007a), and lack dormancy traits. Instead, they favour immediate germination to 

limit predatory mortality. Highly productive plants produce larger numbers of small 

(<1 mm), near spherical seeds which tend to be more persistent, causing a 

dominance of small, long-lived and easily dispersed seeds entering the seedbank 

(Jakobsson et al., 2006). Transient seeds in the active seedbank are also likely to be 

heavier (> 2.5 mg) and irregular in shape and face a greater risk of predation as they 

are easier for predators to find. Predation, therefore, presents a substantial cost to 

large-seeded species sustaining a persistent seed bank (Hulme, 1998). However, 

large seeds (> 3 mm) can also reduce predation risk as some predators are satisfied 
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by eating fewer, larger seeds, or by their specialism for smaller seeds (Y. Yang et al., 

2012). In addition to seed size, seed coat thickness can also influence longevity.  A 

thicker seed coat represents a chemical and physical barrier, acting as a mechanical 

barrier, to germination, thereby inducing dormancy (Gardarin & Colbach, 2015). 

However, tillage can bury seeds regardless of their shape and size, and so dormancy 

becomes a trade-off with seed size and dispersal. 

Seed size and mass play a key role in determining seed removal and dispersal 

distances (Benvenuti, 2007a) while seed shape, appendages myxospermous ability 

only influences seed removal occasionally (Jiao et al., 2011; Wang et al., 2013). Larger 

seeds are more resistant to erosion (Coomes & Grubb, 2003; Moles & Westoby, 

2004). Seedlings produced from larger seeds are more robust, possessing deeper 

roots and are likely to survive periods of drought (Lloret et al., 1999; Padilla & 

Pugnaire, 2007), creating a positive association between initial seeding size and 

seedling survival (Moles & Westoby, 2004; Benard & Toft, 2008). Therefore, seedlings 

arising from an array of seed sizes may display differing tolerances to physical 

damage sustained during erosion (Wang et al., 2014).  

Studies using simulated rainfall have demonstrated seed size to be the crucial factor 

influencing seed mobility and removal, with seed shape only becoming significant 

when seed mass exceeds 50 mg (Cerdà & García-Fayos, 2002). Isselin-Nondedeu, Rey 

& Bédécarrats (2006) observed flat seeds to likely remain on slopes. Therefore, it is 

useful for species inhabiting frequently eroded slopes to evolve desirable erosion-

resistant morphological characteristics such as extremely elongated shapes, awns, 

hairs, pappus and mucilage secretion. However, Wang et al. (2013) found there was 

no uniform relationship between species distribution through seed removal via 

water erosion. Some species were more able to resist water erosion on gentle slopes, 

yet others with high seed removal could still establish on eroded slopes. Therefore, 

other factors such as plant strategies or soil surface characteristics may also 

contribute to seed removal than seed morphology alone. 

Different erosive processes may influence the response of different weed seed 

species (Lewis et al., 2013). Splash-related dispersal and inter-rill transport have the 
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capability to move small, lighter seeds on or near the soil surface over fine scales, 

causing phenotypic or species-specific responses depending on seed characteristics 

(García-Fayos et al., 2010). Therefore, selectivity will lead to alterations in seedbank 

composition, ultimately favouring large, heavy seeded species in the eroded areas 

while small, light seeds will dominate in depositional zones (Lewis et al., 2013). 

Changes in seedbank composition as a result from species selective erosion may 

transfer into changes in ecosystem service provision if particular seed morphologies 

have associations with important seed traits (e.g. food resource to insect herbivores) 

(Lewis et al., 2013).  

1.2.4.2 Aesthetics and Appendages 

The attractiveness of seeds caused by nutritional value, palatability and aesthetic 

features can influence predation (Westerman et al., 2003; White et al., 2007). Once 

detected by a predator, the colour and nutritional content of the seed will determine 

whether it is consumed (Long et al., 2015). Colouring can indicate the content of 

antimicrobial compounds within the seed coat (Lepiniec et al., 2006). Seeds with 

greater oil concentrations and less fibre are preferred by predators (Dechaine et al., 

2010), thus affecting species-specific seed susceptibility to predation. 

Particular appendages (hairs, awns, wings, oil bodies) and surrounding fruit tissues 

can encourage seed dispersal and their susceptibility to be removed by erosion, 

influencing persistence in agricultural environments (Benvenuti, 2007a, 2007b; 

García-Fayos et al., 2010). Some awned seeds common in Poaceae family can drill 

into the ground by winding and rewinding of awns during wetting and drying (Long 

et al., 2015). This also moves the seed to a more stable environment for germination 

and avoids predators. 

1.2.4.3 Myxospermy 

Of all seed fate pathways and processes outlined in Figure 1.2.1, the role of 

myxospermy is the least understood, particularly when considering the influences on 

soil properties. Myxospermy is a common trait among angiosperms and those 

adapted to drought environments (Fig. 1.2.1R). Found mainly in species within the 

plant families Asteraceae, Brassicaceae, Cistaceae, Linaceae, Plantaginaceae and 
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Solanaceae, the epidermal cells of seed coats contain large quantities of mucilage 

(Grubert, 1974, 1981). Previous research of seed coat mucilages have included 

Arabidopsis (Macquet et al., 2007a; Western, 2012; Saez-Aguayo et al., 2014; Zhao 

et al., 2017), Artemisia (Huang et al., 2000, 2004, Yang et al., 2010, 2011; X. Yang et 

al., 2012a), Linum usitatissimum (Naran et al., 2008; Kreitschitz & Gorb, 2017),  

Sinapsis alba (Eskin et al., 2007) and Plantago (Guo et al., 2008; Kreitschitz et al., 

2016). In particular, Arabidopsis thaliana has been extensively used as a model 

species to investigate the synthesis of seed mucilage and associated genes during 

seed development and differentiation (Western et al., 2000, 2001; Willats et al., 

2001; Penfield et al., 2001; Macquet et al., 2007b; Dean et al., 2011; Sullivan et al., 

2011; Harpaz-Saad et al., 2011; Huang et al., 2011; Haughn & Western, 2012; Yu et 

al., 2014; Griffiths et al., 2014; North et al., 2014; Francoz et al., 2015; Voiniciuc et 

al., 2015b, 2015a, 2016; Ralet et al., 2016; Tsai et al., 2017). As the seed mucilage of 

commercial crop Chia (Salvica hispanica) has a similar composition to maize root 

exudates, extracted Chia mucilage has been used as an analogue to root mucilages 

found in the rhizosphere to investigate plant-soil water interactions (Kroener et al., 

2014, 2015; Ahmed et al., 2016; Benard et al., 2016, 2017; Carminati et al., 2017; 

Naveed et al., 2017).  

Recent attention has been given to plant-derived polymers due to their diverse 

pharmaceutical and food science applications and use in the sustainable production 

of biofuels (Loqué et al., 2015; Soukoulis et al., 2018). A recent study on seed 

mucilage of yellow mustard (Sinapsis alba) seeds has shown a potential anti-cancer 

effect for colon cancer in animals (Eskin et al., 2007). The health benefits of flax seed 

(Linum usitatissimum) are traditionally known such as reducing diabetes, cancer, 

cardiovascular disease and arthritis (Goyal et al., 2014). As a consequence, the 

chemical constituents were characterised early last century, and have since been 

widely used in cosmetics (Neville, 1912; Naran et al., 2008). Additionally, plant 

polysaccharides are cheap and easily available, biocompatible, non-toxic and non-

irritant in nature, giving them preference over other semi-synthetic/synthetic 

diluents and binders (Malviya et al., 2011).  
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Upon hydration, myxospermous mature seeds become rapidly enveloped in a 

hydrophilic mucilage sheath that ruptures the primary cell wall (Fig. 1.2.2). A 

secondary cell wall and a raised protrusion, known as the columella, is then revealed. 

Hydration of seeds that cause mucilage secretion can occur by rain, dew, fog or 

simply from soil water when soil is at field capacity (Huang et al., 2004). Deng et al. 

(2012) demonstrated a six-fold increase in Capsella bursa-pastoris seed volume and 

a 2.5-fold increase in surface area within only five seconds of hydration, suggesting 

an increased ability for enhancing seed-soil contact. 

 

 

Figure 1.2.2 A typical aerial and side view of an Arabidopsis thaliana mucilage secreting cell, indicating storage 
and release of pectin (P). The central columella (C) is from where cellulose fibres (F) are released. Following 
release, two distinct layers of mucilage form: adherent and non-adherent. Adherent mucilage contains both 
pectinaceous and cellulosic material, while non-adherent mucilage is pectinaceous only. Diagram is adapted 
from Voiniciuc et al. (2015b). 
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1.2.4.3.1 Seed Mucilage Composition and Structure 

The major polysaccharide constituents of seed mucilage are pectin, hemicellulose 

and cellulose (Willats et al., 2001; Macquet et al., 2007a). Staining seeds with 

different dyes such as ruthenium red and fluorescent calcofluor is a simple method 

to quickly visualise pectin and cellulose respectively (Fig. 1.2.3). However, obtaining 

a detailed chemical composition of the acidic hydrogel is complex and challenging as 

it is often contaminated by other cell wall materials during extraction processes 

(reviewed in North et al., 2014).  

Once released, A. thaliana mucilage is organised in two distinct layers; the pectin-

rich outer layer is soluble, and the cellulosic inner layer is adherent and difficult to 

remove (Fig. 1.2.2) (Western et al., 2000; Harpaz-Saad et al., 2011). Somerville et al. 

(2004) suggested that the driving force of the overall mucilage structure is derived 

from hydrogen bonds linking hemicellulose to the surface of cellulose fibrils, and 

thereby bridging the gap between cellulose and pectin. In addition to A. thaliana, the 

production of two different mucilage layers also occurs in other species, such as C. 

bursa-pastoris (Deng et al., 2012) and flax (Linum usitatissimum, Naran et al., 2008; 

Western, 2012). Differences in structure and composition of mucilage layers across 

species may be related to differing ecological and physiological functions, creating a 

diverse range of roles within ecosystems (Macquet et al., 2007a; X. Yang et al., 2012b; 

North et al., 2014).   
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Figure 1.2.3 Capsella bursa-pastoris seed stained with ruthenium red indicating pectin component of mucilage 
(A), and with calcofluor indicating cellulose component (B). i: inner layer, o: outer layer. Scale bar: 500 µm. 
Image source: Deng (2012). 
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Western, Skinner and Haughn (2000) determined the structure of mucilage secreting 

cells (MSC) using A. thaliana. Scanning electron microscope analysis revealed an 

epidermal layer of hexagonal cells with thickened radial cell walls and a central raised 

structure in each cell known as the columella. Following mucilage release, outer cell 

walls appeared to be thinner, depressions around the “volcano-shaped” columellae 

were extensive, and the primary seed coat previously draped over the MSCs was now 

gone. They concluded that these observations suggested that the release of mucilage 

was related to the rupturing of the primary cell wall of the epidermal MSCs. Staining 

of seed epidermal sections revealed the columella to be comprised of cell wall 

material, while spaces between radial cell walls and columellae were filled with 

pectin polysaccharides. A similar hexagonal MSC structure with central columella was 

also observed by Deng et al. (2012) for seeds of Capsella bursa-pastoris. Following 

the early work of Western, Skinner and Haughn (2000), a plethora of research has 

emerged further examining the synthesis and gene regulatory functions of 

Arabidopsis mucilage secreting cell wall architecture (Dean et al., 2011; Harpaz-Saad 

et al., 2011; Huang et al., 2011; Sullivan et al., 2011; Haughn & Western, 2012; Yu et 

al., 2014; Ben-Tov et al., 2015; Voiniciuc et al., 2015a; Francoz et al., 2015; Voiniciuc 

et al., 2015b; Ralet et al., 2016; Tsai et al., 2017). However, similar information is not 

yet available for other species. 

Detailed chemical analysis of A. thaliana seed mucilage has been described (Macquet 

et al., 2007a; Voiniciuc et al., 2015b, 2016). Despite structural differences between 

seed mucilage layers, Macquet et al. (2007b) found the principal pectic component 

of both layers to be rhamnogalacturonan I (RG I) (Fig. 1.2.4). The outer layer was 

mainly unbranched RG I molecules that appeared to have expanded in a random-coil 

formation. As only 12-19% of the inner layer was cellulose, it was suggested that the 

inner layer could be divided into two domains: the internal cellulose-containing 

domain which also includes small amounts of galactan, and an external domain which 

contains small amounts of galactan and arabinan. Both internal and external domains 

have an RG I backbone, with small sections of homogalacturonan (HG). 
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Figure 1.2.4 Schematic representation of the structural composition of Arabidopsis seed mucilage. Source: 
Macquet et al. (2007b).  

While Arabidopsis has been at the centre of mucilage-related research, other species 

have recently been explored. However, only a few studies have compared the 

compositional and structural differences of seed mucilage across multiple species 

(Engelbrecht et al., 2014; Kreitschitz et al., 2016; Kreitschitz & Gorb, 2017). Kreitschitz 

and Gorb (2017) investigated microstructural differences between seed mucilage of 

Linum usitatissimum (contains pectin only) and Neopallasia pectinate (contains both 

pectin and cellulose). They found the organisation of cellulose in N. pectinate formed 

a net-like scaffold, from which pectin molecules were attached, illustrating how 

mucilage was able to remain anchored to the seed surface. Seed mucilage of 

Plantago lanceolata was thought to contain only pectin, but Kreitschitz, Kovalev and 

Gorb (2016) found evidence of delicate cellulose fibrils creating a structured 

skeleton. However, these compositional differences may affect the retention time of 

water absorbance. After 35 mins, 92% of absorbed water in P. lanceolata was lost, 

whereas L. usitatissimum mucilage lost only 56%.  

The rate of water loss from mucilage may affect the rate of adhesion, causing the 

seed to fix faster to the soil surface. Engelbrecht, Bochet and García-Fayos (2014) 

found differences in mucilage of Fumaria ericifolia and Helianthemum violaceum 

seeds that translated into differences in functional response during soil erosive 
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events. F. ericifolia seed mucilage contained both pectin and cellulose, but H. 

violaceum contained only pectin. Following rainfall, myxospermy reduced the 

probability that soil erosion would remove seeds from both species, however only in 

F. ericifolia was seed removal reduced proportionally to the quantity of mucilage 

secreted. Additionally, as the strength of erosive forces (such as raindrop impact) 

increased, more mucilage was released. H. violaceum seeds had no relationship with 

removal rate irrespective of the quantity of mucilage produced, indicating this 

species had not been shaped by selective pressures related to erosion, and thus its 

pectin-only mucilage has evolved for reasons other than binding the seed to the soil. 

Therefore, structural and compositional differences in seed mucilage can affect, and 

be affected by, the environment of the mother plant and consequently alter their 

ecological role. 

1.2.4.3.2 Ecological Roles of Seed Mucilage 

Root and microbial exudates can increase soil stability and soil resistance to 

disturbance from hydraulic and mechanical stress (Naveed et al., 2017). In the 

spermosphere (the zone surrounding the seed that is influenced by soil and 

microbes, (Verona, 1958)) the role of seed mucilage is potentially analogous to root 

and microbial exudates but has not received as much attention. Mucilage production 

is a substantial metabolic drain, accounting for at least 2% of flax seed mass (Naran 

et al., 2008), 3% of Arabidopsis seed mass (Macquet et al., 2007a) and 25% of C. 

bursa-pastoris seed mass (Deng et al., 2012), yet many physiological roles remain 

hypothesised (Macquet et al., 2007b).  Originally suggested as a seed dispersal and 

germination mechanism in many semi-arid plant species (Western et al., 2000), 

mucilage secretion may have additional functions such as providing protection from 

predatory granivorous ants (Engelbrecht & García-Fayos, 2012) and decreasing the 

probability of seed removal by soil erosion (García-Fayos & Cerdà, 1997; García-Fayos 

et al., 2010; Engelbrecht et al., 2014). It is thought that seed mucilage is being 

developed as an artificial coating for crop seeds. However, due to commercial 

confidence, the theory and data is not published.  

Penfield et al. (2001) tested the efficiency of germination and seedling establishment 

in Arabidopsis wild types with seed mucilage and mutants that lacked seed mucilage, 
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under conditions with reduced water potential. When water was limited, 

myxospermous wild seeds exhibited enhanced seedling establishment. Therefore, it 

was suggested that the development of seed mucilage is an adaptation to 

environments which experience low or variable water availability. Additionally, 

pectins are known to be degraded by bacterial and fungal enzymes (Willats et al., 

2001). As soluble pectins in the outer layer of seed mucilage can become mobilised 

into the environment surrounding the seed, their specific role may be to condition 

the rhizosphere in preparation for germination (Macquet et al., 2007a).  

In contrast to promoting germination, delayed germination has been observed in 

Arabidopsis (Western, 2012). Heteromorphic Arabidopsis seeds with mucilage were 

found to have a more pronounced secondary dormancy than those without mucilage 

(Toorop et al., 2012). Therefore, it can be suggested that this delay in germination 

and greater secondary dormancy involves the requirement of species-specific 

thresholds in soil water to be reached to allow germination to take place. Bhatt, 

Santo & Gallacher (2016) studied the effect of mucilage on germination regulation 

over five desert species: Boerhavia elegans, Lavandula subnuda, Lepidium aucheri, 

Plantago amplexicaulis and Plantago ciliate. Species-specific differences arose with 

some experiencing inhibition of germination at lower temperatures and others at 

higher temperatures. For L. aucheri in particular, the rate of germination increased 

with mucilage interaction, but the overall percentage of germinated seeds did not. 

P. amplexicaulis germination was not influenced by mucilage, demonstrating the role 

of mucilage may serve additional ecological purposes than regulating germination. 

Mucilaginous seeds may sustain seedbanks by promoting DNA repair, as 

maintenance of genetic integrity is important for prolonging seed viability. In 

osmotically stressful environments (e.g. saline), mucilage improves germination of 

Artemisia sphaerocephala achenes (Yang et al., 2010). Additionally, improved DNA 

repair of A. sphaerocephala seeds with mucilage was observed when compared with 

de-mucilaged achenes after experiencing cycles of hydration by desert dew, thus 

maintaining seed viability under harsh environmental conditions (Yang et al., 2011). 

Ecophysiological functions of seed mucilages may also arise following imbibition and 

germination. Yang et al. (2012a) found A. sphaerocephala seed mucilage to enhance 
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seedling emergence due to by-products of mucilage degradation being assimilated 

by seedlings, promoting their establishment. Therefore, the interaction of soil 

microfloras and mucilage degradation shows that seed mucilage can regulate soil 

microbial communities and biological processes.  

As discussed in section 1.2.4.1 and 1.2.4.2, the risk of seed predation can vary due to 

differences in seed morphology. Mucilage secreting seeds have a selective advantage 

over non-myxospermous seeds by reducing their removal by granivorous ants. 

Engelbrecht and García-Fayos (2012) exposed seeds of Rosmarinus officinalis, 

Fumana ericoides, and Fumana thymifolia to ants and found seeds glued to the soil 

by mucilage doubled their chance of survival when compared with dry loose seeds. 

The adherence of soil particles to mucilaginous seeds can greatly increase seed mass 

(Gutterman & Shem-Tov, 1996, 1997; Lu et al., 2010), thereby becoming too 

challenging for predators to displace, creating a window of opportunity for 

germination and seedling establishment.  

In addition to facilitating seed germination, the role of mucilage is commonly linked 

to dispersal for two functions: (1) promoting long-distance seed transport and, (2) 

preventing dispersal (antitelechory, Fig. 1.2.1S) and retaining seed near to the 

mother plant where conditions are theoretically favourable (Western, 2012; X. Yang 

et al., 2012b). Variants of Arabidopsis seeds have been identified across multiple 

geographical locations which accumulate polysaccharides in seed coat epidermal 

cells, but rather than release mucilage when wetted, it is used to maintain buoyancy 

(Macquet et al., 2007b; Saez-Aguayo et al., 2014). The retention of mucilage within 

the seed coat allows seeds to float, enabling long-distance dispersal in runoff when 

the water is deeper than seed size (Thompson et al., 2014). Additionally, some 

variants germinate on the water surface (Saez-Aguayo et al., 2014). Floating natural 

variants were found to only release soluble mucilage (containing pectin) due to 

defective cellulose production eliminating the creation of an adherent mucilage layer 

(Saez-Aguayo et al., 2014). This was also shown in mucilage releasing seeds of 

Plantago coronopus that can float and disperse in runoff for 10-44 mins before 

sinking and adhering to the soil surface in high-altitude deserts (Gutterman & Shem-

Tov, 1996). C. bursa-pastoris plants produce heteromorphic (both myxospermous 
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and non-myxospermous) seeds on the same plant (Toorop et al., 2012). 

Heteromorphism arises due to differences in seed maturity: myxospermous seeds 

are more mature and released from pods held lower on the flowering stem, while 

younger seed in pods held higher lack myxospermy (Deng, 2012). Therefore, it is 

possible that following rainfall, mature seeds with mucilage will remain near to the 

mother plant, while younger seeds (with either no mucilage, or pectin-only mucilage 

for buoyancy) will be transported. If younger seeds were released early from the 

plant via mechanical damage to the mother plant from tillage or mortality from 

agricultural chemicals, then the ability of non-myxospermous seeds to float to a more 

favourable location is advantageous to their survival.  

In relation to floating and sinking mechanisms described, mucilage is capable of 

minimising seed removal from runoff erosion by increasing surface contact with the 

soil surface. Once mucilage is secreted, surface contact is increased, anchoring seeds 

to the soil surface and preventing movement once mucilage has dried (Sun et al., 

2012; Engelbrecht et al., 2014). It has been suggested that the presence of cellulose 

fibrils in seed mucilage increase the contact strength between the seed and soil 

particles, improving the anchoring power of the pectinaceous mucilage (Kreitschitz 

& Vallès, 2007; Kreitschitz, 2009; X. Yang et al., 2012b) while increasing water 

retention (Lu et al., 2010; Deng et al., 2015). Plant communities that reside on eroded 

slopes are more likely to comprise species with myxospermous traits in order to 

improve seed resistance to removal by runoff (García-Fayos et al., 2010; Garcia-Fayos 

et al., 2013), and can be utilised for vegetation restoration in areas that experience 

severe soil erosion (Han et al., 2011). Additionally, small-seeded species have a lower 

removal susceptibility than non-myxospermous species of a similar mass (García-

Fayos et al., 2010). Therefore, runoff erosion preferentially moves some seeds 

altering vegetation composition and ecosystem structuring. Studies investigating the 

relationships between myxospermous seeds, overland flow and erosive processes 

are primarily based in arid and semi-arid environments (Kreitschitz & Vallès, 2007; 

García-Fayos et al., 2010; Yang et al., 2010; Jiao et al., 2011; Engelbrecht & García-

Fayos, 2012; Garcia-Fayos et al., 2013; Engelbrecht et al., 2014; Bochet, 2015). 
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The impacts of myxospermous seeds and their mucilages on soil physical properties 

have not been studied extensively, and even fewer studies focus on agroecosystems 

in temperate climates. Moreover, laboratory and field studies are relatively recent 

and are often limited to only a single species. Deng et al. (2015) demonstrated an 

increase in water retention, viscosity, yield stress, complex shear modulus, and a 

reduction in hydraulic conductivity in soils amended with C. bursa-pastoris mucilage 

isolated from seeds. These effects became more pronounced during soil drying. A 

decrease in hydraulic conductivity as a result of seed mucilage is possibly a 

consequence of seed and mucilage swelling causing reductions in the size and 

distribution of soil pores (Deng et al., 2015). Further knock-on effects can occur with 

slower infiltration and flow rates due to pore spaces being blocked by seed mucilage, 

creating hydrophobic soils (Ahmed et al., 2016; Benard et al., 2017).  

While mucilage can bind soil particles to the seed surface, water-soluble non-

adherent mucilage may strengthen aggregates that are not in contact with the seed. 

However, little attention has been given to the influence of seed mucilage on soil 

aggregate stability, despite recognition that aggregate stability is one of the most 

important indices of soil quality in relation to management and risk of erosion (Di 

Marsico et al., 2018b). Using Chia seeds as a model species, Di Marsico et al. (2018b) 

tested soil amendments with varying doses of extracted mucilage. They concluded 

that an addition of 2% w/w overcame soil textural effects on aggregate stability and 

provided a 4.9-fold increase in sandy-loam soils, with impacts persisting after 30 days 

despite monitoring a loss in carbon due to respiration. In a parallel study, soils 

amended with extracted Chia seed mucilage reduced sorption of herbicides, reducing 

their mobility within soils and preventing environmental contamination (Di Marsico 

et al., 2018a). Therefore, the role of seed mucilage in naturally binding and stabilising 

soil becomes an important ecosystem service. The value may be critical during 

germination and seedling establishment particularly when bare field soils are 

exposed to erosion. However, preliminary evidence of these functions with seeds in-

situ (as opposed to extracted mucilage in solution), and for species and communities 

relevant to European agroecosystems are yet to be observed. Moreover, only a select 

few species have been studied. Given that many plant taxa are known to produce 
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seed mucilage, conclusions from single species-specific studies cannot be 

generalised. Using a multi-species approach would be more relevant to define the 

functionality of seed-soil-mucilage interactions naturally occurring in seedbanks in 

agroecosystems.  

1.2.5 Summary and Research Gaps 

Weed seedbanks are vital components of agroecosystems that provide multiple 

ecosystem services, supporting an extensive range of wildlife and maintenance of 

healthy soil functioning. The composition of arable weed communities and functional 

groups is thought to be closely correlated with crop type, suggesting the seedbank is 

an accretion of seeds produced by particular cropping histories and land 

management. Understanding seed fate in soil is critical to ensuring biodiversity and 

ecosystem functioning under future climate regimes. Multiple processes contributing 

to the generation and regulation of the seedbank have been discussed: inputs such 

as seed rain, persistence, dormancy and immigration; and losses such as secondary 

dispersal, predation and germination (Fig. 1.2.1). Challenges in quantifying the 

specific contribution of each seed fate pathway to seedbank dynamics have resulted 

in a focus on individual processes. Very few studies have attempted a cross-

disciplinary or whole-systems approach to seedbank dynamic research. Additionally, 

the environmental backdrop to seedbank studies is often specific to semi-arid 

regions. Some seed fate pathways are not as comprehended as others, e.g. 

secondary dispersal by runoff erosion in temperate agroecosystems is often 

disregarded. However, studies concerning seed predation and dormancy are 

common for UK arable systems. Understanding seed fate conclusively will inform 

seedbank dynamic studies involving multi-species interactions, as well as 

safeguarding arable biodiversity and food security. 

Of all seed fate pathways observed, the role of myxospermy is particularly under-

researched. While numerous studies have emerged in the last 20 years concerning 

gene regulation and synthesis of seed mucilage, only more recently has the ecological 

significance received attention. However, the main focus has been on the protective 

roles in germination and dispersal, and thus relatively little is known about 

subsequent impacts on plant growth, soil microbial communities and soil 
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physiochemical and mechanical properties. In the few instances where 

myxospermous seeds have been used to explore modifications in the soil physical 

environment, a single-species approach was taken. Often, mucilage was extracted 

and added to the soil, rather than observe in-situ effects of seeds within the soil 

matrix, e.g. mucilage of commercial crop Chia was used to test aggregate stability. 

Furthermore, the ability of mucilage to strengthen soil aggregates is yet to be 

observed for common temperate weed species. An abundance of plant taxa secrete 

seed mucilage, and so it is unreasonable to generalise conclusions from single-

species studies. Additionally, it is currently unknown whether seed mucilage from 

different species would behave competitively for soil water within the same location. 

By comparing across species, the structural and compositional differences in seed 

mucilage can be explored and translated through to their associated ecological 

function. 

Soil erosion and overland flow shape the composition of plant communities.  

However, the effects of erosion redistributing seeds have only recently been 

acknowledged in arid and semi-arid systems, and little information is available on 

temperate agroecosystems. Additionally, soil erosion rates on arable land in 

Mediterranean climates are expected to be lower than the rest of Europe (Cerdan et 

al., 2010a), thus knowledge of these processes occurring in other habitats and 

climates is necessary. A direct relationship between soil erosion and the occurrence 

of myxospermous seeds is known, whereby mucilage secretion adheres to the soil 

surface and prevents redistribution by runoff rainwater. Although, evidence of 

cellulose-lacking and non-releasing myxospermous ecotypes have been identified in 

Arabidopsis and Capsella which have the ability to float and seek new, more 

favourable conditions. Thus, the effect of mucilage is not only species-specific but 

also mechanism dependent. The biophysical mechanisms by which mucilage adheres 

to soil particles is currently unknown. Exploring this underpinning mechanism will 

give an insight into whether particular species have been influenced by selective 

pressures related to erosive processes or by other means. 

After reviewing the literature, the interactions between seed morphology and soil 

properties have a strong influence on soil erosion. Previous work of Lewis (2013) 
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found seed redistribution via erosion to more closely correlate with sediment flux 

than with runoff water, suggesting that the severity of erosive processes may 

overcome any morphological advantage. However, there is a lack of understanding 

in principle mechanisms underlying the redistribution of weed seeds in eroded soils 

of temperate agroecosystems. It is possible that myxospermy may deliver important 

ecosystem services at the field scale in a multi-species weed community, such as soil 

stability and water retention. Therefore, the focus of this thesis is to investigate the 

mechanism responsible for interactions between mucilaginous seeds and soil 

behaviour, in order to disentangle ecological functions occurring at the soil particle 

scale.  

 

1.3 Research Aims 

The overall aim for this thesis is to further advance the understanding of the role of 

the arable weed seedbank community in determining soil physical properties and 

contribute to evidence of the ecological roles of mucilage secretion operating at the 

scale of the soil particle. Specifically, 

1. Characterise the quantity and composition of seed mucilage and 

architectural structure of mucilage secreting cells across seven 

myxospermous arable weed species. 

2. Investigate whether seed mucilage characteristics influence underlying 

biophysical mechanisms occurring during adherence of seeds to various sizes 

of glass particles.  

3. Examine the ability of seed mucilage to influence soil properties, such as 

tensile strength and aggregate stability.  

4. Investigate the effects of tillage practices on seedbank distribution, 

composition (myxospermous and non-myxospermous species) and viability in 

spring and winter barley fields using two seedbank assessment methods. 
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1.4 Thesis Structure 

This thesis consists of five experimental chapters (chapters 2-6) that directly address 

each of the research objectives identified in section 1.3. The format of the thesis is 

illustrated in Figure 1.4.1. 

Chapter 2 compares and critiques two seedbank quantification methods on field soil 

samples. The results of this comparison inform a second year of sampling, and, 

together with the first year, the density and composition of the seedbank is analysed 

in Chapter 6. Seedbank composition is used to discover a suite of local 

myxospermous species to be taken forward in the design of experimental hypotheses 

for Chapters 3, 4 and 5.  

 

 

Figure 1.4.1 Flow chart summary of thesis chapters. 
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In Chapter 3, mucilage from seeds of seven myxospermous arable plant species were 

characterised and the structure and composition of seed mucilage was described by 

microscopic imaging. The mass of seed mucilage was determined, with soluble and 

non-soluble fractions being quantified separately. The observations and data 

generated in this chapter are used to underpin and inform experimental work in 

chapters 4 and 5. Functional groups were characterised and applied to seedbank 

analysis in Chapter 6. 

Chapter 4 investigates the translation of seed mucilage functional characteristics into 

adherence mechanisms by which particles are glued to the surface of individual 

seeds. Using a novel method, glass beads of 0.1, 0.5 and 1 mm were used as a proxy 

for soil to explore the potential that some mechanisms may perform (adhere) better 

in different soil textures.  

Chapter 5 quantifies the role of seed mucilage to stabilise soil and enhance tensile 

strength. Novel methodologies were developed to create aggregates containing 

multiple mucilaginous seeds for testing. Seeds of a common cover crop, white clover, 

were used as a non-myxospermous control.  

In Chapter 6, the impact of three tillage practices (No-Till, conventional and deep 

plough) in spring and winter barley crops on seedbank distribution, composition and 

viability was quantified over two years. Functional group analysis was conducted to 

explore specific associations with land management and cropping. The ecological 

role and prevalence of myxospermous species within the seedbank is discussed.  

Chapter 7 summarises the main findings from experimental chapters and evaluates 

the role of myxospermous species in the wider context of seedbank dynamics and 

ecosystem functioning. Opportunities for further research are discussed. 
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Chapter 2. Quantifying Seedbanks and Uncovering 

Myxospermous Species 

2.1 Introduction 

For plant communities, characterising seedbanks is a key demographic assessment 

to provide evidence of past vegetation, and for timelines of invasions and 

disturbances (Price et al., 2010). However, seed demography has been understudied 

because of the lack of suitable methods to recover seeds from soil (Cavers, 1983; 

Tsuyuzaki, 1994). Due to the inherent structural complexity of arable seedbanks, 

there has been much research into quantitative methods seeking the best estimation 

of viable seedbank densities (Traba et al., 1998). To accurately estimate seedbanks, 

methods are required that can handle large numbers of soil samples while minimising 

species selectivity and ensure high recovery rates of seeds (Thompson, 1986; 

Bigwood & Inouye, 1988; Gross, 1990; Goto & Tsuyuzaki, 2004). However, employing 

a universal standard method to analyse seedbanks across multiple habitats can easily 

lead to an underestimation in species density due to the methodological bias towards 

particular seed morphologies. Molecular methods are available for some species 

(Mandák et al., 2006), however they are not appropriate for this study as they do no 

ascertain seedbank viability. 

There are two main methods for seedbank analysis: (1) emergence methods, 

including various sub-methods of direct germination and cold stratification; and (2) 

direct seed extraction methods, including sieving techniques, elutriation and/or 

floatation. There are few published examples which compare the merits of both 

emergence and extraction methods (Gross, 1990; Goto & Tsuyuzaki, 2004; Bernhardt 

et al., 2008). Additionally, development and assessment of seedbank methods is 

limited when addressing arable weed seedbanks. Therefore, an evaluation of both 

methods from the same set of samples, comparing their accuracy and processing 

time, is necessary to inform future experimental work in this study. 

In this chapter, seedbank quantification methods of emergence and extraction are 

reviewed and tested, and the advantages and disadvantages are discussed. The 
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observed species from both methods were compiled and used to identify plant 

species which have myxospermous seeds.  

2.1.1 Emergence  

Emergence methods are typically conducted under controlled glasshouse conditions 

and involve the identification of seedlings that germinate from soil samples (Roberts, 

1981; Johnson & Anderson, 1986; Bigwood & Inouye, 1988; Gross, 1990; Levassor et 

al., 1990; Ter Heerdt et al., 1996; Ortega et al., 1997; Traba et al., 1998), with the 

number of individuals of each species recorded (Wessels & Schwabe, 2008). Using 

soil samples taken from a temperate agroecosystem, Hartley & Rahman (1995) 

reported 74% of individuals emerged after only two weeks. Therefore, an estimation 

of the readily germinable fraction of the seedbank can be obtained relatively quickly, 

particularly when species are easily identifiable at early growth stages. However, this 

can also cause a bias towards species that can germinate quickly. Emergence 

methods are considered ideal for large-scale work as they enable greater quantities 

of soil samples to be processed (Thompson & Grime, 1979; Johnson & Anderson, 

1986; Poiani & Carter Johnson, 1988; Ball & Miller, 1989; Simpson et al., 1989; 

Forcella, 1992). However, emergence methods can require extensive glasshouse 

space and time in order to ensure a representative survey, as emergence rates will 

vary due to differing physiology and seasonality between species (Traba et al., 1998). 

Despite the opportunity to observe greater quantities of soil, many seedbank studies 

are critiqued for taking too few samples with some failing to initially determine 

whether sampling quantity was sufficient (Roberts, 1981). However, this can be 

avoided by using rarefaction and species-area curves (Chao et al., 2014). When 

surveying large-scale patterns of species diversity and abundance, the requirement 

to process numerous soil samples (and the necessary glasshouse space) may 

constrain this method. 

The success of emergence methods can depend on the field conditions prior to soil 

sampling. For example, some species require thermal conditioning to induce 

germination, such as multiple days below 5°C. Hence, seeds collected in the autumn 

may not readily germinate, whereas seeds in spring soil samples may have had 

sufficient conditioning over winter. Before processing soil samples for glasshouse 
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emergence, cold stratification is often performed to break seed dormancy (Benoit et 

al., 1989; Gross, 1990; Kiirikki, 1993; Rothrock et al., 1993; Ter Heerdt et al., 1996; 

Bossuyt et al., 2002). Cold storage of soil samples at 4°C for four weeks can simulate 

overwintering, thereby enhancing germination rates in the early stages of emergence 

experiments and may also reduce the overall time required. Gross (1990) found cold 

stratification increased germination by 46% when compared with direct processing 

of samples to a glasshouse after field collection. However, any effect will be heavily 

species dependent.  

Particular growing conditions such as temperature, soil depth, soil amelioration, 

irrigation and light regulation may negatively affect the emergence capacity of some 

plant species (Hartley & Rahman, 1995; Wessels & Schwabe, 2008). Specific 

germination requirements of dormant seeds of some species may be fulfilled if 

abiotic parameters fluctuated (Poiani & Carter Johnson, 1988; Baskin & Baskin, 

1989). Emergence methods conducted outdoors, rather than in glasshouses, would 

expose samples to fluctuating abiotic conditions from daily and seasonal conditions 

(Wessels & Schwabe, 2008). Alternatively, constant glasshouse conditions result in a 

bias towards germinable species that do not require inconsistent growth conditions 

to break dormancy. The accuracy of emergence methods can be mistrusted if viable 

seeds fail to emerge by remaining dormant or reaching mortality before detection 

(Malo, 2000; Wessels & Schwabe, 2008). The risk of large underestimations in seed 

densities has given rise to a number of modifications to the emergence method to 

overcome issues with viable seed detection such as concentrating samples to 

minimise soil depth in sample trays (Ter Heerdt et al., 1996; Traba et al., 1998; 

Wessels & Schwabe, 2008). 

2.1.2 Extraction 

Extraction methods involve seeds being physically removed from the soil by a 

combination of sieving, washing (elutriation) and floatation, followed by manual 

selection (Kropac, 1966; Malone, 1967; Roberts, 1981; Ball & Miller, 1989; Gross, 

1990; Smutny & Kren, 2002; Devictor et al., 2007). Elutriation methods consist of 

washing the soil sample through multiple sieves with running water, allowing a 

proportion of the non-elutriated sample (both mineral and organic) to remain on the 
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sieve. Thus, the sample is reduced into a series of small sub-samples (Bernhardt et 

al., 2008), facilitating more efficient seed extraction by hand under a microscope. 

Additionally, this method allows samples to be processed and stored, permitting 

work to be conducted when convenient. 

Many elutriation devices have been developed with differing methods associated for 

a multitude of purposes (Gross & Renner, 1989; Wiles et al., 1996; Miller & Lutman, 

1998). The elutriation device Analysette (Fritsch Firm, Germany) is useful for 

estimating weed seedbanks (Smutny & Kren, 2002). Choosing the sieve size range is 

critical to reducing seed loss and the chance of misinterpreting seedbank 

composition. As the mean size of common arable seeds exceeds 0.25 mm (Dvoøák & 

Krejèíø, 1974), sieves with a mesh size less than 0.25 mm may not be necessary 

causing many authors to select this as their smallest mesh size (Cardina & Sparrow, 

1996; TeoSherrell et al., 1996). However, some chose to use 0.318 mm (Wiles et al., 

1996), 0.355 mm (Miele et al., 1998) and 0.5 mm (Feldman et al., 1996) as their 

smallest mesh size which would cause small-seeded species, such as Papaver rhoeas 

(0.3-1 mm) and Matricaria chamomilla (0.3-0.4 mm), to be underestimated or 

entirely lost. During wet elutriation, seeds of some species can increase by swelling. 

As the sieves vibrate vertically, seeds can become trapped and damaged in the 

openings of sieves that closely match the seed size (Smutny & Kren, 2002). In addition 

to sieve mesh diameter ranges, the number of sieves used can also vary between 

studies. Smutny and Kren (2002) opted to use only 0.25 and 2.0 mm sieves to reduce 

the risk of seed loss. Under low water flow, extraction of seeds can be a problem in 

sieves with mesh sizes between 0.5 and 1 mm. However, other authors such as 

Kropac (1966) and Bernhardt et al. (2008) used multiple sieves and mesh sizes (5.0, 

2.0, 1.0, 0.5 and 0.25 mm; 4.5, 2.0, 1.0, 0.8, 0.5 and 0.2 mm respectively) and did not 

report this observation.  

Elutriation devices are often used in conjunction with flotation methods. Viable seeds 

are separated from soil samples by solutions that have a greater density than that of 

the seeds, allowing them to be siphoned and removed by hand (Gross & Renner, 

1989; Wiles et al., 1996; Miller & Lutman, 1998). Of all seed separation methods, 

floatation is widely applied because it generates high seed recovery rates (Numata 
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et al., 1964; Malone, 1967; Roberts & Ricketts, 1985; Poiani & Carter Johnson, 1988; 

Wilson & Lawson, 1992; Tsuyuzaki, 1994; Goto & Tsuyuzaki, 2004), and is particularly 

effective for sandy soil (Wiles et al., 1996), although less so for organic soil (Roberts, 

1981; Gross, 1990). However, seed recovery rates for specific species have not been 

explored (Goto & Tsuyuzaki, 2004), and the density at which viable seeds can float 

may differ among species (Roberts, 1981; Gross, 1990). Compared to other methods, 

floatation requires substantial additional time and can restrict the volume of soil that 

can be processed (Tsuyuzaki, 1994). Although, quantifying seed viability is essential 

and unavoidable.   

Following floatation, extracted viable seeds can be identified by morphological 

features such as shape, size, and surface patterns that are visible under a microscope. 

Species identification requires a level of skill and experience that can be 

supplemented by illustrated handbooks and online databases. Organisations that 

specialise in seed research accumulate seed collections from their studies (such as 

the Arable Seed Identification System (ASIS), http://asis.hutton.ac.uk). However, 

seeds of some closely related species can be impossible to distinguish by surface 

characteristics alone. Additionally, seeds of some of the rarer UK species are absent 

from many collections, creating a necessity for resource sharing. 

Gross (1990) argues that spatial patterns or temporal changes of viable/inviable seed 

distributions in the soil (e.g. due to tillage practices) are best detected by elutriation 

methods. In particular, it is highly suitable for agronomic studies that are concerned 

with developing weed control management strategies, as many weed species have 

large or distinctive seeds that are easily extracted (Wilson, 1988; Gross, 1990) that 

can be easily detected using sieving techniques (Mesgaran et al., 2007). Furthermore, 

it is capable of allowing subsets of field locations to be sampled initially to quickly 

determine the general pattern of community spatial variation prior to a full-scale 

assay.  

 

 

http://asis.hutton.ac.uk/
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2.2 Methodology 

This section outlines the two techniques of emergence and extraction that are used 

here for seedbank analysis. 

2.2.1 Soil Sampling 

In autumn 2014, soil samples were collected from a long-term (> 10 years) tillage 

trial established at the Mid-Pilmore experimental field (The James Hutton Institute, 

Invergowrie, 56.4548N, -3.0820W). The field site conditions including pre-

treatments, tillage treatments, and soil type are given in section 6.2.1. Three soil 

samples were taken at four depth intervals (0-4, 4-8, 8-16 and 16-32 cm, ~1 kg) 

from randomised locations in each crop split-plot of No-Till (NT), Conventional (CP) 

and Deep (DP) tillage treatments. Sampling occurred over four days and sample 

bags were stored at 6°C for two weeks before processing. Soil samples were split in 

half to compare the emergence and extraction methods. Samples assigned to the 

emergence method were processed first, and extraction samples were returned to 

cold storage.  

2.2.2 Emergence 

216 soil samples (mean mass = 538 g) were air dried and sieved (4 mm) into seed 

trays (16.5 x 21 x 15 cm) and stored in heated glasshouse conditions (heating and 

lighting during 04:00-20:00; light threshold 150 Wm-2; day and night temperature of 

18°C and 15°C respectively). Benches were fitted with capillary matting and irrigation 

was provided by an automatic misting system and dry trays were hand watered when 

necessary. Trays were randomised into four blocks with an equal number of 

replicates on each bench (Fig. 2.2.1). 

Although the first flush of emergence can obtain seedbank densities quickly after 

only a few weeks, this study required three flushes over 10 months (6-8 weeks per 

flush) to obtain a better estimate of the full seedbank in order to be comparable with 

the extraction method. Emerging weeds (Fig. 2.2.2) were identified to species level 

and counted weekly. In between flushes one and two, samples endured a 13-week 

period of outdoor cold stratification (Dec-Mar) to encourage dormancy breaking. 

Trays were re-randomised into three blocks and moved to a secondary unheated 
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glasshouse (ambient conditions of temperature and light) for subsequent flushes two 

and three. After the completion of flush two, samples were re-sieved to encourage 

germination for the commencement of flush three. The seedbank assay terminated 

when emergence ceased for at least 14 days. 

 

Figure 2.2.1 Experimental set up of soil sample trays in the glasshouse.  

 

 

Figure 2.2.2 Example of a seed tray with emerging seedlings. 
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2.2.3 Extraction by Elutriation and Floatation 

The remaining soil samples were split into three subsets of 72, ensuring all treatment 

combinations of tillage, crop and depth were represented. Using the first subset, soil 

(mean mass = 644 g) was air dried and weighed. Plants that had emerged while in 

cold storage were removed, identified and counted. Due to the processing time, only 

5-7 samples could be processed per day.  

Elutriation was achieved by a vibratory sieve machine (Analysette 3, Fritsch, 

Germany) and a range of sieve sizes: 4 mm, 2 mm, 1 mm, 500 µm, 215 µm and 125 

µm (Fig. 2.2.3). A single soil sample was placed into the top sieve (4 mm) and the 

vibration was set to 1.0 amp (low) to minimise seed damage. The time each sample 

was passed through the sieves until the outflow ran clear was recorded.   

After sieving, sieves were placed into a plastic tray with calcium chloride solution (1.5 

kg per 1 litre of distilled water). Under a magnified light source, floating seed on the 

surface of the solution was assumed to be viable and removed before identification 

and counting. The calcium chloride solution was replaced every five soil samples to 

prevent dilution, consequently causing misrepresentation of viable and nonviable 

seeds.  
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Figure 2.2.3 Laboratory setup of elutriation device, floatation tray with salt solution and microscope. 
 

 

Figure 2.2.4 Handmade siphoning device used to collect floating material and seed. Device is comprised of a 
plastic ring (internal diameter: 38 mm, height: 5 mm) fitted with a fine mesh and sealed with hot glue.  
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Separating viable seeds from other floating organic material was initially very time 

consuming and eye-straining. To increase efficiency, a small handmade device was 

used to siphon all floating material and seed (plastic ring = internal diameter: 38 mm, 

height: 5 mm) fitted with a fine mesh (Fig. 2.2.4). Whilst backwashing with distilled 

water, organic material was transferred into small petri dishes using tweezers and 

stored until microscopical analysis. 

Under a stereo microscope (Olympus SZ60, Tokyo Japan), seeds were removed by 

tweezers from the organic matter petri dishes to allow for efficient identification and 

counting. Seeds were identified to species level where possible using ASIS 

(http://asis.hutton.ac.uk) and “Seed Identification Handbook: Agriculture, 

Horticulture and Weeds” by Steve, Taylor and Ash (2004). Examples of seeds were 

imaged using a GXCAM-5 camera (GT Vision Ltd, Suffolk UK). Many seeds within the 

Poa genus appear similar when their pericarp has been removed (Fig. 2.2.5). Despite 

the low vibration setting, pericarps were still removed and therefore all Poa species 

counts were combined to prevent incorrect species assignment. Additionally, the 

seed of both Chenopodium album and Atriplex patula are similar thus counts for 

these species were combined. Any unknown species were recorded to allow them to 

be included in total seed density calculations. Following identification and 

enumeration, seed samples were stored in glass vials (50 mm x 12 mm). 

 

 

Figure 2.2.5 Comparison between seeds of Poa annua (A) and Poa trivialis (B). These two species are challenging 
to separate as morphology and colour are very similar. 

 

http://asis.hutton.ac.uk/
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2.2.4 Soil Particle Analysis 

10 g of soil from each sample was removed for further analysis. As sampling occurred 

post-harvest for both spring and winter barley, but after ploughing of winter barley 

plots (Table 6.2.1), soil samples from winter barley plots could not be used for 

particle size analysis. Therefore, only surface samples from spring plots (1 rep from 

each field, N = 3 per tillage treatment) was analysed. Particle size distribution was 

determined by laser granulometry using Beckman Coulter LS 13 320 Laser Diffraction 

Particle Size Analyser (LDPSA, High Wycombe, UK), allowing for classification 

according to standard nomenclature (Folk’s Classification System, Folk, 1954). 

Following air drying, soil was ground using a pestle and mortar, sieved into < 2 mm 

and > 2 mm fractions and weighed. Three grams of the < 2 mm fraction was added 

to a beaker containing 10 ml of water and 10 ml of hydrogen peroxide. If frothing 

occurred, an additional 10 ml of water was added and left to stand overnight. Beakers 

were warmed on a hotplate to 80°C and then gradually to 100°C until the reaction 

was completed, and a clear supernatant was present. The supernatant was decanted, 

and the remaining soil contents were transferred into small tubes containing 10 ml 

of industrial methylated spirits. Following centrifugation at 2500 rpm for 30 mins, 30 

ml of sodium hexametaphosphate was added to each beaker and placed in an 

ultrasonic bath for five mins. Subsequently, an orbital shaker was used to separate 

and suspend particles before a subsample was pipetted into the chamber of the 

LDPSA. The percentages of clay, silt and sand were analysed, and fraction sizes were 

entered into Gradistat (Blott & Pye, 2001). 

2.2.5 Statistical Analysis 

Aggregated means of seed density of each species for each treatment (method, 

tillage treatment, crop type and soil depth) were calculated. An Analysis of Variance 

(ANOVA) was used to determine differences between emergence and extraction 

methods for two response variables: (1) the number of individuals (log transformed) 

and (2) the number of species per sample. The main effects (factors) included in the 

models were method, tillage treatment, crop type and soil depth as interaction 

terms. Non-significant terms were removed from the model in order of the highest 

number of interactions and least significant p-value. Deviance residuals were 
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extracted from the model and their distribution checked against fitted values and 

main effects, and were found to be acceptable. All statistical analyses were 

performed using R, version 3.4.4 (R Core Team, 2018). 

 

2.3 Results and Discussion 

2.3.1 Soil Particle Size 

Particle size analysis classified the surface soil of spring barley sub-plots as a very 

coarse, silty medium sand in accordance with the Udden-Wentworth scale (Udden, 

1914; Wentworth, 1922).  

 

Table 2.3.1 Mean soil particle size distribution of spring barley plots (N=9). The mean grain size is described 
using a modified Udden–Wentworth grade scale (Udden, 1914; Wentworth, 1922). 

Description Grain Size 
Proportion  
of Sample 

Standard Error 

Very Coarse Sand 1 – 2 mm 5.17% 2.20 

Coarse Sand 0.5 – 1 mm 10.38% 2.93 

Medium Sand 0.25 – 0.5 mm 13.69% 3.53 

Fine Sand 0.125 – 0.25 mm 15.16% 1.12 

Very Fine Sand 0.063 – 0.125 mm 10.01% 1.14 
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2.3.2 Processing Samples and Maintenance  

While the emergence method occurred over 10 months, the labour involved to 

check samples and count individuals required only 2-5 hours per week. At the 

beginning of the flush period, the intensity of emergence was higher and required 

greater effort and observation. Maintenance of samples dropped as the flush 

period advanced which allowed time for other projects and research.  

For elutriation, soil samples took an average of 35.7 mins per kg (ranging between 

15.5 and 62.1 min) to sieve until the outflow ran clear. Some soil textures can hinder 

the efficiency of sieves to flush out the mineral fraction, causing the elutriation 

processing times to differ extensively from other published studies: 0.7-2 mins per 

kg (Fay & Olson, 1978), 6 mins per kg (Kovach et al., 1988), 10-14 mins per kg (Benz 

et al., 1984), 5.7-7 mins per kg (Wiles et al., 1996), 166.7 mins per kg (Gross & Renner, 

1989). To increase efficiency, Smutny and Kren (2002) suggested using a secondary 

set of sieves to allow elutriation to continue running while another set of sieves is 

being cleaned and prepared. 

Following elutriation and floatation, siphoning seeds and organic debris added a 

further 30 mins to each sample, causing the total processing time to last 

approximately 1 hour per sample. This does not include the extensive time under the 

microscope to separate seeds from organic material to identify species and count 

individuals. Additionally, identifying and counting seeds can be eye-straining, and the 

difficulty of removal and identification in silt loam soils is generally slower (Wiles et 

al., 1996). Smutny and Kren (2002) found the time required for collecting, counting 

and identifying seed: 11.2 mins for clay loam, 16.4 mins for loam and 21.5 mins for 

silty loam for 200 g of soil. This is due to a greater proportion of sand particles 

remaining amongst the seeds, which may also appear similar to the seeds themselves 

until later observed under a microscope. Therefore, emergence methods can be 

easier and less demanding. 
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2.3.3 Identifying Species 

For most species across both methods, identification was straightforward. Each 

species (seedling and seed) was photographed and stored to use with stock photos 

from online databases (e.g. ASIS) to create as a personal identification manual 

(Appendix A). In emergence, seedlings which could not be immediately identified 

were potted and grown on to be identified at a later growth stage. For extraction, 

seed coat characteristics such as colour or texture heavily influenced detectability, 

with dark and glossy/shiny coats easiest to find. However, identification was 

challenging due to multiple instances where seeds of two species appeared similar, 

e.g. Fallopia convolvulus and Polygonum aviculare (Fig. 2.3.1). A total of 13 out of 

1690 seeds could not be identified and were labelled ‘Unknown’. With the exception 

of “Red Base Poa”, all species in the emergence method could be identified due to 

the ability to grow on individuals that can be distinguished at a later growth stage. It 

is unlikely unidentifiable seeds that have undergone elutriation and floatation in a 

salt solution would successfully germinate; ruling out the ability to reach a conclusion 

by plant identification. 

 

 

Figure 2.3.1 Comparison of Fallopia convolvulus (A) and Polygonum aviculare (B) seeds. Both are black in colour 
with 2-3 faces separated by flattened ridges. These seeds are untested, thus still have their pericaps (light brown 
paper casing).  
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The mean number of individual seeds for emergence (31.2 per 500 g of soil) and 

extraction (24.9 per 500 g of soil) were not different (Table 2.3.2). This contrasts with 

work of Goto and Tsuyuzaki (2004) who found seed density obtained by extraction 

to be four times emergence. Additionally, more species were detected by emergence 

(33 species) than by extraction (29 species) (Table 2.3.3) due to the inability to 

differentiate species with similar seed characteristics. Conversely, the mean number 

of species detected in each soil sample by extraction was slightly greater (Table 

2.3.2). However, neither method revealed significant differences in the number of 

individuals or species, suggesting both methods provided a reliable estimate of 

species composition and viable seed densities. Other main effects of tillage, crop type 

and soil depth are discussed in Chapter 6. 

Differences in seedbank density and composition between methods and the other 

main effects are illustrated in Tables 2.3.4 – 2.3.6. The highest density recorded was 

that of Poa sp. in the surface soil samples (0-4 cm) in the Spring barley of the NT 

tillage treatment (Table 2.3.6). This first look into the seedbank from a subset of 72 

out of 216 samples provides a promising result for analysis of the full dataset in 

Chapter 6. 

 

Table 2.3.2 Mean count of individuals and species per 500g of soil (n=72). Standard error is given in brackets. 

Method 
No. of 

Individuals 
No. of Species 

Emergence 31.2 (5.9) 4.8 (0.28) 

Extraction 24.9 (3.9) 5.4 (0.26) 
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Table 2.3.3 List of species present in each seedbank method.  

Species present in  
both methods 

Species present only in  
Emergence method 

Species present only in  
Extraction method 

Arabidopsis thaliana Atriplex patula Aesthusa cynapium 

Bromus sterilis Cerastium fontanum Aphanes arvensis 

Capsella bursa-pastoris Chenopodium album Atriplex/Chenopodium* 

Epilobium sp. Gnaphalium uliginosum Tripleurospermum sp. 

Euphorbia helioscopia Poa trivialis Urtica urens 

Fallopia convolvulus Sonchus oleraceus Veronica arvensis 

Fumaria officinalis Spergula arvensis  

Galium aparine Taraxacum officinalis  

Hordeum vulgare Veronica persica  

Matricaria sp. Red Base Poa  

Myosotis arvensis   

Papaver rhoeas   

Plantago major   

Poa sp.   

Polygonum aviculare   

Rubus fruticosus   

Senecio vulgaris   

Solanum sp.   

Sonchus asper   

Stellaria media   

Trifolium repens   

Veronica hederifolia   

Viola avensis   

* In extraction method, seeds of Atriplex patula and Chenopodium album could not be separated due to visual 
similarity and were counted as one species.  
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Table 2.3.4 Conventional plough: mean abundances of species per 500 g of soil (n = 3) for each crop type (Spring or Winter) and soil depth (0-4, 4-8, 8-16 and 16-32 cm). Em = Emergence 
method, Ex = Extraction method. Colour gradient in cells indicate defined categories of seed density per 500 g of soil: grey = 0, dark blue = 0.1-0.49, blue = 0.5-0.9, green = 1-4.9, yellow = 5-9.9, 
orange = 10-19.9, pink = 20-100, red = > 100. 

 Spring Winter 

 0-4 cm 4-8 cm 8-16 cm 16-32 cm 0-4 cm 4-8 cm 8-16 cm 16-32 cm 

 Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex 

Aesthusa cynapium 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Aphanes arvensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 

Arabidopsis thaliana 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Atriplex patula 1.41 0.00 0.35 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Bromus sterilis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Capsella bursa-
pastoris 

0.00 0.35 0.35 0.00 0.00 0.71 0.71 1.41 1.06 1.77 2.47 1.77 2.12 0.71 0.35 0.35 

Cerastium fontanum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Chenopodium and 
Atriplex 

0.00 7.07 0.00 2.83 0.00 4.95 0.00 7.78 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00 

Epilobium sp. 0.00 0.71 0.00 0.35 0.00 0.00 0.35 0.00 0.71 0.71 0.00 2.47 1.41 0.35 0.00 0.35 

Euphorbia helioscopia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fallopia convolvulus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 1.41 0.00 

Fumaria officinalis 0.00 0.00 0.00 0.35 0.00 1.06 0.00 0.35 1.06 0.35 0.00 0.00 0.00 0.35 0.00 1.06 

Galium aparine 0.35 0.71 0.71 0.71 0.00 1.77 1.06 1.06 1.06 0.71 0.71 0.71 0.00 0.35 1.77 1.41 

Gnaphalium 
uliginosum 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Hordeum vulgare 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.35 0.00 0.00 4.24 0.00 1.77 0.00 0.00 1.06 

Matricaria sp. 0.00 0.35 0.00 0.00 0.00 3.18 0.71 0.00 0.71 1.77 4.60 8.84 5.30 2.83 3.18 0.00 

Myosotis arvensis 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Papaver rhoeas 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 



55 
 

 Spring Winter 

 0-4 cm 4-8 cm 8-16 cm 16-32 cm 0-4 cm 4-8 cm 8-16 cm 16-32 cm 

 Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex 

Plantago major 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Poa sp. 6.01 5.30 12.72 3.18 13.43 12.72 23.33 14.49 3.89 8.48 6.01 8.13 6.72 3.18 14.49 1.06 

Poa trivialis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Polygonum aviculare 0.00 0.71 0.00 0.00 0.00 1.06 1.06 1.06 0.00 1.41 0.35 0.35 0.35 1.06 0.35 0.71 

Rubus fruticosus 0.00 0.00 0.00 3.18 0.00 1.41 0.00 0.00 0.00 0.35 0.00 0.35 0.00 1.06 0.35 1.06 

Senecio vulgaris 0.00 0.00 0.35 0.35 1.77 0.00 1.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Solanum sp. 0.00 0.00 0.00 0.35 0.35 0.35 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.71 

Sonchus asper 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sonchus oleraceus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Spergula arvensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Stellaria media 0.00 0.00 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Taraxacum officinalis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Trifolium repens 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Tripleurospermum sp. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 

Urtica urens 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Veronica arvensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Veronica hederifolia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 

Veronica persica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Viola avensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.35 0.00 0.00 0.00 0.00 0.00 1.41 

Red Base Poa 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.00 

Unknown Seeds 0.00 0.00 0.00 0.71 0.00 0.35 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

Table 2.3.4 Contd. 
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Table 2.3.5 Deep plough: mean abundance of species per 500 g of soil (n=3) for each crop type (Spring or Winter) and soil depth (0-4, 4-8, 8-16 and 16-32 cm). Em = Emergence method, Ex = 
Extraction method. Colour gradient in cells indicate defined categories of seed density per 500 g of soil: grey = 0, dark blue = 0.1-0.49, blue = 0.5-0.9, green = 1-4.9, yellow = 5-9.9, orange = 10-
19.9  pink = 20-100, red = > 100. 

 Spring Winter 

 0-4 cm 4-8 cm 8-16 cm 16-32 cm 0-4 cm 4-8 cm 8-16 cm 16-32 cm 

 Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex 

Aesthusa cynapium 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 

Aphanes arvensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Arabidopsis thaliana 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.35 0.00 0.00 0.00 

Atriplex patula 0.00 0.00 0.00 0.00 0.35 0.00 0.35 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Bromus sterilis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Capsella bursa-
pastoris 

0.00 0.00 0.00 0.00 1.06 0.35 0.71 0.71 3.18 0.71 4.60 1.06 3.18 2.12 1.41 1.06 

Cerastium fontanum 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.71 0.00 0.35 0.00 0.35 0.00 0.00 0.00 

Chenopodium and 
Atriplex 

0.00 0.35 0.00 0.71 0.00 0.00 0.35 1.77 0.00 0.71 0.00 0.00 0.00 1.06 0.71 0.71 

Epilobium sp. 0.71 0.00 0.00 0.35 0.71 0.00 0.00 1.06 0.00 3.18 1.06 3.89 1.41 0.71 0.00 0.71 

Euphorbia helioscopia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.35 

Fallopia convolvulus 0.00 0.00 0.35 1.06 0.71 1.77 0.00 0.35 0.00 0.35 0.00 0.00 0.00 0.35 0.00 0.00 

Fumaria officinalis 0.00 0.71 0.35 0.00 0.00 0.35 0.71 0.35 0.35 1.06 0.35 0.00 1.06 0.71 1.06 1.06 

Galium aparine 0.35 0.00 0.00 0.00 0.35 0.00 0.00 0.71 0.00 0.35 0.35 0.71 2.12 0.71 1.41 1.41 

Gnaphalium 
uliginosum 

0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 7.07 0.00 0.00 0.00 

Hordeum vulgare 0.00 0.00 0.00 0.00 0.00 0.00 4.60 2.12 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 

Matricaria sp. 1.41 0.00 1.06 0.35 0.00 0.35 0.71 1.06 4.95 2.83 6.72 2.47 4.60 3.53 4.95 1.06 

Myosotis arvensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.35 0.71 0.00 0.35 0.00 0.35 0.00 

Papaver rhoeas 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.00 0.00 0.00 0.00 0.35 
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 Spring Winter 

 0-4 cm 4-8 cm 8-16 cm 16-32 cm 0-4 cm 4-8 cm 8-16 cm 16-32 cm 

 Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex 

Plantago major 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00 0.35 

Poa sp. 2.47 2.12 1.77 1.77 34.29 2.47 4.60 4.95 8.84 6.01 19.44 8.13 18.38 9.19 20.50 26.16 

Poa trivialis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 2.12 0.00 

Polygonum aviculare 1.41 0.71 0.35 0.35 0.00 0.00 0.35 1.06 4.24 4.24 2.12 2.47 2.47 1.41 1.41 3.53 

Rubus fruticosus 0.00 5.30 0.00 1.77 0.00 1.06 0.35 2.83 0.00 1.06 0.00 1.41 0.00 0.71 0.00 1.77 

Senecio vulgaris 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.12 0.35 0.35 0.00 0.35 0.00 

Solanum sp. 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.35 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 

Sonchus asper 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.35 0.00 0.00 0.35 

Sonchus oleraceus 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.35 0.00 0.71 0.00 0.00 0.00 0.00 0.00 

Spergula arvensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 

Stellaria media 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 

Taraxacum officinalis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 

Trifolium repens 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 1.41 0.71 0.71 1.41 0.71 0.71 1.41 

Tripleurospermum sp. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.41 0.00 1.41 0.00 0.71 0.00 2.83 

Urtica urens 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Veronica arvensis 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00 0.00 0.00 

Veronica hederifolia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.35 0.00 0.00 0.00 0.35 0.71 

Veronica persica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.35 0.00 0.00 0.00 0.00 0.00 

Viola avensis 0.00 0.00 0.35 0.00 0.00 0.00 1.41 0.00 0.71 0.35 0.35 1.06 0.35 0.00 0.00 0.35 

Red Base Poa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 

Unknown seeds 0.00 0.00 0.00 0.35 0.00 1.06 0.00 0.35 0.00 0.71 0.00 0.00 0.00 0.00 0.00 0.00 

 

Table 2.3.5 Contd. 
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Table 2.3.6 No-Till: mean abundance of species per 500 g of soil (n=3) for each crop type (Spring or Winter) and soil depth (0-4, 4-8, 8-16 and 16-32 cm). Em = Emergence method, Ex = 
Extraction method. Colour gradient in cells indicate defined categories of seed density per 500 g of soil: grey = 0, dark blue = 0.1-0.49, blue = 0.5-0.9, green = 1-4.9, yellow = 5-9.9, orange = 10-
19.9, pink = 20-100, red = > 100. 

 Spring Winter 

 0-4 cm 4-8 cm 8-16 cm 16-32 cm 0-4 cm 4-8 cm 8-16 cm 16-32 cm 

 Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex 

Aesthusa cynapium 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Aphanes arvensis 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Arabidopsis thaliana 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Atriplex patula 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Bromus sterilis 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.06 0.71 0.35 0.00 0.00 0.00 0.35 0.35 

Capsella bursa-
pastoris 

0.00 0.35 0.35 0.35 0.00 0.00 0.35 0.00 0.00 0.71 3.89 3.18 1.41 1.41 0.35 0.71 

Cerastium fontanum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Chenopodium and 
Atriplex 

0.00 0.00 0.00 0.35 0.35 0.35 0.35 1.41 0.00 2.12 0.00 1.06 0.00 0.00 0.00 0.35 

Epilobium sp. 9.19 2.83 0.71 0.00 0.35 1.06 0.00 0.00 0.71 0.35 1.41 0.00 0.35 0.71 0.71 0.71 

Euphorbia helioscopia 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fallopia convolvulus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 

Fumaria officinalis 0.00 0.00 0.00 1.77 0.00 1.41 0.00 3.53 0.00 0.71 0.35 2.12 1.41 3.53 0.00 2.47 

Galium aparine 30.04 39.94 0.35 9.19 1.06 3.53 1.06 3.89 1.41 2.47 1.06 0.35 0.00 0.35 0.00 0.00 

Gnaphalium 
uliginosum 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Hordeum vulgare 14.85 0.71 4.95 0.00 1.41 0.00 0.71 0.00 25.10 0.00 2.12 0.00 2.47 0.00 1.06 0.00 

Matricaria sp. 1.06 0.00 1.77 0.35 0.71 0.00 0.71 0.00 0.35 0.00 0.00 0.35 1.06 0.00 0.71 0.00 

Myosotis arvensis 0.00 0.00 0.35 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Papaver rhoeas 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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 Spring Winter 

 0-4 cm 4-8 cm 8-16 cm 16-32 cm 0-4 cm 4-8 cm 8-16 cm 16-32 cm 

 Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex Em Ex 

Plantago major 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Poa sp. 176.7 113.5 19.44 13.43 24.74 3.18 3.53 3.18 29.34 24.74 10.25 4.60 0.71 0.35 3.53 0.00 

Poa trivialis 0.00 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Polygonum aviculare 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.35 0.00 0.71 0.35 

Rubus fruticosus 0.00 1.41 0.35 1.06 0.00 0.00 0.00 1.41 0.00 2.12 0.00 2.12 0.00 3.53 0.00 2.83 

Senecio vulgaris 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Solanum 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.71 0.00 0.00 0.00 0.35 0.00 0.00 0.35 1.06 

Sonchus asper 0.00 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 

Sonchus oleraceus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Spergula arvensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Stellaria media 0.35 2.12 0.35 0.35 0.35 0.00 0.00 1.41 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 

Taraxacum officinalis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Trifolium repens 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.35 0.00 

Tripleurospermum sp. 0.00 1.41 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.35 0.00 0.00 0.00 0.00 

Urtica urens 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Veronica arvensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00 0.00 0.00 

Veronica hederifolia 0.00 0.00 0.00 0.35 0.35 0.71 0.00 0.71 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 

Veronica persica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Viola avensis 0.71 1.06 0.00 0.35 0.00 0.00 0.00 0.00 0.71 1.77 0.71 0.35 0.71 1.41 0.00 1.06 

Red Base Poa 0.35 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Unknown seeds 0.00 0.00 0.00 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

Table 2.3.6 Contd. 
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2.3.3.1 Single-Method Species 

While both methods statistically established a similar quantity of species, there were 

compositional differences. Some species were only present in one method, known 

as a “single-method species” (Wessels & Schwabe, 2008). Single-method species for 

extraction were Aethusa cynapium (2 seeds), Aphanes arvensis (1 seed) and Veronica 

arvensis (7 seeds). Single-method species for emergence included Cerastium 

fontanum (5 seeds) Sonchus oleraceus (4 seeds), Spergula arvensis (1 seed), 

Taraxacum officinalis (2 seeds), and Veronica persica (2 seeds). However, as these 

species were represented by few individuals (< 10), these compositional differences 

may not illustrate disadvantages to either method, but instead may reflect the rarity 

of these species in the seedbank. Other single-method species occurred (Table 2.3.3), 

but their abundances were over 10 individuals and may suggest methodological 

limitations resulting from the ability to accurately identify seeds and seedlings.  

Atriplex patula and Chenopodium album share common characteristics of black 

glossy seeds that are round, flattened with a diameter of 1.5 mm (Fig. 2.3.2). When 

contained in their pericarp, species can be easily identified. However, the vibration 

during extraction removed pericarps. Therefore, to avoid misinterpretation, counts 

of these two species were combined. Whereas, in the emergence method, these 

species are easily separated due to the differences in colour on the underside of 

leaves (A. patula = white, C. album = pink).  

 

Figure 2.3.2 Comparison of Atriplex patula (A) and Chenopodium album (B) seeds. Note these photographed 
seeds were not found in extracted samples, but purchased from Herbiseed (Reading, UK). Therefore, pericarps 
are still present on A. patula seeds. 
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As described in section 2.2.4, Poa annua and Poa trivialis were too similar to be 

separated and were counted as Poa sp. in the extraction method. In emergence, it is 

also possible that young P. trivialis seedlings were misidentified as P. annua. 

Additionally, “Red Base Poa” was another Poa sp. where the bottom of the cotyledon 

was deep red in colour but could not be identified. Ideally, seedlings should be grown 

on to be identified at a later growth stage. However, as Poa sp. was the most frequent 

(2125 individuals from 86.5 kg of soil), this would require more glasshouse space. For 

that reason, counts for these species will be combined when statistically analysing 

the full dataset in Chapter 6. 

Many sub-species within Matricaria sp. (annual herb) and Tripleurospermum sp. 

(annual or perennial herb) have recently been discovered to be related or in fact the 

same species (Stace, 2010). For example, Tripleurospermum inodorum is now 

regarded as the same species as Matricaria perforata (Fig. 2.3.3). This caused 

complications when identifying both seedlings and seeds. When a seedling, 

Matricaria sp. is difficult to separate from Tripleurospermum sp. Seeds of 

Tripleurospermum sp. are dark brown with raised lateral ridges and occasionally have 

two dark spots on one side which are oil glands. However, Matricaria sp. seeds do 

not possess oil glands, allowing for identification between the two species where 

possible. As the emergence method was conducted before the extraction method, 

the presence of Tripleurospermum sp. in the seedbank was not known during the 

period of identifying seedlings. Therefore, it is likely that Tripleurospermum sp. 

individuals were misidentified as Matricaria sp., thus causing Tripleurospermum sp. 

to be a single-method species and only distinguishable by extraction.  
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Figure 2.3.3 Comparison of Matricaria perforata (A, Herbiseed, Reading UK) and Tripleurospermum inodorum 
(B) seeds. B – Original image from http://www.inspection.gc.ca/plants/seeds/testing-grading/seeds-
identification/tripleurospermum-inodorum/eng/1405513897968/1405513898734. 

 

 

Figure 2.3.4 Comparison of Epilobium sp. (A, Herbiseed, UK) and Gnaphalium uliginosum (B) seeds. B – source of 
image: http://asis.hutton.ac.uk/.  

 

Gnaphalium uliginosum was a single-method species only occurring in the 

emergence method. In the extraction, G. uliginosum was possibly undetectable due 

to the similarity of their seeds with Epilobium sp. seeds (Fig. 2.3.4). As seeds of both 

Epilobium sp. and Gnaphalium sp. were soft and easily crushed, they are susceptible 

to loss from damage. Due to the disruptive nature of elutriation and floatation from 

vibratory sieving, wetting and drying, the seed can become easily distorted, causing 

what could have been small morphological differences to become indistinguishable.  

The differences observed in species abundances across the methods result from  

some species failing to germinate in the emergence method, owing to the absence 

of their specific germination cues (Baskin & Baskin, 1989; Gross, 1990). However, the 

http://www.inspection.gc.ca/plants/seeds/testing-grading/seeds-identification/tripleurospermum-inodorum/eng/1405513897968/1405513898734
http://www.inspection.gc.ca/plants/seeds/testing-grading/seeds-identification/tripleurospermum-inodorum/eng/1405513897968/1405513898734
http://asis.hutton.ac.uk/
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extraction method may have also overestimated the frequency and density of a 

species if non-viable seeds were included in the analysis (Gross, 1990). The strengths 

and weaknesses of both methods are discussed in the following section.  

2.3.4 Method Recommendations 

There are many advantages and disadvantages for both emergence and extraction 

methods when estimating seedbank abundance and composition (Table 2.3.7). For 

both methods, the species detected will be influenced by the time of year and the 

sampling strategy (Thompson & Grime, 1979; Roberts, 1981).  

The seedling emergence method is most commonly used  as it can give an insight into 

the readily germinable fraction within the seedbank after six weeks (Ter Heerdt et 

al., 1996, 1999; Squire et al., 1999; Price et al., 2010).  However, three emergence 

flushes can give a better estimate of the total seedbank density if time is not limited. 

Emergence is relatively undemanding in terms of time and taxonomic skill (Roberts, 

1981; Ter Heerdt et al., 1996). Limitations to emergence methods include the 

underestimation of species that require specific germination conditions outside the 

chosen environmental range for processing soil samples (Thompson & Grime, 1979; 

Roberts, 1981; Poiani & Carter Johnson, 1988; Ball & Miller, 1989; Baskin & Baskin, 

1989; Gross, 1990; Brown, 1992; Bernhardt et al., 2008). Environmental conditions, 

such as temperature or irrigation, need to be set at levels suitable for the germination 

of as many species as possible to maximise emergence potential (Thompson & Grime, 

1979; Roberts, 1981; Gross, 1990; Hartley & Rahman, 1995; Ter Heerdt et al., 1999; 

Boedeltje et al., 2002; Bernhardt et al., 2008). However, specific germination 

requirements for many species are unknown, or are only partly understood (Ter 

Heerdt et al., 1999). Predicting appropriate germination conditions is further 

complicated by the possibility that germination characteristics can change with seed 

age (Baskin & Baskin, 1989; Lambers et al., 1998). Incorporating a period of cold 

stratification to break dormancy regimes and encourage germination provides the 

most reliable form of an emergence method (Gross, 1990). 
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Table 2.3.7 Summary of main advantages and disadvantages of seedbank assessment methods. 

Emergence Extraction 

Advantages Disadvantages Advantages Disadvantages 

1. Quick and easy to 
compare sites and 
treatments using first 
flush data 

1. Requires large 
amounts of 
glasshouse space 

1. Obtains total seed 
density of samples 

1. Processing samples 
is labour-intensive 

2. Seedling 
identification is easier 
than seed 
identification 

2. Requires large 
volumes of soil/lots of 
samples 

2. Smaller volumes of 
soil is adequate 

2. Identification of 
seeds is difficult and 
eye-straining 

3. Unknown seedlings 
can be grown on or 
kept as herbarium 
specimens for future 
identification 

3. Data collection 
occurs over several 
months 

3. Results can be 
obtained relatively 
quickly 

3. Smaller seeds might 
be damaged, lost or 
not visible 

4. Plant identification 
is less of an eye-strain 
than seed 
identification 

4. Germination 
requirements of all 
species may not occur 
under controlled 
glasshouse conditions 

4. Soil samples can be 
frozen for long 
periods before 
processing 

4. Can include non-
viable seed causing 
density 
overestimations 

5. Additional useful 
information can be 
collected on species-
specific germination 
requirements 

5. Requires 
continuous 
maintenance, 
irrigation and pest 
control 

5. Extracted seeds can 
be stored for further 
analysis 

5. Requires elutriation 
equipment and high-
quality sieves 

 

6. Seeds of some 
species may die while 
in glasshouse or in 
storage 

  

 

Extraction by elutriation have several advantages over germination methods when 

applied to large-scale community-level determinations of spatial patterns of species 

abundances (Gross, 1990). Surveying such large-scale patterns requires a larger 

number of samples, and therefore would require considerable glasshouse space, 

restricting the ability of emergence methods. The elutriation method allows a larger 

number of samples to be processed and stored, permitting work to be spread over 

longer timescales. The estimations of seed density by extraction are not affected by 

specific germination requirements (Gross, 1990). Additionally, elutriation reduces 

the risk of samples being lost to disease, pests or droughts (as with glasshouse 
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germination methods), and thus may give a more reliable estimate of species 

abundances in the soil (Gross, 1990; Smutny & Kren, 2002). 

While seed extraction may be the better procedure to estimate seedbank densities, 

it is less commonly used as it is time-consuming and laborious (Malone, 1967; Poiani 

& Carter Johnson, 1988; Brown, 1992). The accuracy of enumerating viable seeds can 

be variable for a number of reasons. Thompson, Bakker and Bekker (1997) argue that 

elutriation can be very effective at detecting large-seeded species. However, due to 

repeated washings, the loss of sample material is greater for small-seeded species, 

particularly in soils enriched with organic material (Poiani & Carter Johnson, 1988; 

Gross, 1990; Brown, 1992; Thompson et al., 1997). Seed size alone may not 

adequately explain low seed recovery rates and other factors, such as the fragility of 

seeds under agitation from sieving and elutriation, should be considered. Long-lived 

seedbanks may naturally degrade (Priestley, 1986), causing seeds (of any size) to be 

more susceptible to damage during extraction processes.  

As only viable seeds contribute to soil seedbanks, seed viability must be tested 

following elutriation by subsequent germination experiments or flotation, which 

makes assessment time-consuming (Gross, 1990; Thompson et al., 1997; Bernhardt 

et al., 2008). While floatation methods can effectively detect dormant seeds and 

obtain high seed recovery rates (Gross, 1990; Brown, 1992; Tsuyuzaki, 1994), they 

can be unsuitable for small-seeded species which may be easily lost when handling 

during identification. Additionally, unviable seeds may also be detectable by flotation 

(Brown, 1992), hence many studies chose to exclude this method (Wessels & 

Schwabe, 2008). When processing a large number of seeds, pressure testing can be 

used following floatation to confirm viability. By applying gentle pressure on the seed 

coat, the level of hardness confirms viability (soft seeds are inviable). However, the 

destructive act of pressure testing can reduce the viability of the seed, which may be 

detrimental for subsequent germination. Pressure testing may alter seed 

characteristics needed for identification such as appendages, seed coat scars or 

patterns. Further, many species have seed coats resistant to decay long after the 

seed itself has died and consequently seed numbers can be overestimated. Since 

emergence methods already include the effect of seed viability, it is more practical 
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for time restricted studies (Thompson et al., 1997; Ter Heerdt et al., 1999). 

Additionally, if soil samples are collected several months before the next germination 

season, seeds may lose their viability in the field, further overestimating the viable 

fraction obtained by extraction methods.  

Despite merits to both methods individually, species composition can vary with each 

approach indicating that neither can fully detect seedbank distribution entirely 

alone. Particularly for studies with long-lived seedbanks with high dormancy, the 

application of a single-method only should be avoided as seeds cannot be readily 

germinated, causing emergence methods to underestimate seedbank densities 

(Goto & Tsuyuzaki, 2004). Equally, extraction can underestimate seedbank density 

by failing to distinguish species with similar seeds and detect smaller-seeded species. 

Therefore, incorporating both approaches is desirable to overcome single-method 

constraints (Ter Heerdt et al., 1996). Ideally, emergence methods could be used 

initially and the remaining soil sample (after three flushes of emergence) can be 

elutriated to collect remaining viable seed that has failed to germinate. This would 

give the best possible chance at obtaining a reliable estimate of seedbank density 

and composition.  
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2.4 Screening for Myxospermous Species 

2.4.1 Staining Methodology 

The results of the field survey described above (including the remaining emergence 

samples presented in Chapter 6) were used to screen for plant species that have 

myxospermous seeds that can be taken forward into experimental work. 10 g of 

seeds from each species (supplier: Herbiseed, Reading UK) were cleaned by sieving 

seed from organic plant debris. Seeds of Gnaphalium uliginosum and Rubus 

fruticosus were not available for sale. Hordeum vulgare (barley) and Solanum 

tuberosum (potato) were discounted due to being introduced into the system as 

crops.  

Five seeds of each species were selected randomly to be imaged using a stereo 

microscope (Olympus SZ60, Tokyo Japan) and GXCAM-5 camera (GT Vision Ltd, 

Suffolk UK). To ascertain whether a species was myxospermous, seeds were stained 

with 0.01% Ruthenium Red (84071; Sigma-Aldrich) solution (full method described in 

Western et al., 2001) for one hour prior and then reimaged. If seeds were found to 

be myxospermous, larger quantities of seeds were ordered from various suppliers 

for subsequent experiments.  

2.4.2 Results 

Following immersion in the Ruthenium Red solution, seeds enveloped with mucilage 

were visible by a deep pink and purple region that extended beyond the surface of 

the seed surface (illustrated in section 2.4.2.1 and 2.4.2.2). Seeds which are not 

myxospermous had no stained regions attached to the seed (Fig. 2.4.1). 
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Figure 2.4.1 A selection of non-myxospermous species before (left) and after (right) staining with Ruthenium 
Red. Despite staining of the epidermal surface of seeds in B, F, H and J, no mucilage was released from the seed. 
Species shown are: Aethusa cynapium (A-B), Atriplex patula (C-D), Epilobium angustifolium (E-F), Stellaria media 
(G-H), Veronica hederifolia (I-J).  
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2.4.2.1 Myxospermous Species 

The species which successfully stained pink, highlighting mucilage release, were: 

Arabidopsis thaliana (Fig. 2.4.2A-B), Capsella bursa-pastoris (Fig. 2.5.2C-D), Senecio 

vulgaris (Fig. 2.4.2E-F), Urtica urens (Fig. 2.4.3A-B), Veronica arvensis (Fig. 2.4.3C-D), 

and Viola arvensis (Fig. 2.4.3E-F). 

 

 

Figure 2.4.2 Seeds of Arabidopsis thaliana (A-B), Capsella bursa-pastoris (C-D) and Senecio vulgaris (E-F) before 
(left) and after (right) mucilage released indicated by Ruthenium Red stain. 
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Figure 2.4.3 Seeds of Urtica urens (A-B), Veronica arvensis (C-D) and Viola arvensis (D-E) before (left) and after 
(right) staining with Ruthenium Red, showing mucilage release. 
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2.4.2.2 Discounted Myxospermous Species 

Euphorbia helioscopia and Plantago major both produced mucilage but for reasons 

outlined below, could not be used in experiments. 

E. helioscopia seeds are 1.5-2.5 mm in length, displaying an alveolar morphology of 

peaks and troughs, and a single scar (Fig. 2.4.4A). The storage and release of mucilage 

appears to only occur on the peaks of the seed coat (Fig. 2.4.4C-E). The disorganised 

fibrous structure of mucilage, varying in orientation from the seed, is different to the 

other myxospermous observed (Fig. 2.4.4E-F) and provides a fruitful avenue to 

explore mechanisms of seed-soil attachment by mucilage. 

100 g of E. helioscopia seed was purchased from BT World Seed (Paguignan, France), 

however they appeared morphologically different (Fig. 2.4.5A) from the original 

Herbiseed batch (Fig. 2.4.4A). The seed coat was smooth and had yellow and brown 

colouring compared to the grey and brown colouring from the previous batch. When 

stained, no mucilage was released (Fig. 2.4.5B) and therefore it was concluded that 

the newer seed was incorrectly labelled as E. helioscopia.  

As the remainder of the original myxospermous seed was oven dried to obtain dry 

mass, germinating this seed to grow on a new batch was not possible at this stage. 

Therefore, E. helioscopia was removed from future work.  
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Figure 2.4.4 Euphorbia helioscopia seeds before (A) and after (B) mucilage release indicated by Ruthenium Red 
stain. The morphology of E. helioscopia seeds have peaks and troughs and a single scar (A). Mucilage appears to 
only be stored (C-D) and released (E) from the peaks. The fibrous structure of mucilage is very different to other 
myxospermous observed (E-F). 
 

 

Figure 2.4.5 Comparison between the second Euphorbia helioscopia seeds (A) and the original Euphorbia 
helioscopia (B, indicated by white asterisk). Image B shows seeds stained with Ruthenium Red. Original E. 
helioscopia seed has released mucilage whereas newer seed has not. 

* 
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P. major seeds were 1-2 mm (Fig. 2.4.6A) and produced a greater volume of mucilage 

than the other species observed (Fig. 2.4.6B). An interesting feature of P. major 

mucilage was a dense inner layer that remained clear after staining with Ruthenium 

red (Fig. 2.4.6C-D), hence it is not composed of pectin.  

1 kg of P. major was ordered from BT World Seeds (Paguignan, France). However, 

this seed was substantially smaller, potentially not mature and consequently did not 

stain for mucilage. A colleague donated 200 g of P. lanceolata seed (Emorsgate, 

Norfolk) and was found to produce mucilage (data not shown) but differed in size 

and volume to P. major, and did not share the dense inner layer observed in Figure 

2.4.6D. A subsequent batch of P. lanceolata (Emorsgate, Norfolk) was ordered and 

tested, but did not contain mucilage (data not shown). Thus, the original batch of P. 

lanceolata seed was carried forward into further work.  

 

 

Figure 2.4.6 Plantago major before (A) and after (B) staining with Ruthenium Red revealing mucilage release. An 
inner layer of mucilage around the seed remained clear (C-D). 
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2.5  Conclusions 

Over the last 40 years, the two main methods for quantifying seedbanks have been 

emergence and direct seed extraction. However, there are few studies where the 

merits of emergence and extraction methods for quantifying arable seedbanks have 

been compared. In this chapter, the advantages and disadvantages of both methods 

were tested on a subset of 72 soil samples that were collected as part of a wider 

study in Chapter 6. The outcome informed the method applied to a second year of 

sampling.  

While small differences in seed density and number of species existed, neither 

method was significantly more suitable, suggesting both methods provided reliable 

estimates. Although, compositional differences arose through the presence of single-

method species. As most of the single-method species were represented by less than 

10 individuals, this may give an insight into their rarity in the seedbank rather than 

expressing methodological disadvantages. However, difficulty when identifying 

seedlings and/or seeds caused some single-method species that were present at 

higher densities (e.g. Atriplex patula and Chenopodium album) to be more illustrative 

of drawbacks to the methodological approach. 

Extraction of seeds is time-consuming in comparison with emergence which is 

relatively undemanding. The main disadvantage for the emergence method is that 

seeds may not readily germinate due to inappropriate environmental conditions and 

dormancy regimes, causing an underestimation of seedbank densities and a 

distortion of species composition. While direct seed extraction is not concerned with 

germination cues, it can also underestimate seed densities by overestimating the 

viable fraction if the floatation solution is not effective for all species.  

Repeated washing through sieves increases the chance of losing or damaging small-

seeded species.  

Despite advantages of both methods individually, neither method can fully detect 

the seedbank distribution and composition entirely alone. Therefore, results 

indicated integrating both methods to be the most effective approach to overcome 

single-method species limitations. Where resources, including labour and space, are 
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not restricted, emergence methods should be applied first, followed by elutriation to 

collect the remaining seed (that did not germinate but is still viable). By utilising both 

methods on the same samples, the seedbank density and composition can be reliably 

estimated.  

The composition of the seedbank survey from both methods was compiled and used 

to identify plant species which possess myxospermous seeds. After staining with 

Ruthenium Red, seeds of Arabidopsis thaliana, Capsella bursa-pastoris, Plantago 

lanceolata, Senecio vulgaris, Urtica urens, Veronica arvensis and Viola arvensis were 

found to release mucilage. Therefore, this set of species will form the experimental 

work of characterising mucilage structure and composition in Chapter 3.
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Chapter 3. Multi-species Seed Mucilage 

Characterisation 

3.1 Introduction 

It is widely acknowledged that plant species with myxospermous seeds have 

ecological significance for germination, dispersal and dormancy (X. Yang et al., 

2012b). These advantages allow myxospermous species to colonise disturbed 

habitats (e.g. agroecosystems) and arid and semiarid environments (Huang et al., 

2000). Additionally, seed mucilage can modify the soil environment surrounding the 

seed in terms of soil physical, hydraulic and later microbial characteristics. Due to its 

adhesive nature, mucilage can stabilise soil structure and enhance water retention 

(Deng et al., 2015). To date, field and laboratory studies have primarily focused on 

the synthesis of seed mucilage during seed development using Arabidopsis thaliana 

(Willats et al., 2001; Penfield et al., 2001; Western et al., 2001; Dean et al., 2011; 

Harpaz-Saad et al., 2011; Huang et al., 2011; Sullivan et al., 2011; Haughn & Western, 

2012; Griffiths et al., 2014; Yu et al., 2014; North et al., 2014; Ralet et al., 2016). 

Chemical analysis of the sugars (pectin, cellulose and hemicellulose) found in 

mucilage have also been described (Macquet et al., 2007a; Voiniciuc et al., 2015a, 

2016). With the exception of Arabidopsis thaliana (Western et al., 2000; Ben-Tov et 

al., 2015; Francoz et al., 2015; Voiniciuc et al., 2015b) and Capsella bursa-pastoris 

(Deng et al., 2012; Iannetta et al., 2018), epidermal mucilage secreting cell (MSC) 

structures for the myxospermous species used in this study have not yet been 

described.  

As seeds co-exist in the soil as multi-species communities, using a multi-species 

approach to define the mechanical and chemical nature of seed mucilage will aid the 

understanding of mucilage ecological functionality. The structural differences in seed 

epidermal cells from which mucilage is released may affect the functionality of 

adherent (insoluble) and non-adherent (soluble) mucilage in soils. In this chapter, 

light, fluorescent (including confocal) and scanning electron microscopy (SEM) was 

used to reveal structural and chemical differences between species, and between the 

mucilage layers. Mucilage with relatively higher solubility may expand the zone of 
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influence beyond the immediate location of the seed. Conversely, a seed with more 

insoluble mucilage may be limited to influencing the behaviour of soil particles in 

direct contact with the seed in the spermosphere. Kreitschitz and Vallès (2007) 

hypothesised that cellulose fibrils may act to strengthen the anchorage of 

mucilaginous achenes to the soil surface. However, the resulting physical and 

chemical effects of individual seed mucilage layers on soil particles are under-

researched. In order to explore the utility of seed mucilage as a soil enhancer further, 

the mass of mucilage each species is capable of producing must be quantified.  

In Chapter 2, a seedbank survey of the Mid-Pilmore experimental field (The James 

Hutton Institute, Invergowrie (56.4548N, -3.0820W)) found seven common 

myxospermous arable weed species: Arabidopsis thaliana (Col-0), Capsella bursa-

pastoris, Plantago lanceolata, Senecio vulgaris, Urtica urens, Veronica arvensis and 

Viola arvensis. In Chapter 6, the full seedbank dataset will be used to classify arable 

plants into functional groups based on traits that influence their impact on arable 

food webs, the degree to which they compete with the crop, and their response to 

farm management practices (Hawes et al., 2009). However, seed functional 

relationships with soil properties, such as those which would result from seed 

mucilage release, are yet to be incorporated into such classifications. The aims of this 

study were to develop this functional approach and, for the first time, produce a 

multi-species characterisation of myxospermous seeds, by:  

1. Characterising the morphology and surface area of seeds 

2. Visualising the composition of soluble and insoluble mucilage layers 

3. Characterising the structure of seed epidermal mucilage secreting cells 

4. Quantifying the mass of soluble and insoluble mucilage produced by a single 

seed.  

Seed mucilage characterisations established in this study were combined with 

previous plant trait-based classifications to create new functional groups that can be 

used to explore effects of seed mucilage on seed-soil adhesion (Chapter 4 and 5), 

assessing the wider implications for weed ecology and soil properties. 



78 
 

3.2 Seed Harvesting 

A small batch of A. thaliana (Col-0) seeds (< 1000) were obtained through a colleague 

at the James Hutton Institute from their harvest. As explained in section 2.4.2.2, P. 

major was substituted for P. lanceolata. 250 g of C. bursa-pastoris (supplier: 

Herbiseed, Reading UK) was also donated by a colleague. 1 g of S. vulgaris and 10 g 

of Viola arvensis seeds were purchased from Nicky’s Nursery (Kent, UK). 1 kg of U. 

urens and 100 g of Veronica arvensis seeds were purchased from BT World Seeds 

(Paguignan, France). The conditions, or location, in which these seeds were produced 

were not known. This can be an issue due to the potential for non-myxospermous 

seeds to be present within the batch and disparity in seed quality and age. Therefore, 

to provide a source of mature seeds that were similar in shape, size and maturity, it 

was imperative to grow and harvest my own stock for use throughout this project. 

Veronica arvensis was omitted from this experiment as explained in section 3.5.1. 

Batches of seeds were sown in compost and healthy seedlings were then transferred 

to pots and grown over six months under heated glasshouse conditions (day and 

night temperature of 20°C and 16°C respectively; 150 Wm-2 lighting from 04:00-

20:00). For A. thaliana, 22 pots with multiple seedlings were grown in blocks on 

benches and irrigated from below via thin tubing underneath capillary matting to 

ensure above-soil plant material and seed would remain dry. If seeds were 

inadvertently wetted, they were discarded as they would have released their 

mucilage. Pot separator trays were inverted, laid on top of the pots and covered with 

nylon welded mesh (diameter of 40 mm and open area of 26%, Clarcor, UK) to create 

a gap between the mesh and soil surface (Fig. 3.2.1A and D). The mesh was anchored 

and secured in place by nine 1 m canes lodged into pots of sand around the periphery 

of plant pots, and slots (approx. 15 mm) were cut for seedlings to grow through (Fig. 

3.2.1C). When ripened, seeds were harvested using a handheld vacuum to collect 

seed from the mesh surface.   

For the five-remaining species, pots were set up as described above. However, when 

plants became taller than the height of the mesh walls they were bagged with 

ventilated plastic bags and secured at the bottom of the stem. Seeds were cleaned 
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using sieves (300-500 µm) to remove plant debris before storage in glass vials (Fig. 

3.2.1E and F).  

 

 

Figure 3.2.1 Images showing glasshouse set up of pots and pot separators on benches (A-B), nylon mesh 
anchored by canes with seedlings growing through slots (C), the gap between soil surface and mesh critical for 
ensuring seeds are kept dry (D), and handheld sieves (E) used to clean seed from organic debris (F). 
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3.3 Seed Morphology and Dimensions 

Seeds of seven species were individually prepared in 20 ml petri dishes and images 

were taken with a Leica MZFLIII fluorescence stereo microscope and Leica DFC 7000 

T camera (Leica Microsystems, Germany) to show differences in morphology and size 

(Fig. 3.3.1). Seeds in groups of 12 were analysed for seed size, with measurements of 

mean length and width (mm) derived using LAS v4.10 software (Leica Microsystems, 

Germany) (Table 3.3.1). The width was measured perpendicular to the longest axis 

at the widest point. After measurements of 24 seeds, variability between individuals 

was acceptable (Fig. 3.3.2). 120 seeds of each species were counted and weighed 

individually to determine mean seed mass (mg) (Table 3.3.1). 

C. bursa-pastoris has small oblong seeds, ~1 mm in length with a groove on each side 

(Fig. 3.3.1B). Colour varies with maturity: light brown (mature, myxospermous) or 

dark brown (non-myxospermous) (Iannetta et al., 2010; Toorop et al., 2012). A. 

thaliana produces the smallest, lightest seeds at less than ~0.5 mm long and ~0.3 mm 

wide and are visually similar to C. bursa-pastoris (Fig. 3.3.1A). Veronica arvensis are 

oval shaped, with one side convex and the other concave with a scar in the centre, 

yellow in colour (Fig. 3.3.1C). Viola arvensis seeds are ~1.5 mm in length, pear-shaped 

with a glossy colour ranging from yellow to dark brown (Fig. 3.3.1D). U. urens seeds 

are ~1.9 mm long and oval in shape with one pointed end (Fig. 3.3.1E). They are 

relatively flat with a rounded base and distinct rim, shimmering pale brown in colour. 

S. vulgaris has ~2.2 mm long, rod-shaped seeds with a truncated apex, and around 

10 vertical ridges (Fig. 3.3.1G). They are reddish-brown in colour and appear to be 

slightly hairy. P. lanceolata seeds are boat-shaped with a concave side (Fig. 3.3.1F). 

They are the heaviest and longest at ~3 g and ~3 mm respectively and mostly glossy 

dark brown in colour, with a lighter coloured scar in the centre. 
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Figure 3.3.1 Images of individual seed (A-G) and all seven species together to highlight differences in shape and 
size (H). A. thaliana (A), C. bursa-pastoris (B), Veronica arvensis (C), Viola arvensis (D), U. urens (E), P. lanceolata 
(F), S. vulgaris (G). 
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Table 3.3.1 Descriptive properties of seeds. 

Species 
Seed 

Massa 
(mg) 

Seed 
Lengthb 

(mm) 

Seed 
Widthb 
(mm) 

Shape 
Textural 
Feature 

Colour 

A. thaliana 
0.023 

(0.0003) 
0.471 

(0.007) 
0.282 

(0.003) 
Oblong Groove 

Light or dark 
brown 

C. Bursa-
pastoris 

0.118 
(0.0074) 

1.000 
(0.011) 

0.509 
(0.005) 

Oblong Groove 
Light or dark 

brown 

P. lanceolata 
2.980 

(0.0685) 
3.187 

(0.050) 
1.353 

(0.021) 

Boat with 
concave 

side 

Light 
coloured scar 

Glossy dark 
brown 

S. vulgaris 
0.207 

(0.0035) 
2.249 

(0.028) 
0.432 

(0.005) 

Rod, 
truncated 

apex 

Vertical 
ridges 

Dark brown 

U. urens 
0.705 

(0.0067) 
1.930 

(0.019) 
1.234 

(0.012) 
Flattened 

Ovoid 

Rimmed 
edge, pointed 

at one end 
Pale brown 

Veronica 
arvensis 

0.119 
(0.0029) 

1.047 
(0.015) 

0.708 
(0.009) 

Concave 
oval 

Central scar Yellow 

Viola arvensis 
0.421 

(0.0086) 
1.528 

(0.017) 
0.817 

(0.009) 
Ovoid Carnucle 

Glossy 
yellow to 

dark brown 

Values in brackets are standard errors. 
a n = 120 
b n = 24 
 

 

Figure 3.3.2 Length and width of seeds from seven weed species. The width was measured perpendicular to the 
longest axis at the widest point. Measurements were taken at the longest axis.  Note that as seeds get longer, 
they also get wider, except for S. vulgaris which is rod-shaped and therefore long and thin. 
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3.4 Seed Surface Area 

Quantifying the surface area of a seed is challenging and a reliable, accurate method 

appropriate for all species is yet to be found. Many studies have neglected seed 

surface area, and instead derive indices of size and shape based on a number of 

measurements of the longest and shortest axes (Bekker et al., 2003; Gardarin & 

Colbach, 2015). In other areas of plant science, estimating the surface area of plant 

material is commonly calculated from 2D images using image analysis software such 

as Image J2 (Rueden et al., 2017). In this study, Braunauer-Emmett-Teller Theory 

(BET) was applied to seed samples of six species and its suitability was evaluated. 

Veronica arvensis was omitted from this experiment as outlined in section 3.5.1. 

3.4.1 BET Theory 

BET Theory is a mathematical model used in surface area analysis to explain the 

physical adsorption of nitrogen gas molecules on a solid surface at the temperature 

nitrogen becomes liquid (Brunauer et al., 1938). This theory has been applied to 

many materials, particularly in the pharmaceutical industry and in soil science (Feller 

et al., 1992; Theng et al., 1999; Dogan et al., 2007). Based on the Langmuir equation 

(Langmuir, 1918), BET Theory calculates a monolayer capacity from an adsorption 

isotherm using only the mass of a sample as the dependent input and the following 

equations:  

 BET FUNCTION =  
𝑃

𝑉𝑎𝑑𝑠(𝑃𝑜 − 𝑃)
=  

𝐶 − 1

𝑉𝑚 𝐶
 𝑥 

𝑃

𝑃𝑜
+ 

1

𝑉𝑚 𝐶
 (1) 

   

 𝑉𝑚 =  
1

SLOPE + INTERCEPT
 (2) 

 

Where Vads is the volume adsorbed, Vm is the monolayer volume, C is the adsorption 

energy constant, P is the sample pressure and Po is the saturation vapour pressure 

of adsorbate.  
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By assuming that nitrogen molecules pack closely together, the total surface area 

(TSA) and specific surface area (SSA) is calculated: 

 TSA =  Number of molecules in monolayer x Area of molecule (3) 

   

 
SSA (𝑚2 𝑔−1⁄ )  =  

𝑉𝑚
22414  𝑥 (6 𝑥 1023)𝑥  16.2 𝑥 10−10

SAMPLE MASS
 

(4) 

 

Where 1 mole of gas at standard room temperature occupies 22414 ml, 1 mole of 

gas has 6 x 1023 molecules and the cross-sectional area of a nitrogen molecule is 

assumed to be 1.62 nm.  

3.4.2 Methodology Development and Trial Results 

SSA of seeds was determined using the multi-point BET method with an SA 3100 

Surface Area Analyser (Beckman Coulter, USA) (Fig.3.4.1). 

Prior to testing, a calibration was conducted using a pelleted alumina sample with a 

known mass and SSA. This yielded an acceptable BET Surface Area (347.75 m2/g) due 

to a correlation coefficient of 0.999 and a “Free Space” coefficient of 1. For 

succeeding samples, it was decided that SSA’s can only be accepted if the correlation 

coefficient was between 0.9 and 1, and the free space coefficient was 1. A crude seed 

surface estimation (ESA) was calculated using mean seed length and width values 

(Fig. 3.3.2), and a standard equation of surface area of a cylinder (A=2πrh+2πr2) to 

allow for comparison between methods. 

The operating manual (“COULTER SA 3100 Series Surface Area and Pore Size Analyzer 

- Product Manual” 2011) states the optimal total surface of the sample is between 3 

m2 and 30 m2; however, it can produce accurate readings of as low as 1 m2. Table 

3.4.1 should be used to add the appropriate mass based on an estimation of SSA, 

recommending a lower limit of 100 mg. The manual also states that for samples with 

SSA’s less than 1 m2/g, the mass required should be based on a TSA of 3 m2, but 

accuracy will be sacrificed. After trial samples were analysed, the obtained SSA was 

used to re-evaluate the mass of the sample chosen for subsequent tests.  
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Figure 3.4.1 SA 3100 Surface Area Analyser (Beckman Coulter, USA). 

 

Table 3.4.1 Optimal Sample Quantity. (Source: “COULTER SA 3100 Series Surface Area and Pore Size Analyzer - 
Product Manual” 2011). 

Estimated Specific Surface Area (m2/g) Mass of Sample for Analysis (g) 

> 30 0.1 - 0.2 

10 - 30 0.3 

3 - 9.9 1 

2 - 2.9 1.5 

1.5 - 1.9 2 

1 - 1.4 3 
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P. lanceolata seeds were used to trial variables and ascertain a reproducible method 

before applying to other species as it is the largest seed and easiest to handle. Seed 

samples of 0.15 g were outgassed at 70°C for 1 hour under a vacuum. Samples were 

then conditioned with nitrogen for ~21 mins and nitrogen adsorption was 

determined over the relative adsorption pressure (P/Po) range of 0.05 to 0.2. 

Unfortunately, this did not yield a SSA (results ranging from 0 to 0.003 m2/g). 

However, by increasing sample mass to 3 g and repeating the procedure as before, a 

greater surface area of 0.075 m2/g was obtained with a satisfactory correlation 

coefficient of 0.985. 

As P. lanceolata has the largest seed of all species tested, sample mass for the 

remaining species was decreased (Table 3.4.2).  Four equations were obtained for 

each species and the specific surface area results were averaged to generate an 

individual seed surface area (mm2) (Table 3.4.2). However, negative correlation 

coefficients were found for A. thaliana, C. bursa-pastoris, S. vulgaris and U. urens, 

indicating there was an issue with the pressure of nitrogen gas interacting with the 

size of pore spaces in the sample tube. Retaining a 5-point BET, pressure was altered 

from high to low and procedure was repeated with the increased sample masses of 

3 g for U. urens and V. arvensis (Table 3.4.3). A. thaliana was tested at 1 g and 3 g but 

only the latter generated a SSA with an acceptable correlation coefficient. 
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Table 3.4.2 BET specific surface area (m2)) measurements and correlation coefficients from four tests (S1, S2, S3, 
S4) and their mean individual seed surface area measurement at high pressure. Red cells highlight negative 
correlation coefficients, while green cells highlight three tests that were satisfactory. 

a Mean surface area of an individual seed. 

 

Table 3.4.3 BET specific surface area (m2/g), correlation coefficients and individual seed surface area 
measurements at low pressure. N.B. only one test per species was calculated at low pressure. 

Species 
Seed Mass 

(g) 
BET Surface Area m2/g                           

Low Pressure 
Seed Surface 
Areaa (mm2) 

    BET corr. coeff   

A. thaliana 3 0.066 0.999 0.387 

C. bursa-pastoris 2 0.023 0.998 0.679 

P. lanceolata 3 0.05 0.999 37.248 

S. vulgaris 1 0.028 1 1.448 

U. urens 3 0.023 0.999 4.053 

V. arvensis 3 0.061 0.999 6.426 

a Mean surface area of an individual seed. 

 

Species 
Seed 
Mass 

(g) 

BET Surface Area (m2/g)                                                                   
(High Pressure) 

Seed 
Surface 
Areaa 

(mm2) 
    S1 S2 S3 S4  

A. thaliana 1 
BET 0.067 0.027 0.026 1.265 

8.130 
corr. coeff 0.680 0.639 0.488 -0.359 

C. bursa-pastoris 2 
BET 1.624 0.289 0.168 0.089 

64.026 
corr. coeff -0.497 -0.065 0.843 0.788 

P. lanceolata 3 
BET 0.075 0.073 0.126 0.1 

278.613 
corr. coeff 0.985 0.970 0.041 0.777 

S. vulgaris 1 
BET 1.9 0.841 0.091 1.48 

223.053 
corr. coeff -0.186 0.365 0.758 -0.545 

U. urens 2 
BET 0.055 1.965 1.387 0.187 

633.326 
corr. coeff 0.849 -0.649 -0.267 0.829 

V. arvensis 2 
BET 0.719 0.173 0.174 0.262 

139.894 
corr. coeff 0.130 0.992 0.974 0.664 
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Figure 3.4.2 Comparison of Estimated Surface Area (ESA) and BET Specific Surface Area (SSA) 
measurements (n=1). 

 

While BET SSA measurements under low-pressure conditions generated promising 

data in comparison with high-pressure data, they appear to underestimate seed 

surface area when compared with ESA measurements in all but two species (Fig. 

3.4.2). P. lanceolata BET SSA is almost double that of ESA, which may be due to the 

fold in the underside of the seat coat (Fig. 3.4.2) creating a larger surface area. V. 

arvensis is also slightly overestimated. However, given these BET SSA measurements 

are generated from only one test, it is difficult to conclude whether this difference is 

meaningful. To further test the reliability of this method, multiple SSA measurements 

would be necessary. However, this would require extensive seed stocks to provide 

the necessary sample mass, e.g. 3 g of A. thaliana equates to approx. 128,000 seeds. 

Generating and cleaning large quantities of seeds is exceedingly time-consuming, and 

due to substantial sources of error outlined in section 3.4.3, the cost of resources and 

time developing this method further was considered unnecessary at this stage.  
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 Figure 3.4.3 Image showing the underside of P. lanceolata seed with concave fold that may have caused ESA 
measurements to underestimate the SSA.  

 

3.4.3 Sources of Error 

BET theory assumes homogeneity of the surface of the sample to have a uniform 

attraction to nitrogen molecules. However, it is not clear whether nitrogen gas can 

diffuse through the membrane of seed cell walls. Therefore, this may cause a source 

of error when determining SSA. 

Maintaining a constant thermal gradient within the sample tube can be difficult due 

to the design of machinery, affecting the reproducibility of measurements. Sample 

pressure (P) is measured in the sample chamber, and saturation vapour pressure of 

adsorbate (Po) is a function of the temperature of liquid nitrogen. P/Po provides the 

x-axis of the isotherm, from which the BET SSA value is derived. However, the liquid 

nitrogen chamber that surrounds the sample chamber is not sealed. This causes 

water vapour, oxygen and other contaminants to continuously condense into the 

liquid nitrogen, slowly raising its temperature and creates a substantial source of 

error in the isotherm. Additionally, the liquid nitrogen will also evaporate 

compromising the measurement of volume adsorbed (Vads). It is therefore critical to 

refill liquid nitrogen between tests to minimise error.  
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3.5 Seed Mucilage Composition and Structure 

To explore the functionality of seed mucilage in soil, and how soil properties may be 

physically or chemically altered, an understanding of mucilage composition and 

structure is required. It is known that A. thaliana and C. bursa-pastoris share common 

structural characteristics (Western et al., 2000; Deng et al., 2012) and the chemical 

composition of their mucilage is well described (Macquet et al., 2007a; Voiniciuc et 

al., 2015b, 2016) (section 1.2.4.3). However, epidermal mucilage secreting cell (MSC) 

structures for the other myxospermous species used in this study have not yet been 

documented. Here, light, fluorescent and scanning electron microscopy (SEM) was 

used to reveal structural and chemical differences between species, and between 

adherent and non-adherent mucilage layers. 

3.5.1 Pectin: Soluble, Non-adherent Mucilage 

To visualise the outer pectin component, seeds were stained with 0.01% Ruthenium 

Red (84071; Sigma-Aldrich) solution (full method described in Western et al. (2001) 

and hydrated without shaking (Harpaz-Saad et al., 2011) for an hour prior to imaging 

using a Leica MZFLIII stereo microscope and Leica DFC 7000 T camera (Leica 

Microsystems, Germany). 

The outer mucilage layer of A. thaliana seeds envelopes the inner layer and is easily 

diffused when agitated in water (Fig. 3.5.2C): a common observation shared by a 

plethora of studies (Western et al., 2000, 2001; Willats et al., 2001; Macquet et al., 

2007a; Harpaz-Saad et al., 2011; Haughn & Western, 2012; Ralet et al., 2016; Zhao et 

al., 2017). C. bursa-pastoris has a larger double ‘halo’ of pectinaceous mucilage, with 

the outermost ‘halo’ being highly diffuse (Fig. 3.5.3C), as observed by Deng et al. 

(2012). 

The staining of pectins in P. lanceolata is uniform throughout, with no change in 

structure or colour from inner to outer layer observed (Fig. 3.5.4C). The width of 

‘halo’ is larger (approx. 575 µm) at the sides and narrows to less than half at the ends 

of the seed. 
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Compared to the other species, the width of the pectin component of S. vulgaris 

mucilage is relatively smaller (170 µm), follows the rod shape of the seed closely and 

narrows to 50-70 µm at the ends (Fig. 3.5.5C). It appears to be anchored tightly and 

does not extend beyond the cellulosic scaffolding of the inner layer, suggesting that 

it may not have an outer layer. Additionally, the surface texture is rough around the 

periphery and finely globular in locations.  

The staining of U. urens also appears opaque (Fig. 3.5.6C). Unlike Viola arvensis, 

however, U. urens has a much rougher outer edge and is easily diffused when 

agitated. Similar to U. urens, seeds of V. arvensis did not uniformly stain pink 

throughout both layers of mucilage, with only the smooth outer rim staining bright 

(Fig. 3.5.7C). This suggests that the volume occupied by the inner layer is low in 

pectin. 

For each species described above, all seeds behaved similarly with all individuals 

producing mucilage. However, Veronica arvensis inconsistently released mucilage 

and failed to stain with Ruthenium Red (Fig. 3.5.1). Therefore, this species was 

omitted from the remaining experiments (section 3.5.2 and 3.5.3) that comprise this 

section, and from section 3.2 and 3.4. 

 

Figure 3.5.1 Veronica arvensis seeds stained with Ruthenium Red illustrating that very few seeds are releasing 
mucilage and therefore may not be mature. However, note there is no obvious colour or morphological 
difference between those which do and do not release mucialge. 
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3.5.2 Cellulose: Insoluble, Adherent Mucilage 

Seeds were hydrated with 1:1 calcofluor white stain (18909; Sigma-Aldrich) and SDW 

for 20 mins in a 20 ml petri dish. For the small seeds, such as A. thaliana, C. bursa-

pastoris and S. vulgaris, the stain was pipetted into the gap between a slide and 

raised cover-slip to allow visualisation without the seed being compressed. Large 

seeds were prepared and observed in petri dishes. Nyquist distance image stacks 

were obtained using a Nikon NiE inverted A1R confocal laser microscope (Nikon 

Instruments, Netherlands). Seeds of all species were imaged with a Plan Fluor 4x 

objective lens for with zoom where appropriate, except A. thaliana seeds which 

required a Plan Fluor 10x DIC L N1 objective lens. Bound Calcofluor was excited using 

a 405 nm laser diode, and emitted light was collected between 410 and 440 nm. 

After staining, the epidermal seed coat of A. thaliana is revealed and highlights a 

hexagonal MSC structure and central columellae, previously not visible when stained 

for pectin (Fig.3.5.2D). Additionally, very thin, short (approx. 9 µm, 95 µm 

respectively) cellulose fibrils emerge from the epidermis. These fibrils have been 

demonstrated to facilitate the anchoring of the pectin component within the inner 

layer to the seed surface (Harpaz-Saad et al., 2011; Griffiths et al., 2014), however 

the mechanism is still to be defined (Ralet et al., 2016). Somerville et al. (2004) 

suggested that the driving force of the overall mucilage structure is derived from 

hydrogen bonds linking hemicellulose to the surface of cellulose fibrils, and thereby 

bridging the gap between cellulose and pectin. 

In comparison to A. thaliana, C. bursa-pastoris has densely packed and thicker (14 

µm) fibrils, causing the seed epidermis to be less visible (Fig. 3.5.3D). In addition to 

A. thaliana and C. bursa-pastoris, the production of insoluble and soluble mucilage 

layers also occurs in flax seed (Linum usitatissimum, Western, 2012; Naran, Chen & 

Carpita, 2008). Differences in structure and composition of mucilage layers across 

species may be related to differing ecological and physiological functions, creating a 

diverse range of roles within ecosystems (Macquet et al., 2007a; X. Yang et al., 2012b; 

North et al., 2014). 
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For P. lanceolata seeds, the only stained cellulose was found directly on the seed 

epidermis, and there was no evidence of fibrils (Fig. 3.5.4D). This contradicts 

observations made by Kreitschitz, Kovalev and Gorb (2016) who found cellulose 

fibrils after staining with methylene blue. It may be possible that the genetics or the 

environment of the plant influenced the nature and quantity of mucilage present in 

the next generation of seeds. Hence, future work should look to investigate natural 

variability in seed mucilage production and composition within a species across 

environmental gradients to understand their functional role within seedbank 

communities and soil ecosystems. 

S. vulgaris has linear ridges (as described in section 3.3) from which long (327 µm), 

pointed cellulose fibrils emerge (Fig. 3.5.5D). Large areas remain un-fluoresced 

suggesting that the epidermis of the seed is not comprised of cellulose. Compared to 

other species observed in this study, there is substantially less dried mucilage 

remaining, suggesting that there was a large proportion of soluble mucilage lost prior 

to the specimen drying. 

Of the six species observed, U. urens has the thickest cellulose fibrils (approx. 20 µm) 

which are tightly packed and appear to coil at the ends (Fig. 3.5.6E). However, the 

epidermal MSC pattern of U. urens is not clear, with only irregular patches fluorescing 

(Fig. 3.5.6D). 

Viola arvensis has an extremely dense, large inner layer of cellulose fibrils (Fig. 

3.5.7F). The width of fibrils were too thin to be quantifiable but are estimated to be 

less than 10 µm. The epidermal pattern fluoresced using calcofluor stain in Figure 

3.5.7E is analogous to the pattern observed when stained with ruthenium red in 

Figure 3.5.7D, suggesting a partial rupture and release of mucilage. The incomplete 

rupture may have ramifications for the functioning of seed mucilage in soil as it may 

affect the ability of soil particles to adhere to the surface of the seed. 
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3.5.3 Mucilage Secreting Cell Structure 

Non-treated dry seeds and hydrated, and subsequently air-dried seeds were 

examined to show epidermal MSC structures before and after mucilage release, 

respectively.  

Seeds were individually mounted on standard 12 mm SEM pin stubs using double-

sided carbon tabs as the adhesive. The digital photomicrographs were acquired using 

secondary electron imaging mode at a working distance varying from 6.3mm to 13.8 

mm to accommodate the size of the entire seeds. Examination was undertaken using 

a Carl Zeiss Sigma VP Field Emission Gun Scanning Electron Microscope (FEG-SEM) 

operating at an accelerating voltage of 10 to 15 kV in variable pressure (VP) mode 

with a nitrogen gas pressure of 30Pa. Although conventional SEM is performed under 

high vacuum and requires the samples to be conductive, in VP-SEM it is possible to 

observe non-conductive material without the need to be coated with conductive 

metal. There are therefore no added artefacts to the surface of the specimens. 

SEM micrographs of A. thaliana further confirm the MSC structure observed after 

cellulose staining. Prior to mucilage release, the epidermal layer is a network of 

hexagonal cells with radial cell walls (3 µm in width), and a central raised structure 

known to be the columella (Western et al., 2000) (Fig. 3.5.2A). The arrangement of 

mucilage storage was illustrated by Voiniciuc et al. (2015b) with cellulosic material 

being released from the columella and pectin organised around the columella (Fig. 

3.5.8). After wetting and air-drying, a large proportion of dried mucilage (termed 

mucilage sheath hereafter) remains across the seed (Fig. 3.5.2B). These observations 

for A. thaliana are consistent with those made by Haughn and Western (2012), (Zhao 

et al., 2017), and Tsai et al. (2017), where areas around the columellae are further 

recessed, the width of radial cell walls have reduced (1.5 µm), and the primary cell 

wall is no longer draping over (Fig. 3.5.8A-B). This confirms that the release of 

mucilage has ruptured the outer primary cell wall of the MSCs. 
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Figure 3.5.2 A. thaliana dried seed coat structure before (A) and after (B) mucilage release with dried mucilage 
sheath, using SEM micrographs. Ruthenium Red stained seed visualising pectin (C) and calcofluor stained seed 
visualising seed coat material containing cellulose (D). 
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Figure 3.5.3 C. bursa-pastoris dried seed coat structure before (A) and after (B) mucilage release with dried 
mucilage sheath, using SEM micrographs. Ruthenium Red stained seed with large double ‘halo’ of pectinaceous 
mucilage (C) and a calcofluor stained seed showing cellulose fibrils (D). 
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C. bursa-pastoris is structurally similar to A. thaliana but has a much thicker 

epidermal layer draped across the underlying hexagonal MSC structure causing the 

radial walls to appear wider (12 µm, Fig. 3.5.3A). However, following mucilage 

release, deep depressions surrounding the columella appear and radial walls are 

thinner (4.5-5 µm) than prior to hydration (Fig. 3.5.3B). As both A. thaliana and C. 

bursa-pastoris have a hexagonal MSC structure, these two species are classified as 

Functional Group 1 (Table 3.5.1), both previously categorised with other autumn 

germinating dicots with small seeds and early flowering time, such as Myosotis 

arvensis and Stellaria media (Hawes et al., 2009). There is a structural distinction 

between the inner and outer layer of mucilage, with columns of mucilage – relic 

cellulose fibrils – extruding from columellae and merging into a thin pectinaceous 

sheath at the periphery (also observed in Deng et al., 2012 and Iannetta et al., 2018) 

(Fig. 3.5.8E). North et al. (2014) explored the correlation between columella 

morphology and mucilage accumulation across seed coat mutants of A. thaliana and 

found those with reduced mucilage production have smaller, flattened columellae or 

lack them entirely. In C. bursa-pastoris, columellae are two times larger in height than 

those of A. thaliana suggesting that there was a greater deposition of mucilage 

polysaccharides beneath the epidermal surface (Fig. 5.3.8 – compare F with B). 

However, C. bursa-pastoris seeds are more than two times the size of A. thaliana (Fig. 

3.3.2), thus in this instance, enlargement of columellae is likely to be correlated to 

the increase in seed size.  

Prior to mucilage release, the epidermal surface of P. lanceolata is uniformly smooth 

with no indication of an MSC structure (Fig. 3.5.4A), and thus solely comprises 

Functional Group 2 (Table 3.51). This species is also the only perennial in the set and 

was therefore previously classified with other perennial arable weeds (Hawes et al., 

2009). Following hydration and subsequent air-drying, a heavily wrinkled surface 

appears (Fig. 3.5.4B). Micro crevices approx. 14 µm deep can be seen but the 

presence of a central columella is missing, nor is there evidence illustrating how the 

pectin and cellulose mucilage was stored prior to release (Fig. 3.5.8G-I). It is possible 

that epidermal layer itself is mucilaginous in composition and swells to form the 

‘halo’ of mucilage which surrounds the seed. Despite a lack of visible cellulose fibrils 
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in the fluoresced image (Fig. 3.5.4D), small columns (90 µm) of mucilage (analogous 

to the relic cellulose fibrils observed in other species) are present in the SEM 

micrograph (Fig. 3.5.8H). However, it is unclear whether the structural formation of 

these fibrils is an artefact that results following air drying. 

S. vulgaris is commonly described as having hairs that run along vertical ridges of the 

seed coat (Steve et al., 2004). The SEM micrographs do not show hairs, but instead, 

reveal a previously undescribed mucilage secreting structure – elongated columellae 

(Fig. 3.5.8J and L). These structures appear to reside in troughs between ridges, and 

lie parallel to the epidermal surface (Fig. 3.5.5A). Upon release, the elongated 

columellae become perpendicular to the seed surface, from which cellulose fibrils 

are released into a pectinaceous sheath matrix (Fig. 3.5.8K). However, it is unclear 

from where soluble pectin is stored and released. Therefore, S. vulgaris is categorised 

as Functional Group 3 (Table 3.5.1). On the basis of above-ground plant traits, this 

species was previously classified with C. bursa-pastoris and A. thaliana, illustrating 

the benefit of including seed characteristics in pulling out functional differences 

between species.  
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Figure 3.5.4 P. lanceolata dried seed coat structure before (A) and after (B) mucilage release with dried mucilage 
sheath, using SEM micrographs. Ruthenium Red stained seed visualising large pectin halo (C) and calcofluor 
stained seed visualising relatively little cellulose activity other than the seed coat itself (D). 
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Figure 3.5.5 S. vulgaris dried seed coat structure before (A) and after (B) mucilage release with dried mucilage, 
using SEM micrographs. Ruthenium Red stained seed visualising pectin (C) and calcofluor stained seed 
visualising thin spikey cellulose fibrils which appear to form out of linear ridges (D). 
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The seed coat of U. urens has an evenly distributed netted structure with instances 

of dimpling, suggesting an underlying MSC structure (Fig. 3.5.6A). Following mucilage 

release, a network of MSCs is unveiled similar in shape to Viola arvensis’ ovals, with 

the exception here that the release of mucilage is ubiquitous around the seed (Fig. 

3.5.6B). At the periphery of the seed, columns of mucilage merge into a smooth 

sheath, indicating the change from the inner layer to outer layer (Fig. 3.5.8N). This 

distinction was also found in C. bursa-pastoris, however the difference here is the 

visible free space between the relic cellulose fibrils (Fig. 3.5.8O). There are no 

apparent central columella structures within the MSC as found in A. thaliana and C. 

bursa-pastoris, and it is, therefore, difficult to ascertain how the two differing 

mucilage layers are stored prior to release (Fig. 3.5.8O). It is also unclear whether 

soluble and insoluble mucilage layers exist as the mucilage is released and deposited, 

or whether they arrange in this order once the mucilage is released. Additionally, the 

structural formation of mucilage layers may alter when released into a variety of pore 

shapes and sizes, and also when in contact with soil particles. 

Viola arvensis appears to have a hard, heterogenous epidermal layer which is 

primarily smooth with occasional bumps (Fig. 3.5.7A). There is a light netted pattern 

visible in areas, indicating a potential underlying MSC structure. After mucilage 

release and air-drying, particular locations of the seed epidermis have ruptured 

revealing an underlying network of oval-shaped MSCs (10-16 µm in length) with a 

large dried sheath around the seed (Fig. 3.5.7B and Fig. 3.5.8Q). As with U. urens, a 

central columella was not observed and the exact separation in storage of mucilage 

layers is uncertain (Fig. 3.5.8R). Therefore, U. urens and Viola arvensis are classified 

as Functional Group 4 (Table 3.5.1). In Figure 3.5.8, four potential possibilities of 

mucilage storage for V. arvensis and U. urens are hypothesised in comparison to 

Voiniciuc et al. (2015b) schematic of A. thaliana. The partial rupture of the epidermal 

layer became clear at higher magnification (Fig. 3.5.8R), confirming the epidermal 

pattern observed in the stained images of Figure 3.5.7D and E. Further study of Viola 

arvensis seed is required to ascertain whether MSCs are ubiquitous under the 

primary epidermal layer, or are localised to specific pockets, and to question the 
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functionality of having a heterogenous structure and partial release of mucilage for 

seed-soil adhesion. 

Across this set of species, structural and chemical differences exist between the 

adherent and non-adherent layers of mucilage. However, it is unclear whether the 

layers function separately for different objectives. As imaging was performed after 

drying, defining structural characteristics can be problematic as some features may 

be relics of an expanding fluid that has since contracted during drying. Developing a 

method to preserve how these features are created (during the release of mucilage 

and rupture of the primary cell wall) that can be imaged using an environmental or 

cryo-SEM may resolve this problem. Such method may also help locate where 

particular mucilage layers are released from.  
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Figure 3.5.6 U. urens dried seed coat structure before (A) and after (B) mucilage release with extensive dried 
mucilage sheaths using SEM micrographs. Opaquely stained seed with Ruthenium Red, visualising a large outer 
layer of pectin (C). Calcofluor stained seed revealing seed coat pattern of mucilage release (D) and tightly 
packed cellulose fibrils at the surface (E). 
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Figure 3.5.7 Viola 
arvensis dried seed coat structure before (A) and after (B) mucilage release with a large dried mucilage sheath, 
using SEM micrographs. Ruthenium Red stained seed visualising pectin halo (C) and a ruptured seed coat (D). 
Image slice of calcofluor stained seed revealing a pattern of mucilage release from seed coat (E) similar to D; 
and from the surface showing densely packed fibrils. 
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Figure 3.5.8 Micrographs comparing seed coat structures before and after mucilage release, and how their 
mucilage secreting cell (MSC) structure differs from A. thaliana and C. bursa-pastoris. P. lanceolata, U. urens and 
V. arvensis appear to have no central columella (C) within the MSC. S. vulgaris has no obvious cell structure but 
does have an elongated structure from which mucilage is released. The storage of specific mucilage layers (pink 
= soluble mucilage, blue = insoluble mucilage) is only known for A. thaliana and C. bursa-pastoris, and evidence 
is lacking for the other species.  
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Table 3.5.1 Myxospermous species and their functional group classifications determined by plant and seed traits. 

Functional 
Group 

Species Cotyledons Annuality Germination Height (cm) 
Flowering 

Time 
Seed Size 

MSC 
Structure 

Columellae 

1 

A. thaliana Dicot Annual Autumn In Canopy (50-80) Early Small  Hexagonal Centralised 

C. bursa-
pastoris  

Dicot Annual Autumn In Canopy (50-80) Early Small  Hexagonal Centralised 

2 P. lanceolata Dicot Perennial  -  -  Late  Large None None 

3 S. vulgaris Dicot Annual Autumn 
Below Canopy  

(< 50) 
Early Medium  None Elongated 

4 

U. urens Dicot Annual Both In Canopy (50-80) Early Medium Oval None 

V. arvensis Dicot Annual Both In Canopy (50-80) Early Medium Oval None 

Germination: can either be Spring, Autumn, or both. 
Flowering time: early = occurs in months January to April, late = occurs in months May to October. 
Seed size: small = < 1 mm, medium = 1-3 mm, large = > 3 mm. 
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3.6 Quantification of Seed Mucilage 

The quantity of seed mucilage released by a myxospermous seed may modify the 

environment surrounding the seed. Relatively more soluble mucilage may expand 

the volume of influence beyond the immediate location of the seed. Conversely, a 

seed with more insoluble mucilage may be limited to influencing the behaviour of 

soil particles in direct contact with the seed. The resulting physical and chemical 

effects of individual seed mucilage layers on soil particles are under-researched. To 

explore this further, the mass of mucilage each species is capable of producing must 

be quantified which can be deduced following two extraction treatments. Deng et al. 

(2015) developed and applied this method to C. bursa-pastoris seed only. Here, the 

method has been modified and applied to all seven myxospermous species.  

3.6.1 Methodology  

3.6.1.1 Extraction of Mucilage Components 

From each species, 20 replicates of 10 seeds were dried at 70°C for 72 h and weighed. 

Samples were mixed with standard distilled water (SDW) (1:10 [w/w]) in 15 ml tubes 

and shaken continuously for 20 mins at 50°C in an incubator. Samples were removed 

and split into two treatments: water dispersion (removes outer, soluble mucilage 

only – 10 replicates) and enzyme digestion (removes all seed mucilage – 10 

replicates). Water dispersion samples were not amended, however for digestion 

samples, 0.5% [v/v] Cellulase enzyme solution (C2730; Sigma-Aldrich) was added, 

and the pH was adjusted to 5.5 with NaOH if necessary. Both treatments were shaken 

continuously and incubated for 72 h at 50°C. 

Following centrifugation at 5000 rpm for 20 mins, the extracted mucilage formed two 

layers separate from seeds at the bottom of the tube: a viscous layer and a clear 

supernatant. This multi-layer dispersion was collected into 50 ml tubes and stored at 

-80°C. Enzyme treated samples were washed three times with 50 ml SDW and 

centrifuged as before, each time removing the supernatant. Seeds were then dried 

at 70°C and re-weighed to calculate weight loss as a result of mucilage removal. The 

value attributed to the mass of inner layer is derived by subtracting the mass of outer 

layer from the mass of enzyme treated seeds. A random sub-sample was re-stained 
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with Ruthenium Red (procedure in section 3.5.1) and observed using a Leica MZFLIII 

fluorescence stereo microscope (Leica Microsystems, Germany) to check that the 

relevant component of mucilage had been successfully removed. 

3.6.1.2 Statistical Analysis 

Exploratory analysis of seed weight loss (mg) as the response variable, explanatory 

variables of seed treatment and species, and the initial seed weight (mg) as a co-

variate, were conducted using box plots and ANOVAs with each main effect 

separately. Subsequently, a model with all main effects, but no interactions, was 

analysed with type III errors and found to be highly significant (P < 0.001). However, 

model diagnostics illustrated unsatisfactory residuals when plotted against fitted 

values, and normality in the Q-Q plot was also inadequate.  

To overcome the variability in residuals, a new response variable was created, 

relative weight loss, by dividing final seed weight by initial seed weight, followed by 

a log transformation. The model was then repeated as above but with relative weight 

loss as the response. This showed no need for initial seed mass to be included as a 

co-variate and was therefore removed and the model was re-run. At this stage, 

residuals had improved but normality was still unsatisfactory.  

The arcsine root transformation is a common procedure in ecology for analysing 

proportional data. Warton and Hui (2011) argue against this method, for logistic 

regression gives greater interpretability and higher power than transformed data. 

However, it is suggested that overdispersion (additional unexplained variation) 

should be checked, and random effects can be included in the model to overcome 

this. Proportional seed weight loss was analysed using a quasi-binomial Generalised 

Linear Model (GLM) with a logit link function, with both main effects of species and 

seed treatment. Overdispersion was checked and found to be slightly 

underdispersed, which suggests this result will be conservative. Deviance residuals 

were extracted from the model and their distribution checked against fitted values 

and main effects, ensuring there are no obvious patterns emerging. 

A Beta GLM is suitable for continuous dependent variables bounded at 0 and 1 (e.g. 

proportions), and a parametric alternative to the quasi-binomial model (McCullagh 
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& Nelder, 1989). Using the ‘betareg’ package in R (Cribari-Neto & Zeileis, 2010), 

proportional seed weight loss was the response variable, while seed treatment and 

species were included as main effects. Random blocking effects were also included 

in the model, and backwards stepwise deletion was used to remove insignificant 

terms until a minimum sufficient model was reached. Multiple link functions are 

available for beta regression, and each were tested to find which maximises the 

explained variance: logit, probit, cloglog, cauchit, log and loglog. Pseudo R-squared 

(R2) values were used to compare the quantity of variance explained by each model. 

Aikake’s Information Criterion (AIC) values were used to compare model efficiency, 

with a relatively lower AIC value suggesting it is the better model. The ‘memisc’ 

package (Martin et al., 2017) was used to create model coefficient tables for Beta 

GLM analyses. All statistical analyses were performed using R, version 3.4.1 (R Core 

Team, 2018). 

3.6.2 Results and Discussion 

3.6.2.1 Mass of Soluble and Insoluble Mucilage 

Before this study, quantifications of seed mucilage from P. lanceolata, S. vulgaris, U. 

urens, Veronica arvensis and Viola arvensis was not available. The individual sugars 

which form seed mucilage of A. thaliana have previously been quantified (Macquet 

et al., 2007a; Voiniciuc et al., 2016), but the collective mass of soluble and insoluble 

layers was yet to be determined. The extraction method used in this study 

successfully allowed both soluble and insoluble layers to be quantified in order to 

compare their relative contribution to seed mucilage overall.  

Despite three different approaches to the analysis of the proportion of seed 

mucilage, the outcome was consistent: the proportional weight loss of seeds was 

significantly affected by seed treatments and differed between species (Fig. 3.6.1, 

Table 3.6.1-3.6.3). The quasi-binomial approach with ‘Logit’ link function produced 

satisfactory residuals (Table 3.6.1). Beta regression using a ‘Log’ link function also 

produced acceptable deviance and was found to explain 78.7% (Table 3.6.2) while 

the ‘LogLog’ link function explained the most variance at 83.75% (Table 3.6.3). 
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However, comparison of AIC values between differing link functions found the model 

with the slightly lower R2 value to be marginally more appropriate. 

 

 

Table 3.6.1 Model coefficients from quasi-binomial logistic regression analysis of proportional seed weight loss. 
The intercept represents both A. thaliana and the enzyme treatment.  

 Estimate Standard Error t value Pr(>|t|) 

(Intercept) -1.47592 0.04796 -30.776 < 0.001 

C. bursa-pastoris 0.39726 0.06058 6.557 < 0.001 
P. lanceolata -0.58208 0.07211 -8.072 < 0.001 

S. vulgaris 0.45938 0.06015 7.637 < 0.001 
U. urens 0.15358 0.06257 2.455 0.015401 

Veronica arvensis -1.00287 0.08071 -12.425 < 0.001 
Viola arvensis 0.23778 0.06183 3.846 < 0.001 

Water Treatment -0.26847 0.03448 -7.787 < 0.001 

 

 

Table 3.6.2 Model coefficients from Beta GLM analysis of proportional seed weight loss with Log link function 
and Phi coefficient from the precision model with identity link function. The intercept represents both A. thaliana 
and the enzyme treatment. 

  Mean Model Precision Model 

Intercept -1.714*** (0.041)  

C. bursa-pastoris 0.347*** (0.05)  

P. lanceolata -0.461*** (0.064)  

S. vulgaris 0.393*** (0.05)  

U. urens 0.154** (0.053)  

Veronica arvensis -0.943*** (0.077)  

Viola arvensis 0.223*** (0.052)  
Water Dispersion Treatment -0.201*** (0.029)  

Phi    162.877***(19.454) 

Pseudo R-sq. 0.787  
 

Log-likelihood 302.929  
 

AIC -587.858     
R2 = 78.7%. 
*** = significance of P < 0.001 
** = significance of P = 0.01 
Values in brackets = standard error. 
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Table 3.6.3 Model coefficients from Beta GLM analysis of proportional seed weight loss with LogLog link function 
and Phi coefficient from the precision model with identity link function. The intercept represents both A. thaliana 
and the enzyme treatment. 

  Mean Model Precision Model 

Intercept -0.536*** (-0.023)  

C. bursa-pastoris 0.211*** (0.031)  

P. lanceolata -0.229*** (0.031)  

S. vulgaris 0.242*** (0.031)  

U. urens 0.090** (0.031)  

Veronica arvensis -0.421*** (0.032)  

Viola arvensis 0.131*** (0.031)  
Water Dispersion Treatment -0.116*** (0.017)  

Phi     161.531*** (19.294) 

Pseudo R-sq. 0.838  
 

Log-likelihood 302.291  
 

AIC -586.582     

R2 = 83.75%. 
*** = significance of P < 0.001 
** = significance of P = 0.01 
Values in brackets = standard error. 
 

When hydrated, larger and heavier seeds produced more mucilage than smaller, 

lighter seeds (Table 3.6.4). Despite producing the greatest mass of mucilage, only 

12% of P. lanceolata dry seed mass is attributed to mucilage (119 mg/1 g, Table 6.3.4, 

Fig. 6.3.1). In contrast, as much as 27% of S. vulgaris dry seed mass can be accounted 

for by mucilage (256 mg/1 g, Table 6.3.4, Fig. 6.3.1), which suggests there must be a 

significant benefit to the seed’s survival to offset this substantial investment of 

resources. From this comparison, it could be hypothesised that perennials may invest 

fewer resources in mucilage production as they are less dependent on seed 

germination and can regenerate vegetatively. Therefore, differences between 

annuals and perennials in terms of MSC structure and composition represents a 

fruitful avenue for future research to explore the potential influence of different 

selection pressures on plant fitness. 
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Table 3.6.4 Mean mass of seeds and their soluble and insoluble mucilage components. 

Species 
Seed Massb 

(mg) 

Seed Mucilage 
Seed Mass 

Ratio (mg/1 g) 

Soluble 
Mucilage 

Mass (mg) 

Insoluble 
Mucilage 

Massc (mg) 

A. thaliana 
0.023 

(0.0003) 
174 

0.003  
(0.0006) 

0.0008 

C. Bursa-pastoris 
0.118 

(0.0074) 
226 

0.021  
(0.0018) 

0.0057 

P. lanceolata 
2.980 

(0.0685) 
119 

0.257  
(0.0366) 

0.0969 

S. vulgaris 
0.207 

(0.0035) 
256 

0.040  
(0.0027) 

0.0126 

U. urens 
0.705 

(0.0067) 
201 

0.130  
(0.0054) 

0.0115 

Veronica arvensis 
0.119 

(0.0029) 
84 

0.007  
(0.0026) 

0.0034 

Viola arvensis 
0.421 

(0.0086) 
207 

0.066  
(0.0052) 

0.0213 

Values in brackets = standard errors. 
 a n = 120. 
 b n = 24. 
 c No standard error given as values are derived by subtracting the mean mass of the outer layer from the mean 
mass of enzyme treated seeds. 

Figure 3.6.1 Percentage weight of mucilage components from total dry seed weight. Standard errors bars are 
derived from enzyme treatment which removes all mucilage. 
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Even with the utilisation of a similar mucilage extraction technique, results for the 

relative contribution of the two mucilage layers for C. bursa-pastoris contrasted to 

those described by Deng et al. (2012). While both studies agree that 25% of dry seed 

mass is attributed to mucilage, Deng et al. (2012) found soluble mucilage to account 

for only 3.7% of dry seed weight compared to 20% in this study.  

The mass of soluble mucilage was greater than insoluble mucilage across all species 

(> 73%, Table 3.6.4). P. lanceolata had the smallest ratio of soluble to insoluble 

mucilage components, with 27% of its mucilage remaining adherent to the seed 

following water dispersion. Mucilage from U. urens seeds was almost completely 

comprised of non-adherent mucilage, with 92% of its mucilage being water-soluble. 

MSC structural similarities were observed between U. Urens and V. arvensis, 

however, the composition of V. arvensis mucilage was substantially more cellulosic 

than U. urens. The dominance of cellulose fibrils may increase the contact strength 

between the seed and soil particles, while improving the anchoring power of the 

pectinaceous mucilage (Kreitschitz & Vallès, 2007; Kreitschitz, 2009; X. Yang et al., 

2012b). 

Although Veronica arvensis is more than double the size, and quadruple the weight, 

of A. thaliana, the difference in quantity of mucilage produced is similar (Table 3.6.4). 

This similarity may be explained by the discontinuity in the presence of mucilage 

across Veronica arvensis seeds (Fig. 3.5.1). Therefore, there is no confidence in the 

data for this species gathered here, and on this basis, Veronica arvensis was not 

included in subsequent experiments. 

The difference in mass of soluble and insoluble mucilage will have implications for 

soil properties beyond the soil adjacent to the seed. It is hypothesised that the 

release of soluble pectin around the seed may condition the rhizosphere in 

preparation for germination, creating a microbiome with bacterial and fungal 

enzymes (Macquet et al., 2007a). Additionally, Yang et al. (2012a) found achene seed 

mucilage was able to enhance seedling emergence due to the interaction of soil 

microfloras and mucilage degradation. Here, ratios of insoluble and soluble mucilage 

varied between species and may, therefore, regulate soil microbial communities and 
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biological processes. Additionally, diversity of seed mucilage composition may 

translate into differing functional responses during soil erosive events. Following 

rainfall, Engelbrecht, Bochet and García-Fayos (2014) found the probability that 

seeds from both F. ericifolia (contain pectin and cellulose) and H. violaceum (contain 

only pectin) would be removed by soil erosion was reduced. However only in F. 

ericifolia was seed removal reduced proportionally to the quantity of mucilage 

secreted. H. violaceum seeds had no relationship with removal rate irrespective of 

the quantity of mucilage produced, indicating this species had not been shaped by 

selective pressures related to erosion, and thus its pectin-only mucilage has evolved 

for another reason. Therefore, across the functional groups in this study, structural 

and compositional differences in seed mucilage can affect, and be affected by, the 

environment of the mother plant and consequently alter their ability to withstand 

dispersal by soil erosion and influence soil properties. 

3.6.2.2 Methodological Limitations 

It was critical to refer to seed mucilage layers only as soluble and insoluble layers, 

rather than by an assumption of their dominant constituent sugar (pectin or 

cellulose) due to the complexity of their composition. Examining water dispersion 

treated seeds by staining with ruthenium red showed a considerable amount of 

pectin remained bound to the adherent insoluble layer (Fig. 3.6.2B). Staining enzyme 

treated seeds showed that pectin was completely removed (Fig. 3.6.2C), however, 

adherent mucilage was extremely difficult to remove, and it is possible that other 

non-cellulose sugars remained attached to the seed following cellulase digestion. 

While a detailed chemical analysis was not required for the context of this study, a 

multi-enzyme approach could provide a more accurate removal of adherent and non-

adherent mucilage, and capture all constituents for chemical analysis. Although, 

Macquet et al. (2007) compared various pectolytic enzymes with water dispersion 

and found it did not improve the extraction of inner pectic mucilage. Additionally, 

this approach would be time-consuming when applied to multiple species, and 

ultrasonic treatments have since been suggested by Zhao, Qiao and Wu (2017) as a 

faster and reliable alternative to extracting adherent mucilage in order to analyse the 

chemical composition of mucilage in detail.  
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Figure 3.6.2 Capsella bursa-pastoris seeds stained with Ruthenium Red (A) to illustrate the reduction in seed 
mucilage following water dispersion (B) and enzyme treatment (C). 

 

3.7  Conclusions 

To explore the functionality of seed mucilage in soil, and how soil properties may be 

physically or chemically altered, an understanding of mucilage composition and 

structure was required. For the first time, seed epidermal mucilage secreting cells 

and mucilage of seven myxospermous species were compared for their structure, 

composition and quantity.  

Novel techniques were developed to grow and capture stocks of mature seeds which 

were similar in shape, size and maturity for use throughout this project. Quantifying 

seed surface area was challenging and required extensive seed stocks to provide the 
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necessary sample mass to achieve replicable SSA measurements. There were 

substantial sources of error, and so the cost of resources and time developing this 

method further was deemed unnecessary to the progress of this project. 

Insoluble and soluble mucilage layers were visually highly distinct between species 

due to the presence (or absence) of epidermal secretory cells from which seed 

exudates are likely to be manufactured, stored and subsequently released. A 

comparative summary of mucilage structure between species is illustrated in Figure 

3.7.1. Where MSCs are present, structural diversity and formation could be observed 

between species: A. thaliana and C. bursa-pastoris both exhibited hexagonal cells 

with a central columella, while U. urens and Viola arvensis possessed oval cells 

without a columella. S. vulgaris was shown to have a previously undescribed 

elongated columella structure, from which mucilage arranges into a single layer of 

adherent mucilage with pectins anchored by long cellulosic fibrils. P. lanceolata 

lacked an MSC structure with columellae and therefore it was challenging to pinpoint 

the location where mucilage components are arranged and released from. 

The production of mucilage is a substantial metabolic investment of resources, 

creating structural and chemical differences between soluble and insoluble mucilage. 

Whether they function as separate entities, and for different ecosystem services in 

soil requires examination. Future work should utilise this set of myxospermous seed 

functional groups, with diverse mucilage structural characteristics, composition and 

productivity, to explore the functionality of seed mucilage and its relationship with 

soil physical behaviour.
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Figure 3.7.1 Summary grid of micrographs of seed epidermal structures before and after mucilage release. In confocal images, calcofluor stained seeds show adherent cellulose fibrils while 
ruthenium red stained seeds show soluble pectin.
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Chapter 4. Quantifying Seed-Soil Adhesion 

4.1 Introduction 

Myxospermous plant species may be utilised for regeneration and conservation 

objectives in areas susceptible to erosion due to the enhancement of seed-soil 

contact and water retention (Han et al., 2011; Western, 2012; Deng et al., 2015). 

Therefore, the role of seed mucilage in naturally stabilising and aggregating soil 

becomes an important ecosystem service, which may be critical for germination and 

seedling establishment during periods where bare field soils are exposed to erosion 

processes.  

The effects of biological exudates on soil stability and aggregation has largely focused 

on exudates released from roots and microbes, and the resistance to disturbance 

from hydraulic and mechanical stress (Tisdall & Oades, 1982; Traoré et al., 2000; Peng 

et al., 2011; Tisdall et al., 2012; Naveed et al., 2017). However, isolating large volumes 

of root exudates is experimentally challenging (Morel et al., 1987), thus many studies 

use polygalacturonic acid (PGA), and dextran and xanthan (bacterial 

exopolysaccharides) as a biological mucilage model (Czarnes et al., 2000; Traoré et 

al., 2000; Zhang et al., 2008; Barré & Hallett, 2009; Peng et al., 2011; Albalasmeh & 

Ghezzehei, 2014). To investigate plant-soil water interactions, extracted Chia 

mucilage has been used as an analogue to root mucilage found in the rhizosphere 

due to its similarity with maize root exudates (Kroener et al., 2014, 2015; Ahmed et 

al., 2016; Benard et al., 2016, 2017; Carminati et al., 2017; Naveed et al., 2017). 

However, the ability of seed mucilage released into the spermosphere from arable 

weed species to bind soil particles and increase soil stability has not received 

attention.  

Seed mucilage absorbs water and creates a three-dimensional structural network 

between soil particles. However, the mechanism by which mucilage adheres soil 

particles to seeds, and to other particles, upon drying is unidentified. Additionally, 

water-soluble mucilage may strengthen aggregates not in contact with the seed. 

Preliminary evidence of these functions with seeds in-situ (as opposed to extracted 

mucilage in solution, see Benard et al., 2017, 2016, Di Marsico et al., 2018a, 2018b) 
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is yet to be observed. Moreover, only a select few myxospermous species have been 

studied in relation to soil properties: Capsella bursa-pastoris (Deng et al., 2012, 2015) 

and Salvia hispanica (Kroener et al., 2014, 2015; Ahmed et al., 2016; Benard et al., 

2017; Carminati et al., 2017; Naveed et al., 2017; Di Marsico et al., 2018b, 2018a). As 

many plant taxa produce seed mucilage, the functionality of mucilage concluded 

from single-species studies does not inform interactions naturally occurring in 

seedbank communities in agroecosystems. Therefore, the multi-species approach 

from Chapter 3 is continued to explore the underpinning mechanism of seed-soil 

adhesion. This will also give an insight into whether particular species have been 

influenced by selective pressures related to erosive processes or by other means. 

Chapter 3 established chemical and structural differences in soluble and insoluble 

seed mucilage across multiple common arable weed species. Additionally, the 

presence and morphology of epidermal mucilage secreting cells varied with species, 

suggesting differentiation in how soluble and insoluble mucilage is stored within the 

cell wall and its translation into ecological and physiological functions. Across the 

species observed, the allocation of resources to produce mucilage is substantial 

(accounting for 12-27% of seed weight), yet the role of soluble and insoluble mucilage 

functioning together, or as separate entities, as a mechanism for seed-soil adhesion 

is unknown. Furthermore, quantification of the extent to which particles can be 

adhered by seed mucilage is not available.  

This study investigated the ability of seed mucilage to influence the underlying 

biophysical mechanism of seed-soil adherence. Building on a multi-species approach 

outlined in the previous chapter, six myxospermous arable weed species were 

tested: Arabidopsis thaliana (Col-0), Capsella bursa-pastoris, Plantago lanceolata, 

Senecio vulgaris, Urtica urens and Viola arvensis. Using glass beads of 0.1, 0.5 and 1 

mm in diameter as a proxy for soil particles, this paper explores the potential for 

seed-soil adherence and aggregation in different soil textures. The mass of glass 

beads adhered to seeds by mucilage was quantified initially and after two wet-dry 

cycles. Thus, separate effects of soluble and insoluble mucilage were quantified and 

observed via microscopy. The hypotheses of this study are: 
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1. Larger seeds which release more mucilage would adhere a greater quantity 

of beads than smaller seeds which release less mucilage 

2. The adherence ability of seed mucilage from specific species will prefer 

particular bead sizes over others 

3. Seeds will exhibit species-specific adherence mechanisms via differences in 

structural characteristics of seed mucilage.  

4.2 Materials and Methods 

4.2.1 Experimental Procedure 

4.2.1.1 Tray and Glass Bead Preparation 

The following method was applied to all treatments, with each treatment processed 

separately. 

420 aluminium trays (20 ml, I.D. = 40 mm, height = 13 mm) were used per bead 

treatment. For half of the trays, the walls were cut down leaving four 10 mm handles 

only to create inserts. The inserts were then placed inside the remaining trays, and 

subsequently labelled and weighed.  

Glass beads of three sizes (1, 0.5 and 0.1 mm) were degreased and washed in 

commercial detergent, sterilised with ethanol, and dried in an oven at 100°C. For 1 

mm beads, a single layer of beads was added to each tray. For the other treatments, 

creating a single layer was not possible and so a standardised mass was used (Table 

4.2.1). As the design was to observe seed-bead adherence in 2D, the depth of the 

bead layer was controlled to not exceed the depth of the largest seed (P. lanceolata). 

For the mixed distribution treatment (MT), a ratio of 1:2:7.5 (1:0.5:0.1 mm 

respectively) was applied to simulate the soil particle distribution of a typical arable 

sandy-loam soil from which these weed species are known to reside. 

4.2.1.2 Wet-Dry Cycle 

All seeds were dried overnight at 70 °C in an oven. For each bead treatment, 30 seeds 

per species were weighed individually and a single seed was added to the centre of 

each tray. Sterile distilled water (SDW) was pipetted directly onto the seed and the 

added volume varied with treatment to prevent the seed and individual beads from 
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floating (Table 4.2.1). Samples were left to stand for 30 mins before oven drying for 

16 hours at 30°C.  

Following drying, the tray inserts were lifted and gently rotated to remove any loose 

beads. When placed back into the tray, only beads that were adhered to the seed 

(both directly or indirectly by other beads) remained. Samples were re-weighed and 

recorded as the mass of beads remaining after one wet-dry cycle (WD). Therefore, 

WD quantifies the adherence properties of both insoluble and soluble mucilage.  

4.2.1.1 Wet-Dry-Wet-Dry Cycle 

Following WD, 3 ml of sterile distilled water was pipetted into trays to submerge the 

samples and dissolve soluble mucilage, leaving only insoluble mucilage. After 16 

hours of drying at 30°C, loose beads were removed as before. Samples were re-

weighed and recorded as the mass of beads remaining after two wet-dry cycles 

(WDWD). As the samples have had two wetting cycles, the remaining beads in 

WDWD were only adhered by insoluble mucilage. 

 

Table 4.2.1 Treatment specifications for mean bead mass and the volume of standard distilled water added to 
an individual sample after each wet-dry cycle. 

Bead Treatment 
Mean Total  

Bead Mass (g) 

Water Added (ml) 

Wet-Dry Wet-Dry-Wet-Dry 

1 mm 1.97 2 3 

0.5 mm 3.03 3 3 

0.1 mm 1.02 2.5 3 

Mixed Treatment (MT)a 1.32 2  3 

n = 30 seeds per species in each treatment 
a MT has a bead ratio of 1:2:7.5 to represent the particle distribution of a model sandy-loam soil.  
1 mm – 0.125 g, 0.5 mm – 0.25 g, 0.1 mm – 0.94 g. 
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4.2.2 Imaging Seed-Mucilage-Particle Interactions 

Using a Leica MZFLIII stereo microscope and Leica DFC 7000 T camera (Leica 

Microsystems, Germany), seed-bead aggregates were checked for mucilage 

secretion and particle-particle bonding (Fig. 4.2.1).  

For Scanning Electron Micrographs (SEM), three WDWD samples of each species 

from each bead treatment were individually mounted on 12 mm pin stubs using 

double-sided carbon tabs as the adhesive. In Chapter 3, seeds and their mucilage 

were observed without coatings. This approach was also applied in this study to avoid 

artefacts being added to the surfaces of the samples. Examination was undertaken 

using a Carl Zeiss Sigma VP Field Emission Gun Scanning Electron Microscope (FEG-

SEM) and the method of examination followed the protocol outlined in section 3.5.3. 

 

 

Figure 4.2.1 Images of Urtica urens seed adhered to 1 mm (A) and 0.1 mm (B) glass beads.  
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4.2.3 Statistical Analysis 

The remaining mass of beads adhered to seeds was calculated (in mg, and also as a 

proportion of the initial bead mass) by weighing the tray, seed and beads prior to and 

subsequently after experimental treatments. The combined weights of individual 

trays after WD and WDWD were subtracted from their initial weight to give the two 

response variables.  

All statistical analyses were performed using R, version 3.4.4 (R Core Team, 2018). An 

Analysis of variance (ANOVA) was used to test the effect of seed mucilage from six 

species and four glass bead treatments on the mass of beads adhered after two wet-

dry cycles individually. The mass of beads remaining after WD and WDWD were log 

transformed. Initial seed weight was log transformed and included in the model as a 

co-variate to allow for seed size variation within a species. The logged mass of beads 

remaining after WD was used as a co-variate in the second ANOVA model analysing 

WDWD to overcome any effect of the repeated measures design. Graphical residual 

analysis was conducted to check the normality of residuals. Tukey’s Honest 

Significance Distance (HSD) analysis was performed to determine pairwise 

comparisons of mean mass of adhered beads and interaction effects between 

species within bead treatments, and WD and WDWD cycles.  

4.3 Results 

4.3.1 Quantifying Adherence of Beads by Seed Mucilage 

In all glass bead treatments, mucilage of every species bonded beads not only to the 

seed but also to adjacent beads. The proportion of beads retained by seed mucilage 

was always higher after WD cycle than WDWD (Table 4.3.2) due to the influence of 

both soluble and insoluble mucilage adhering beads, rather than by insoluble 

mucilage alone. 

The mass of beads adhered by seed mucilage after WD was affected by species (df = 

5, F = 135.58, P < 0.001), bead treatment (df = 3, F = 789.791, P < 0.001), initial seed 

weight (df = 1, F = 6.157, P = 0.0133) and their interaction (df = 24, F = 1.912, P = 

0.0056). Therefore, larger seeds that released more soluble mucilage (Table 4.3.1) 
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adhered a greater mass of beads per seed than smaller seeds with less soluble 

mucilage.  

After WDWD, species (df = 5, F = 212.718, P < 0.001), bead treatment (df = 3, F = 

539.877, P < 0.001), WD bead mass (df = 1, F = 113.65, P < 0.001) and their interaction 

(df = 20, F = 3.384, P < 0.001) affected adhered bead mass. However, initial seed 

weight was not significant. The resulting mass of adhered beads after WDWD was 

impacted by the performance of mucilage after WD, but also by the geometry of the 

seed as a greater surface area provides the opportunity for a greater number of 

beads to adhere.  

 

Table 4.3.1 Mean mass of individual seeds and their respective mucilage layers. 

Species 
Mean Seed 
Massa (mg) 

Soluble Mucilage 
Massb (mg) 

Insoluble Mucilage 
Massb (mg) 

A. thaliana 0.023 (0.0003) 0.003 0.0008 

C. Bursa-pastoris 0.118 (0.0074) 0.021 0.0057 

P. lanceolata 2.980 (0.0685) 0.257 0.0969 

S. vulgaris 0.207 (0.0035) 0.04 0.0126 

U. urens 0.705 (0.0067) 0.13 0.0115 

V. arvensis 0.421 (0.0086) 0.066 0.0213 

Values in brackets = standard error 
a n = 120  
b Estimated mass for soluble and insoluble mucilage is calculated from results in section 3.6.2. 
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Table 4.3.2 Mean mass of remaining adhered beads after wet-dry (WD) and wet-dry-wet-dry (WDWD) cycles. 

Bead 
Treatment 

(mm) 

Mean Mass of Adhered Beads (mg) 

A. thaliana C. bursa-pastoris P. lanceolata S. vulgaris U. urens V. arvensis 

WD WDWD WD WDWD WD WDWD WD WDWD WD WDWD WD WDWD 

1 
747.76 

(84.275) 
4.22 

(0.531) 
856.70 

(66.451) 
7.09 

(0.531) 
1081.81 
(84.472) 

19.94 
(1.355) 

875.68 
(62.252) 

7.12 
(14.72) 

873.76 
(71.389) 

14.72 
(0.877) 

1086.14 
(64.930) 

10.78 
(0.599) 

0.5 
70.76 

(19.939) 
1.05 

(0.138) 
154.64 

(29.396) 
1.78 

(0.128) 
871.45 

(79.567) 
11.31 

(1.621) 
257.19 

(48.007) 
2.63 

(0.392) 
958.61 

(64.753) 
8.54 

(1.115) 
620.75 

(68.141) 
4.09 

(0.383) 

0.1 
1.04 

(0.255) 
0.01 

(0.003) 
0.77 

(0.144) 
0.027 

(0.022) 
65.80 

(11.776) 
1.64 

(0.321) 
1.03 

(0.144) 
0.037 

(0.045) 
60.92 

(9.595) 
2.10 

(0.147) 
6.79 

(3.923) 
0.49 

(0.061) 

MT 
2.23 

(0.791) 
0.12 

(0.046) 
2.61 

(0.412) 
0.85 

(0.190) 
92.25 

(12.166) 
10.66 

(4.400) 
3.47 

(0.831) 
1.26 

(0.342) 
75.96 

(10.095) 
4.33 

(0.993) 
30.41 

(7.295) 
2.67 

(1.113) 

Values in brackets = standard error 
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Figure 4.3.1 Mean mass of adhered beads remaining after wet-dry (WD) and wet-dry-wet-dry (WDWD) cycles across four bead treatments. Means for each species, within a bead treatment 
and wet-dry cycle, not sharing the same letter are significantly different (Tukey’s HSD, P < 0.05). Legend provided in D applies to A – H. Species are ordered by seed size from left to right to 
illustrate that a greater mass of beads adhered to larger seeds. MT represents the Mixed Treatment. Error bars are standard error.
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4.3.1.1 1 mm Bead Treatment 

The greatest mass of beads retained by mucilage adherence occurred in the 1 mm 

WD treatment (Table 4.3.2). Additionally, this is the only treatment without a positive 

correlation between seed size and the mass of adhered beads (Fig. 4.3.1A). Although 

1 mm beads are larger and heavier than smaller beads, the total surface area of beads 

in sample trays is less than that of other bead treatments. Therefore, soluble 

mucilage can disperse through the particle matrix and adhere a greater mass of 

beads upon drying as there was less surface area to cover, thus overriding the effects 

of seed size or mucilage production. This allowed smaller-seeded species, such as C. 

bursa-pastoris and S. vulgaris to adhere as many beads as larger seeds of U. urens. 

The smallest seed, A. thaliana, adhered a mean bead mass of 747.76 mg (equating 

to 378 beads) which is 32,500 times its weight (Table 4.3.1 and 4.3.2). This 

demonstrates how soluble mucilage can attach multiple beads that are not in direct 

contact with the seed and is therefore likely to be strongly aggregating. 

In WDWD, most soluble mucilage will have been removed and insoluble mucilage will 

dominate. Beads that remain adhered by insoluble mucilage are those that were 

originally positioned near to, or in direct contact with, the seed. Consequently, the 

zone of mucilage influence defined as the mass of adhered beads is decreased from 

38-55% to only 0.2-1.1% of initial bead mass, and a relationship with seed size 

emerged (Fig. 4.3.1E). Larger seeds have a greater surface area to which beads can 

adhere, thus V. arvensis, U. urens and P. lanceolata retained more beads than smaller 

seeds such as A. thaliana, C. bursa-pastoris and S. vulgaris. A relationship was not 

found between the mass of beads remaining and the mass of insoluble mucilage 

estimated to be produced by seeds. U. urens seeds have a lower mass of insoluble 

mucilage than smaller seeds, V. arvensis and S. vulgaris (Table 4.3.1), yet retained 

significantly more beads.  

4.3.1.2 0.5 mm Bead Treatment 

In contrast to the 1 mm bead treatment, a relationship between increasing seed size 

and adhered beads was observed in both WD and WDWD cycles for 0.5 mm beads 

(Fig. 4.3.1B and F). In WD, the ability of soluble mucilage to extend further from the 

seed is limited by the increase in combined surface area of 0.5 mm beads in sample 
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trays. Therefore, the zone of influence by mucilage is decreased when compared to 

the 1 mm bead treatment. The greatest weight of adhered 0.5 mm beads was by U. 

urens (958.61 mg, Table 4.3.2), which exceeded the mass adhered by this species in 

the 1 mm bead treatment. However, it was not significantly different to P. lanceolata 

or V. arvensis (Fig. 4.3.1B). Despite adhering numerous 1 mm beads, the spread of A. 

thaliana soluble mucilage is substantially reduced in 0.5 mm beads.  

Following WDWD, the zone of influence by mucilage is further reduced by the loss of 

soluble mucilage and the relationship with seed size remained. However, differences 

occurred in that the mass of adhered beads by V. arvensis was significantly less than 

U. urens and P. lanceolata (Fig. 4.3.1F). A. thaliana was not significantly different to 

C. bursa-pastoris or S. vulgaris.  

4.3.1.3 0.1 mm Bead Treatment 

The percentage of adhered beads was drastically reduced after one WD cycle in the 

0.1 mm bead treatment. Four species, A. thaliana, C. bursa-pastoris, S. vulgaris and 

V. arvensis, retained less than 1% of glass beads (Fig. 4.3.1C). In contrast, U. urens 

and P. lanceolata adhered 6% of 0.1 mm beads.  

Across all bead treatments, the lowest percentage of adhered beads remained 

following WDWD cycles in the 0.1 mm treatment with all species retaining less than 

0.25% (Fig. 4.3.1G). The adhered bead mass of P. lanceolata was highly variable and 

was not greater than V. arvensis. A. thaliana was less than other species, despite 

seeds being more closely related in size to 0.1 mm beads. However, the total surface 

area of 0.1 mm beads in sample trays is greater than in previous treatments, 

therefore seed mucilage has a greater surface to coat and adhere.  

4.3.1.4 Mixed Bead Treatment 

Adhered bead mass following WD for MT was similar in scale to 0.1 mm WD, with all 

species retaining between 0.2-6.9% of beads (Fig. 4.3.1D). However, in this instance, 

V. arvensis was significantly different to A. thaliana, C. bursa-pastoris and S. vulgaris. 

Similar to previous bead treatments, larger seeds of U. urens and P. lanceolata 

adhered significantly more beads than smaller-seeded species. 
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In contrast to MT WD, adherence of beads by insoluble mucilage after WDWD was 

greater overall than observed in 0.1 mm WDWD (Fig. 4.3.1H). Although, similarities 

between species occurred as observed in other bead treatments. The adherence of 

beads to P. lanceolata seeds was highly variable and not different to U. urens. This is 

perhaps due to the variability of 0.1 mm beads present across replicates, limiting the 

mobility of mucilage to reach a wider radius. 

4.3.2 Mucilage Adherence Mechanisms 

Following WDWD cycles, samples were imaged using SEM to visualise seed 

adherence mechanisms by insoluble mucilage to glass beads.  

The arrangement of beads around the seed was found to differ with bead size and 

species (Fig. 4.3.2). In 1 and 0.5 mm bead samples, it was common for only a single 

layer of beads (every bead in contact with the seed surface) to remain adhered to 

the seed following two wet-dry cycles (Fig. 4.3.2A-B). In contrast, a multi-layer bead 

arrangement formed for some species in 0.1 mm bead samples (Fig. 4.3.2C). 

However, the width of the multi-layer varied between species. V. arvensis and U. 

urens and were the largest, extending 300-900 µm away from the seed (Fig. 4.3.3E-

F) whereas S. vulgaris extended only 200-350 µm (Fig. 4.3.3D). Despite producing the 

greatest mass of mucilage (Table 4.3.1), the width of the adhered bead layer for P. 

lanceolata was relatively shorter at 130-480 µm (Fig. 4.3.3C). C. bursa-pastoris 

samples varied greatly, with only a few seeds exhibiting two layers of bead adherence 

(Fig. 4.3.3B). The smallest seed, A. thaliana did not form a multilayer arrangement 

and on average held fewer than five beads (Fig. 4.3.3A). In MT samples, all species 

adhered combinations of all three bead sizes. Pore spaces created by larger beads 

were filled by smaller beads (Fig. 4.3.2D). 
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Figure 4.3.2 SEM images comparing the arrangement and porosity of beads attached to seeds following WDWD. 
A - 1 mm beads, Plantago lanceolata. B – 0.5 mm beads, Senecio vulgaris. C – 0.1 mm beads, Viola arvensis. D – 
mixed treatment, Capsella bursa-pastoris. E – In 1mm bead treatment, vacant pore spaces between Capsella 
bursa-pastoris seed-bead and bead-bead. F – Plantago lanceolata mucilage blocking pore spaces in 0.1 mm 
bead treatment. 
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Figure 4.3.3 SEM images showing how the multi-layer bead arrangements differed between species in 0.1 mm 
bead treatment. A – Arabidopsis thaliana, B – Capsella bursa-pastoris, C – Plantago lanceolata, D – Senecio 
vulgaris, E – Urtica urens, F – Viola arvensis. 
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Figure 4.3.4 Comparison of mucilage sheath thickness between Arabidopsis thaliana (A) and Plantago 
lanceolata (B). Mucilage of Capsella bursa-pastoris (C) and Plantago lanceolata (B) forms layers upon drying. 
Where mucilage has torn, the edges of Arabidopsis thaliana (A) mucilage appears smooth while Urtica urens (D) 
shows fibrous edges. 

The mucilage sheath thickness differed with species and is likely related to the 

volume of mucilage released by the seed. The mucilage of A. thaliana appears thinner 

than P. lanceolata (Fig. 4.3.4A and 4.3.4B respectively). In instances where mucilage 

sheaths have fractured and ripped away from beads, the sheath microstructure could 

be observed. Dried mucilage of P. lanceolata (Fig. 4.3.4B) and C. bursa-pastoris (Fig. 

4.3.4C) appear as layers. The edges of torn mucilage differ between species, with 

clean edges observed in A. thaliana (Fig. 4.3.4A) while U. urens appears rough and 

fibrous (Fig. 4.3.4D). 

The mechanism by which mucilage adheres to beads upon drying was similar for A. 

thaliana, C. bursa-pastoris, U. urens and V. arvensis (Fig. 4.3.5). The architecture of 

mucilage bridges shared common characteristics of dried cellulose fibres creating 

pillars to anchor seeds to beads, with dried pectic mucilage filling the space between. 

These structures were also observed in bead to bead adherence (Fig. 4.3.5C). The 

role of both pectic and cellulosic mucilage appears equally as important in these 

species. Similar structures were also evident in some P. lanceolata samples, however, 
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often the morphology of seeds prevented the bead-mucilage point of contact from 

being visible, and fibrils within the sheath were not observed. For S. vulgaris, the 

architecture of its adherence mechanism differed to the other species. Fibrous 

mucilage extended from elongated columella structures concentrated in troughs on 

the seed epidermal surface (Fig. 4.3.6A). Fibrils (diameter ≈ 4 µm) appear rope-like 

(Fig. 4.3.6D) and can be seen within the mucilage sheath (Fig. 4.3.6B) and on the seed 

epidermal surface (Fig. 4.3.6C). Fibrils wrapped around beads of multiple sizes, with 

a thin pectic sheath filling spaces between fibrils to secure the matrix of adhered 

particles around the seed (Fig. 4.3.6B-C). Although fibrils could be detected in 

mucilage sheaths of other species (Fig. 4.3.5) which formed the anchoring 

mechanism, none were as prominent as the structures in the S. vulgaris adherence 

mechanism. Thus, the role of pectic mucilage seems less apparent for S. vulgaris for 

adherence as for other species.  

 

 

Figure 4.3.5 SEM images showing the common architecture of mucilage bridges across species Arabidopsis 
thaliana (A), Capsella bursa-pastoris (B), Urtica urens (C), and Viola arvensis (D). Dried cellulose fibrils have 
created pillars to anchor seeds to beads (A, B) and beads to beads (C). Pectic mucilage filled the space between 
fibrils.  
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Figure 4.3.6 Senecio vulgaris seed-particle attachment mechanism to 1 mm beads (A) and to MT beads (B-D) 
following two wetting and drying cycles. SEM’s demonstrate fibrils discharging from elongated columellae 
structures (A) and wrapping around particles of multiple sizes within the matrix of the mucilage sheath (B). C 
shows fibrils dried across both the seed and bead surface, with D showing the contact point. 

There was variability in pore spaces between bead treatments. 1 mm beads created 

larger pore spaces surrounding the seed, however the connectivity of seed mucilage 

responded differently between species. For U. urens, the seed contact zone in the 

spermosphere was filled with mucilage creating a 150-250 µm distance between 

seed and particle (Fig. 4.3.7C), termed the ‘mucilage exclusive zone’ hereafter. In P. 

lanceolata samples, however, beads were only connected by thin mucilage bridges 

leaving void spaces (Fig. 4.3.2A). 0.1 mm beads were tightly packed around seeds of 

all species. Vacant pore spaces found in 1 mm with P. lanceolata (Fig. 4.3.2A) were 

filled by mucilage in 0.1 mm bead samples and large volumes of P. lanceolata 

mucilage completely immersed smaller beads (Fig. 4.3.2F). Immersion in smaller 

bead treatments was also observed in U. urens, however evidence of an extended 

mucilage exclusive area around the seed was still apparent in MT (Fig. 4.3.7A) and 

0.1 mm treatments (Fig. 4.3.7B), with no visible pore spaces. However, in 0.5 mm 

(Fig. 4.3.7D) and 1 mm (Fig. 4.3.7C) the mucilage exclusive zone is filled by multiple 

mucilage bridges creating a micro-porous structure within the spermosphere. 
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Figure 4.3.7 SEM images of mucilage attaching Urtica urens seeds to beads in mixed (A), 0.1 mm (B), 1 mm (C), 
and 0.5 mm (D) treatments. A and C – seed contact zone was filled by mucilage creating a distance between 
seed and particle, creating a mucilage exclusive zone. B – immersion of beads by mucilage diminished pore 
spaces. C and D – seed contact zone contains multiple bridges creating a micro-porous structure. 

 

4.4 Discussion 

4.4.1 The Impacts of Seed Size on Bead Adherence and 

Implications for Soil 

For the first time, the ability of seed mucilage from a range of myxospermous species 

to adhere particles was quantified. With the exception of the 1 mm bead treatment 

after one wet-dry cycle, larger seeded species that release more mucilage adhered a 

greater mass of glass beads than smaller-seeded species. In soil, this study indicates 

that once mucilage is secreted, the surface contact of the seed is increased and would 

allow seeds to anchor to soil particles and prevent their movement once the mucilage 

dried. Moreover, water-soluble mucilage was able to permeate between beads in 

sample dishes, binding beads that were not in direct contact with the seed. This 

suggests an additional function of seed mucilage: not only can mucilage cause seed-

soil adherence but also particle-particle adherence. Using Chia seed as a model 
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species, Di Marsico et al. (2018b) found a mucilage soil amendment of 2% w/w 

overcame textural effects on aggregate stability and provided a 4.9-fold increase in 

sandy loam soils, with impacts persisting for 30 days. Therefore, the myxospermous 

species tested in this study may resist seed removal by runoff on slopes while 

improving aggregate stability. Such processes would create natural solutions for 

vegetation restoration and slope stabilisation in vulnerable areas which experience 

frequent severe erosion. Additionally, the presence of myxospermous arable 

seedbanks may provide critical ecosystem services for germination and crop 

establishment during periods where bare field soils are exposed to erosion.  

4.4.2 Seed Mucilage Interaction with Particle Sizes and the Effects 

on Porosity 

Wetting and drying cycles are critical for the development of soil structure and 

aggregation (Czarnes et al., 2000; Albalasmeh & Ghezzehei, 2014). In this study, the 

effects of soluble and insoluble mucilage were partitioned by two wetting and drying 

cycles and were found to significantly affect the quantity of adhered glass beads. 

Although no evidence of a particular species performing better in one bead size over 

another was found, it was determined that seed mucilage could adhere larger beads 

over a greater area due to a relationship with particle surface area. Mucilage bridges 

between beads are less common in matrices where bead sizes are larger, allowing 

mucilage to reach greater distances and thereby increasing the zone of influence 

from the seed. In a matrix where smaller beads dominate, the formation of mucilage 

bridges frequently confined the zone of influence closer to the seed. 

In soil, mucilage polysaccharides contract and alter their morphology during 

evapotranspiration, affecting soil properties and the evolution of soil structure due 

to an increase in bond strength between particles and a reduction in water repellency 

(Czarnes et al., 2000; Sutherland, 2001; Albalasmeh & Ghezzehei, 2014). However, 

the full extent of mucilage-induced water repellent soils is not yet fully understood. 

Benard et al. (2017) created a conceptual model of root mucilage deposition and the 

impact on soil wettability during soil drying using extracted Chia seed mucilage with 

sand and silt particles, and glass beads (0.1-0.2 mm diameter). The morphology of 
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mucilage deposits was found to alter with mucilage concentration, and larger 

mucilage deposits created a hydrophobic rhizosphere by occupying pore spaces. 

Here, mucilage bridges, similar to those described by Benard et al. (2017), formed in 

contact regions between beads. Additionally, variation in porosity was observed due 

to larger seeded species releasing greater quantities of mucilage than smaller-seeded 

species. However, porosity was also affected by bead size: in 1 mm and 0.5 mm 

treatments, dried mucilage of U. urens seeds created a microporous structure, while 

in 0.1 mm and mixed treatments, beads were completely submerged by mucilage 

and pore spaces were blocked. Therefore, the microscopic heterogeneity of mucilage 

distribution within a soil might affect macroscopic water repellency, controlled by a 

critical mucilage threshold and the distribution of particle sizes.  

4.4.3 Seed Mucilage Structural Characteristics Influencing 

Adherence Mechanisms 

Chapter 3 characterised chemical and structural differences in soluble and insoluble 

seed mucilage of the six myxospermous species and found differences in epidermal 

mucilage secreting cells (MSC) to vary between species. It was hypothesised that 

such variation would alter the mechanism and success of adhering soil particles. A. 

thaliana and C. bursa-pastoris shared a similar hexagonal-shaped MSC with central 

columellae, while U. urens and V. arvensis shared an oval-shaped MSC without 

columellae. Despite this, the mechanism by which particles are adhered by their 

respective mucilage shared common characteristics of cellulosic fibrils acting as 

pillars within the pectinaceous bridge.  

U. urens seeds have a lower concentration of insoluble mucilage than V. arvensis 

(Table 4.3.1), however, U. urens retained significantly more beads in most treatments 

(Fig. 4.3.1). This could be due to U. urens possessing thicker cellulosic fibrils than V. 

arvensis (section 3.5.2). The presence of cellulose fibrils in seed mucilage can increase 

the contact strength between the seed and soil particles, improving the anchoring 

power of pectinaceous mucilage (Kreitschitz & Vallès, 2007; Kreitschitz, 2009; X. Yang 

et al., 2012b) while maximising water retention (Lu et al., 2010; Deng et al., 2015). 

Additionally, the epidermal surface of V. arvensis seeds only partially ruptures during 
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imbibition and mucilage secretion, whereas U. urens releases mucilage ubiquitously 

around the seed coat (section 3.5.3) allowing for a greater quantity of particles to 

adhere to the surface of the seed. Therefore, geometry and surface area of seeds and 

structural characteristics (e.g. fibril width within insoluble mucilage) might play 

greater roles for particle adherence than the relative concentrations of soluble and 

insoluble mucilage. 

P. lanceolata seeds are larger and produce 2.5 times more mucilage than U. urens 

(Table 4.3.1). However, in all bead treatments and wetting-drying cycles, their 

respective mass of adhered beads was not different (Fig. 4.3.1). The greater volume 

of P. lanceolata inhibited the observation of fibrils within the pectic sheath. However, 

previous observations found a lack of fibrils present and thus this mechanism may 

rely solely on pectic mucilage (section 3.5.2). Therefore, the cellulosic fibril 

mechanism by which U. urens adhered particles appears more efficient, suggesting 

that P. lanceolata mucilage may have a different or additional purpose than seed-soil 

adherence and soil aggregation. The differences in mucilage composition and 

structure may also affect water retention. Kreitschitz et al. (2016) found evidence in 

P. lanceolata seed mucilage to exhibit delicate cellulose fibrils creating a structured 

skeleton, from which pectin molecules were attached, while Linum usitatissimum 

mucilage contained pectins only. After 35 mins, 92% of absorbed water in P. 

lanceolata was lost, whereas L. usitatissimum mucilage lost only 56%. The rate of 

water loss is important as it affects the rate of adhesion, causing the seed to fix faster 

to the soil surface. This finding may help explain why P. lanceolata did not adhere as 

many glass beads with respect to seed size and mucilage mass. Due to the weaker 

ability of P. lanceolata mucilage to retain water, this may reduce the mobility of 

mucilage and decrease the mass of beads it could adhere. 

While it may be assumed that smaller seeds, such as A. thaliana and C. bursa-

pastoris, find it easier to adhere smaller beads, they were capable of holding beads 

larger than the seed itself (Fig. 4.3.2D-E), although their small size and limited 

production of mucilage restricted the total bead mass that could be adhered by 

insoluble mucilage. However, expressing myxospermous traits is still advantageous 

as García-Fayos et al. (2010) found small-seeded myxospermous species to have a 
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lower removal susceptibility on eroded slopes when compared with non-

myxospermous species of a similar mass. Thus, erosion can shape species 

composition and ecosystem structuring depending on the presence or absence of 

mucilage secreting species within the seedbank. 

The structure of S. vulgaris seed mucilage adherence mechanism differed greatly to 

the other species observed. In section 3.5.3, S. vulgaris was found to secrete mucilage 

via elongated columellae. In this study, rope-like fibril structures extending from 

columellae were observed, wrapping around beads of multiple sizes and secured by 

a pectic mucilage sheath (Fig. 4.3.6). When compared to visible fibrils within mucilage 

sheaths in other species (Fig. 4.3.5), the relatively thicker size is notable suggesting 

the role of these fibrils for particle adherence around S. vulgaris seeds is of greater 

importance. However, the width of the multi-layer of beads around S. vulgaris 

extended only 200-350 µm, suggesting a fragile nature of this adherence mechanism.  

Quantitative information on the tensile strength of seed mucilage-aided aggregates 

(with seeds in-situ) or their stability in water is not available. Future work should also 

place the strength of aggregates formed by seed mucilage within the context of other 

biological mediated soil aggregation. With knowledge of mucilage composition, 

structure and adherence mechanisms occurring at the particle scale, the stability of 

seed mucilage aggregates can be tested to further explore their role in holding soil 

particles together and preventing soil transport at the field scale.  

4.5 Conclusions 

The ability of myxospermous seeds of six arable weed species and their mucilage to 

determine biophysical mechanisms of seed-particle adherence occurring at the 

particle scale was investigated. Three sizes of glass beads, proxies for soil particles, 

were used to investigate structural interactions between seed mucilage and particle 

size. The functionality of soluble and insoluble mucilage was quantified and imaged 

following two wetting and drying cycles. In all treatments, seed mucilage adhered 

glass beads to both the seed and adjacent beads which were not in direct contact 

with the seed surface. Larger seeded species with more mucilage, such as P. 

lanceolata and U. Urens, adhered more beads than smaller-seeded species of A. 
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thaliana and C. bursa-pastoris. The combined influence of soluble and insoluble 

mucilage caused greater adherence of beads than insoluble mucilage alone, 

suggesting seed mucilage may initiate aggregation and stabilisation in addition to its 

primary function for seed-soil adherence. The relative contributions of soluble and 

insoluble mucilage were found to play a lesser role for successful particle adherence 

than the surface area and morphology of seeds, and their mucilage structural 

characteristics. While all species were found to adhere a substantial mass of beads, 

differing adherence mechanisms were observed. There was no evidence of a 

particular species preferring one bead size over another. Future work should quantify 

the stability of soil aggregates containing seeds and their mucilage to test the 

strength of specific adherence mechanisms and determine whether myxospermous 

species can reduce soil erosion at the field scale.
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Chapter 5. Increasing Aggregate Stability and Strength 

with Myxospermous Seeds 

5.1 Introduction 

Understanding soil biophysical interactions responsible for generating and stabilising 

soil aggregates is essential for sustainable crop management (Rillig et al., 2002; Six et 

al., 2004; Rashid et al., 2016). The role of soil organic matter in forming and stabilising 

soil aggregates is widely recognised (Tisdall & Oades, 1982). In particular, 

polysaccharides derived from biological exudates stabilise soil structure, preventing 

slaking and mechanical disruption of aggregates. Despite their relative transience, 

polysaccharides can adsorb onto soil particles forming polymer bridges between 

particles (Tisdall & Oades, 1982; Chenu & Guérif, 1991). By increasing organic matter 

content, the number of polymer bridges between particles increases (Chenu & 

Guérif, 1991; Albalasmeh & Ghezzehei, 2014). The increase in width of interparticle 

bridges can also strengthen the structure of aggregates and enhance their stability in 

water. When dry soil aggregates are not strong enough to withstand internal stresses 

caused by rapid water uptake (e.g. trapped air, swelling in clays, mechanical action 

of water), they can break into microaggregates (< 250 µm) (Kemper & Rosenau, 1986; 

Peng et al., 2011). Poor aggregate stability can release soil particles in water that 

settle into pore spaces causing decreasing infiltration and water availability for crops 

(Caesar-Tonthat & Cochran, 2000). Additionally, surface sealing can increase runoff 

and soil erosion (Poesen, 1986; Assouline & Ben-Hur, 2006) and consequently, 

increased turbidity and the transport of chemicals into watercourses (Arias-Estévez 

et al., 2008).  

Six et al. (2004) summarised the five major contributing factors towards aggregate 

formation and stabilisation: soil fauna, roots, microorganisms, environmental 

variables and inorganic binding agents. This study proposes mucilage released by 

seeds (myxospermy) as an additional contributor to promoting and enhancing soil 

aggregation (Fig. 5.1.1). The impacts of myxospermous seeds and their mucilage on 

soil physical properties have received little attention, and even fewer studies focus 

on agroecosystems in temperate climates or study effects with seeds remaining in-
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situ, as opposed to extracted mucilage. Deng et al. (2015) demonstrated an increase 

in water retention, viscosity, yield stress, complex shear modulus, and a decrease in 

hydraulic conductivity in soils amended with mucilage extracted from Capsella bursa-

pastoris seeds. Additionally, these effects became more pronounced during soil 

drying. A decrease in hydraulic conductivity as a result of seed mucilage is possibly a 

consequence of seed and mucilage swelling causing reductions in the size and 

distribution of soil pores (Deng et al., 2015). Further knock-on effects can occur with 

decreased infiltration and flow rates due to pore spaces being blocked by seed 

mucilage creating hydrophobic soils (Ahmed et al., 2016; Benard et al., 2017; 

Zarebanadkouki et al., 2018). Aggregate stability is frequently tested to investigate 

the physical stability of soil against slaking and mechanical stress (Le Bissonnais, 

1996; Puget et al., 2000; Almajmaie et al., 2017). However, less consideration has 

been given to the influence of seed mucilage on soil aggregate stability, despite 

recognition that it is one of the most important indices of soil quality in relation to 

management and risk of erosion (Rashid et al., 2016; Di Marsico et al., 2018b).  

 

 

Figure 5.1.1 Schematic demonstrating the complexity of interactions between the main five factors that 
influence aggregate formation and stabilisation. The hypotheses of this chapter looks to ascertain whether seed 
mucilage could be the sixth contributor to this process. Original source of diagram: Six et al. (2004). 

 

 

Seed Mucilage 
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In Chapter 3, seed mucilage differed chemically and structurally due to the presence 

and morphology of epidermal mucilage secreting cells, which led to differences in 

the biophysical mechanisms by which seed mucilage adhered to particles, as shown 

in Chapter 4. The solubility of the outer layer of mucilage in water led to particle-

particle adherence in addition to seed-particle adherence by insoluble mucilage. This 

suggests that seed mucilage can initiate soil aggregation and stabilise particles that 

are not in direct contact with the seed. Therefore, ecosystem services provided by 

seed mucilage as a natural soil stabiliser may prove significant in vulnerable fields 

exposed to intensive rainfall and runoff erosion.  

This study aims to understand the role of seed mucilage in seed-soil adhesion by 

testing the stability and strength of aggregates containing myxospermous seeds. 

Previous research has studied the influence of extracted mucilage, with the seeds 

removed. Here, the aim is to determine the effect of both seed and mucilage on soil 

to better represent the situation in naturally occurring seedbank communities. The 

multi-species approach from previous chapters is used to test the effect of seeds and 

their mucilage on soil stability and strength for six myxospermous species: 

Arabidopsis thaliana (Col-0), Capsella bursa-pastoris, Plantago lanceolata, Senecio 

vulgaris, Urtica urens and Viola arvensis. Additionally, seeds of Trifolium repens, 

commonly used as a cover pasture crop species, were incorporated as a non-

myxospermous control to highlight any negative (e.g. fracturing) effects from the 

presence of a seed inside an aggregate. The physical interactions between soil and 

seed mucilage were observed via scanning electron microscopy of stable seed-soil 

aggregates to extend the knowledge of biophysical adherence mechanisms occurring 

at the soil particle and aggregate scale.  

5.2 Method Development: Creating Seed-Soil Aggregates 

As the stability and strength of mucilage-aided aggregates had not been tested, a 

new methodology for creating seed-soil aggregates was developed.  

Surface soil (0 – 4 cm depth) was collected from a sandy loam soil on an experimental 

field at the James Hutton Institute, Invergowrie (56.4548N, -3.0820W) that is also 

used in Chapter 2 and 6. Samples were collected in the autumn following cultivation. 
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Soil was sieved to < 2 mm and plant material removed before the soil air dried for 

five days.  

Plastic tubing (I.D. = 20 mm) was cut into 10 moulds (height = 9 mm) (Fig. 5.2.1A). Dry 

soil (1 g) was added to the mould and a single P. lanceolata or U. urens seed was 

placed at the centre to make “test aggregates”. This simulated a seed on the soil 

surface. From above, 0.75 ml of distilled water was added using a pipette. After oven 

drying at 30°C for 24 hours, moulds were removed. Some aggregates containing P. 

lanceolata seed were fragile and could not be picked up easily with tweezers, while 

aggregates containing U. urens were intact (Fig. 5.2.1B). These test aggregates were 

broken with tweezers to locate the seed and its adherence to soil particles (Fig. 

5.2.1C). This method was repeated, however all aggregates failed when moulds were 

removed (Fig. 5.2.1D).  

After observing the width of soil interacting with the seed and its mucilage (Fig. 

5.2.1C), the mould size was reduced (I.D. = 8 mm, height = 10 mm) (Fig. 5.2.2A). The 

method was repeated as before, but with 0.55 g of dry soil and 0.4 ml of water. 

However, all aggregates failed when moulds were removed (Fig. 5.2.2B). The soil was 

sieved to < 1 mm, and the method was repeated but with all myxospermous species 

and a soil-only control. This combination yielded more consistent results, though 

instances of fragile replicates still occurred in particular species and the control (Fig. 

5.2.2C). However, this could be illustrating the ability of the mucilage to stabilise the 

soil. Having refined a system to produce aggregates that could be handled with 

tweezers without breaking, the development of the method continued through tests 

of the tensile strength of seed-soil aggregates.  
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Figure 5.2.1 Images of developing methodology for creating seed-soil aggregates. A – plastic tubing used for 
aggregate moulds (internal diameter of 20 mm and height of 9 mm). B – results from first test with Urtica urens 
(left) and Plantago lanceolata (right) seed. C – seed-soil aggregates found inside the test samples in B. D – 
Second attempt of creating aggregates was unsuccessful as all samples crumbled after removing the mould. 

 

Figure 5.2.2 Images of smaller aggregate moulds (A, internal diameter of 8 mm and height of 10 mm), and 
unsuccessful attempts at creating aggregates with soil sieved to 2 mm (B). C shows aggregates made with soil 
sieved to 1 mm, though some replicates were still fragile. 
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5.3 Tensile Strength of Seed-Soil Aggregates 

During the development of the method to create consistent seed-soil aggregates, it 

became clear that multiple variables were affecting the success of the aggregates 

remaining intact: quantity of water added, the oven duration and temperature, and 

in the order in which species were processed (Table 5.3.1 and 5.3.2). As shrinkage in 

the aggregate moulds occurred, not all aggregates had the same dimensions. 

Therefore, the diameter, D, of intact seed-soil aggregates was recorded as the mean 

of the shortest, intermediate and longest axis (mm). Due to the fragility of 

aggregates, the length could not be recorded. The length (L) was, therefore, derived 

by assuming that the level of shrinkage affecting the diameter equally affected the 

length. To ascertain whether the effect of mucilage on tensile strength could be 

observed using this size of seed-soil aggregates, five trials were undertaken.   

Tensile strength was measured by crushing seed-soil aggregates using a loaded frame 

(Fig. 5.3.1, Instron 5569, High Wycombe, UK), fitted with a 50 N load cell (resolution 

accurate to 1/500th of force capacity) and 10 kN compression plate. The force applied 

(N) was recorded every 0.1 seconds. The crosshead speed was 2 mm min-1. Tensile 

strength, T (kPa) can be calculated using the following equation (Dexter & 

Kroesbergen, 1985):  

 

 
𝑇 = 0.576

𝐹

𝐷2
 (5) 

 

Where F is the applied force at failure (N). This standard equation uses ‘0.576’ to 

account for irregular shaped aggregates. Here, seed-soil aggregates were relatively 

similar, with only slight variation occuring due to shrinkage when drying. Therefore, 

this equation was modified: 

 
𝑇𝑠 =  

𝐹

𝐷 × 𝐿
 (6) 
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Figure 5.3.1 Image of Instron 5569 machine with a 50 N load cell attached and 10 kN compression plate (High 
Wycombe, UK). 

In the first three trials, aggregates with a single seed were weaker than the control 

aggregates (Table 5.3.1). The variability in the control replicates was high in trial 2 

(s.e. = 1.79), therefore additional control replicates were included in trial 3. These 

preliminary results show the potential for the presence of a seed within the 

aggregate to create defects, causing fracturing to occur more readily. In Chapter 4, a 

single seed was shown to adhere to multiple glass beads. Seeds releasing a greater 

quantity of mucilage adhered a greater quantity of beads, increasing the ‘zone of 

influence’ by mucilage around the seed. However, one of the aims of this chapter 

was to compare the strength of seed-mucilage-aggregates between species. 

Therefore, each test replicate needed equal quantities of mucilage, irrespective of 

species.  
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Figure 5.3.2 Image of seed-soil aggregates after being removed from the mould in trial 2. Red circles illustrate 
what is described as an unsuccessful replicate that has not remained intact. 

 

Two ratios were calculated using the mean seed mass and mucilage mass generated 

in section 3.6.2 that predicted a 0.7 mg (trial 4) and 1 mg (trial 5) release of mucilage 

into the aggregate (Table 5.3.2). The volume of water added to the aggregate moulds 

was decreased to 0.37 ml to compensate for the increased volume occupied by more 

seeds. Despite increases in T in trial 4, all control replicates failed to release from the 

moulds successfully. When comparing these results to control values from previous 

trials, the effect of multiple seeds balanced to produce 0.7 mg of mucilage within the 

aggregate was insufficient for aggregate formation by some species, e.g. P. 

lanceolata. In trial 5, however, some species showed promising increases in T, such 

as U. urens and V. arvensis. Increasing replication in trial 4 and 5 also demonstrated 

greater variability within species and increased the number of unsuccessful replicates 

(NA’s, Table 5.3.2). These preliminary tests demonstrated that the method for testing 

T from seed-soil aggregates required refinement before a fully replicated experiment 

could be carried out. 
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Table 5.3.1 Treatment specifications and results of tensile strength (T) trials with seed-soil aggregates that included only 1 seed.  

Trial 
Oven 

Temperature 
Oven 

Duration 
Initial Soil 
Mass (g) 

Volume of Water 
(ml) 

 Rep Species T (kPa) 
Standard 

Error 
Number 
of NAa 

1 30°C 24 hr 0.55  0.4 n = 3 
Plantago 11.8 1.90  

Urtica 10.98 3.98  

2 45°C 128 hr 0.52 0.4 
n = 3 

Arabidopsis 5.18 0.84  

Capsella 6.99 0.63 1 

Plantago 6.79 2.26  

Senecio 7.85 1.95  

Urtica 10.19 1.66  

Viola 10.73 1.30  

n = 4 Control 14.24 2.48 1 

3 45°C 16 hr 0.51 0.38 
n= 3 

Arabidopsis 9.55 1.72  

Capsella 9.94 1.57  

Plantago 11.85 1.54  

Senecio 8.81 3.02  

Urtica 9.66 1.67  

Viola 10.77 1.88  

n = 10 Control 16.22 1.71 1 
a NA refers to the number of replicates that did not successfully form and were broken after being removed from the moulds. 
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Table 5.3.2 Treatment specifications and results of tensile strength (T) trials with seed-soil aggregates that included a ratio of seeds based on a predicted release of mucilage (trial 4 = 0.7 mg of 
mucilage per aggregate mould, trial 5 and 6 = 1 mg of mucilage per aggregate mould). Aggregates in trial 6 were created using a mucilage water dispersion generated from seeds. However, 
the seeds were not applied to the aggregate, only the liquid mucilage. 

Trial 
Oven 

Temperature 
Oven 

Duration 
Initial Soil 
Mass (g) 

Volume of 
Water (ml) 

Seed 
Treatment 

 Rep Species T (kPa) 
Standard 

Error 
Number 
of NAa 

4 45°C 16 hr 0.51 0.37 

179 n = 1 Arabidopsis 5.72 n/a  

27 

n = 7  

Capsella 13.29 1.58 2 
2 Plantago 11.88 0.61 4 

13 Senecio 13.45 2.31 1 
5 Urtica 15.02 1.43  

8 Viola 14.59 1.77 1 
0 Control n/a  7 

5 45°C 16 hr 0.50 0.37 

268 

n = 5 

Arabidopsis 12.22 2.02  

41 Capsella 13.78 1.44  

3 Plantago 14.19 2.34 2 
20 Senecio 10.55 1.35 1 
7 Urtica 17.75 2.22 1 

12 Viola 22.36 2.80  

0 Control 8.98 1.54 2 

6  
(Water 

Dispersion) 
45°C 20 hr 0.50 0.37 

268 

n = 3 

Arabidopsis 22.7 0.24 1 
41 Capsella 13.67 3.34  

3 Plantago 33.41 1.20  

20 Senecio 17.76 2.75  

7 Urtica 21.99 4.55  

12 Viola 18.07 1.22  

0 Control 16.68 1.85  

a NA refers to the number of replicates that did not successfully form and were broken after being removed from the moulds. 
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As an aside, the properties of aggregates generated with extracted mucilage alone 

(rather than with seeds in-situ) were trialled to isolate the hypothesised weakening 

effect of seed presence. Seeds were counted into the ratio that predicted 1 mg of 

mucilage release and were used to create a water dispersion solution. Following the 

procedure outlined in section 3.6.1.1, seeds were placed into test tubes with 0.37 ml 

and incubated at 50°C on an orbital shaker for 24 hours. Following centrifugation, 

seeds were separated from the mucilage-water dispersion and discarded; only the 

liquid was applied to soil in the aggregate moulds. Note that this solution would 

contain only mucilage that was soluble in water (pectin), as adherent (cellulosic) 

mucilage requires extraction by enzyme digestion. After oven drying (45°C), only one 

aggregate containing A. thaliana mucilage failed to remain intact once removed from 

the mould (Table 5.3.2). T increased for all species, except C. bursa-pastoris, with P. 

lanceolata reaching 33.41 kPa (Fig. 5.3.3).  

 

Figure 5.3.3 Results of tensile strength trial 6 whereby mucilage was added in the form of a water dispersion to 
soil aggregates. Aggregates with mucilage from species such as Plantago lanceolata and Urtica urens were 
stronger than the soil-only control. However, mucilage from Capsella bursa-pastoris did not show a positive 
effect on soil strength. Species are shown in descending order of seed size. Error bars are standard error.  
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Due to low replication (n = 3), the variability within species causes difficulty in 

concluding whether all myxospermous species tested here would yield a greater 

value of T than the control if the experiment was repeated with higher replication. 

However, understanding the stabilising effects of seeds in-situ with their mucilage is 

a better representation of natural occurrence in seedbank communities. Therefore, 

investigation into effects of extracted mucilage was not continued at this stage, but 

represents a fruitful avenue for further research. 

 

5.4 Stability of Seed-Soil Aggregates 

5.4.1 Methodology 

After the multiple trials of tensile strength, the procedure of creating seed-soil 

aggregates had been refined to ensure consistency between replicates used for 

testing their stability in water (Fig. 5.4.1). Seeds of six myxospermous species (A. 

thaliana, C. bursa-pastoris, P. lanceolata, S. vulgaris, U. urens and V. arvensis) and 

one non-myxospermous species (T. repens) as a control, were oven dried for 24 hours 

at 70°C before counting and weighing according to treatment specifications in Table 

5.4.1. As the aim of this second study was to quantify aggregate stability when the 

mass of mucilage of all species was present equally, the ratio used in tensile strength 

trial 5 and 6 to normalise the number of seeds added and generate a total of 1 mg of 

mucilage was used. 
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Table 5.4.1 Seed treatment specifications for soil aggregates including the number and mass of seeds added to 
each aggregate. 

Species No. of Seeds per Aggregatea 
Mean Total  

Seed Mass (mg) 

A. thaliana 268 6.56 (0.040) 

C. bursa-pastoris 41 4.35 (0.0971) 

P. lanceolata 3 8.85 (0.0003) 

S. vulgaris 20 3.98 (0.119) 

U. urens 7 5.61 (0.163) 

V. arvensis 12 5.10 (0.129) 

NSb 0 0 

T. repensc 10 7.78 (0.185) 

n = 28 aggregates per species 
Values in brackets = standard error. 
a Normalised to release 1 mg of seed mucilage per aggregate. 
b NS represents control aggregates that did not contain seeds. 
c Trifolium repens seeds used as a non-myxospermous control. 

 

 

Figure 5.4.1 Image A shows a selection of consistently formed seed-soil aggregates. In image B, aluminium 
dishes with little remaining soil following wet-sieving test with 2 mm sieves.  
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Plastic tubing (I.D. = 8 mm) was cut into 224 moulds (height = 10 mm) for creating 

seed-soil aggregates (n = 28 per species treatment). Dry soil (0.52 g) was added to a 

petri dish with 0.37 ml of distilled water and the treatment of seeds (Table 5.4.1). 

The non-myxospermous (positive) control contained T. repens seeds, while the 

(negative) control aggregates did not contain seeds. The soil, water and seeds were 

mixed and transferred into an aggregate mould. Moulds were left to stand for 30 

mins prior to oven drying at 45°C for 12 hours. Once dry, aggregates were released 

from moulds and re-weighed.  

Aggregate stability was determined by wet-sieving using an Eijkelkamp wet-sieving 

apparatus (Agrisearch Equipment, Giesbeek, the Netherlands, Fig. 5.4.2). The 

apparatus can be equipped with sieves of different mesh sizes, e.g. 0.25 mm, 1 mm 

and 2 mm. Trials were performed using three sizes to optimise the discrimination of 

stable aggregates (Fig. 5.4.1B). As the soil was sieved to < 1 mm prior to seed 

treatment, wet-sieving with a 1 mm mesh would demonstrate the ability of seeds 

and mucilage to aggregate and stabilise soil. To test aggregate stability, intact 

aggregates were placed into 1 mm sieves and mechanically lowered and raised in 100 

ml of distilled water for 3 seconds (2 oscillations into water). Soil remaining on the 

sieve was oven dried (105°C) for 24 hours and weighed to determine the proportion 

of soil stabilised.  

 

Figure 5.4.2 Eijkelkamp wet-sieving apparatus (Agrisearch Equipment, Giesbeek, the Netherlands) with steel 
water cylinders (A). Sieve with 1 mm mesh diameter and seed-soil aggregate (B). 
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5.4.2 Imaging Seed-Soil Aggregates 

Using a Carl Zeiss Sigma VP Field Emission Gun microscope, Scanning Electron 

Micrographs (SEM) were taken of three seed-soil aggregates of P. lanceolata, S. 

vulgaris, U. urens and V. arvensis. Each aggregate was individually mounted on 12 

mm pin stubs using double-sided carbon tabs. As described in section 3.5.3, samples 

were not coated to avoid artefacts being added to the surfaces of the samples and 

misinterpretation of mucilage sheaths on soil particles. Additional colour images of 

seed-soil aggregates were taken with a Leica MZFLIII fluorescence stereo microscope 

and Leica DFC 7000 T camera (Leica Microsystems, Germany).  

5.4.3 Statistical Analysis 

The proportion of aggregated soil remaining on the sieve following wet-sieving was 

analysed as the response variable in a quasi-binomial General Linear Model (GLM) 

with a logit link function with species as the predictor variable. The dry seed-soil 

aggregate mass before wet-sieving was included as a co-variate. Overdispersion of 

the model was checked and found to be satisfactory. Deviance residuals were 

extracted from the model and their distribution checked against fitted values and 

main effects, and found to be acceptable. Tukey’s Honest Significance Distance (HSD) 

analysis was performed to determine pairwise comparisons of mean mass of seed-

soil aggregates between species and control samples. All statistical analyses were 

performed using R, version 3.4.4 (R Core Team, 2018). 
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5.4.4 Results 

5.4.4.1 Mass of Water-Stable Seed-Soil Aggregates 

Following wet-sieving, the mass of water-stable myxospermous seed aggregates 

(MSA) was significantly greater than the positive and negative controls of non-

myxospermous seeds (NMSA) and soil only aggregates (SA) (df = 7, p < 0.001) (Fig. 

5.4.3). Aggregates in SA broke down more than in MSA, losing 71% of the initial soil 

mass after 3 seconds of sieving in water. However, NMSA lost 84% of soil, though it 

was not significantly different to SA (Fig. 5.4.3). The mass of soil retained in MSA 

ranged from 49 to 73% depending on species. However, pairwise comparisons 

between species did not reveal significant differences within the MSA treatment.  

 

Figure 5.4.3 Mean mass of seed-soil aggregates that remained following wet-sieving. SA represents the soil-only 
control treatment where aggregates did not contain seeds. Aggregates amended with myxospermous seeds 
(MSA) retained a greater mass of soil than aggregates without mucilage. Aggregates amended with non-
myxospermous seeds of Trifolium repens (NMSA) were the least stable in water but they were not significantly 
different to SA. Error bars are standard error. 
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5.4.4.2 SEM Observations of Stable Seed-Soil Aggregates 

Intact stable MSA were imaged using SEM to visualise the interactions between seed 

mucilage and soil particles. MSA of A. thaliana and C. bursa-pastoris were too small 

to be distinguished from the remaining stable soil following wet-sieving. Thus, only 

P. lanceolata, S. vulgaris, U. urens and V. arvensis aggregates were used. 

MSA containing P. lanceolata seeds had fewer soil particles attached to the seed 

surface, demonstrated by the sections of seed epidermis exposed (Fig. 5.4.4A and B). 

In instances where soil particles were attached, large mucilage sheaths could be seen 

enveloping particles (Fig. 5.4.4C-D). Mucilage shrinkage during desiccation was also 

observed (Fig. 5.4.4E-F). The structural morphology of mucilage adhering to soil was 

not visible from these samples.  

S. vulgaris MSA were thinly coated with soil particles (Fig. 5.4.5A) with sections of the 

epidermal surface (Fig. 5.4.5C) and truncated apex (Fig. 5.4.5D) often exposed. 

However, particles as large as 200 µm in diameter remained attached by insoluble 

mucilage following wet-sieving (Fig. 5.4.5B). Observations of the elongated 

columellae, responsible for cellulose fibril release, adhering to soil particles were 

rare, perhaps due to the columellae and fibril fragility (compare Fig. 5.4.5E with F). 
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Figure 5.4.4 Confocal (A) and SEM (B-F) images of Plantago lanceolata seed-soil aggregates. Following wet-
sieving, the remaining soil attached to the seed is a result of seed mucilage adhering soil particles to epidermal 
surface (A-B). Mucilage sheaths encased soil particles, binding them into a microaggregate (C-D). Evidence of 
dessication causing mucilage to shrink, creating a tight hold of particles around the seed (E-F). 
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Figure 5.4.5 Confocal (A) and SEM (B-F) images of Senecio vulgaris seed-soil aggregates following wet-sieving. In 
B, an array of soil particle sizes is adhered to the surface of the seed. Exposed sections of the epidermal surface 
(C) and truncated apex can be seen (D). E and F provide magnified sections of the seed surface to highlight the 
fragility of elongated columellae: E – broken columellae with little soil attached; F – intact columellae with 
conglomerate of soil particles attached to cellulose fibril. 
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Adhesion of soil particles obscured the epidermal surface of U. urens in the confocal 

images (Fig. 5.4.6A). However, Figure 5.4.6B illustrates that seed mucilage can 

penetrate through the soil matrix in multiple directions creating a centre for the 

aggregate (see arrow). Aggregate fragments where soil was subsequently detached 

from the MSA after wet-sieving were observed in SEM (Fig. 5.4.6C-D). This showed 

the ‘mucilage exclusive zone’ (section 4.3.2) that can occur between the seed surface 

and the attached particles (Fig. 5.4.6E-F). Relic vertical mucilage sheaths shown in 

Figure 5.4.7A and B are analogous to those in Fig. 5.4.6B. The adherence mechanism 

illustrated in Figure 5.4.7C and D shows a pectin sheath interspersed with cellulose 

fibrils anchoring soil particles.   

Where soil particles detached from V. arvensis MSA samples exposed the epidermal 

surface; revealing how soil particles were bound by mucilage bridges (Fig. 5.4.8). 

Similar to U. urens, a ‘mucilage exclusive zone’ existed between the seed surface and 

soil particles (Fig. 5.4.8E). Figure 5.4.8E and F demonstrate the morphology of 

mucilage adherence structures, whereby cellulose fibrils act as pillars within the 

pectin mucilage. The combination of pectin and cellulose forms the mucilage bridge 

between the seed and soil particles. Additionally, the uncovered epidermal surface 

also exposed the partially ruptured seed coat of V. arvensis seeds (Fig. 5.4.9A-B) and 

the underlying network of mucilage secreting cells which lie beneath the primary cell 

wall (Fig. 5.4.9C-D), consistent with Figure 3.5.8R. 
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Figure 5.4.6 The epidermal surface of Urtica urens seeds was not exposed in confocal images (A-B). A magnified 
image of a seed-soil aggregate shows mucilage sheath to have infiltrated through pore spaces within the 
aggregate (B), as shown by holographic reflective area (arrow). SEMs give greater detail over soil attachment to 
seed mucilage (C-F). Areas where soil has detached from the seed can be seen in C and D. Evidence of a mucilage 
exclusive zone between seed surface and particle attachment is provided in E and F. 
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Figure 5.4.7 SEMs of the exposed surface of U. urens seed where soil particles have detached following wet-
sieving (A). B shows relic vertical mucilage sheaths released from oval mucilage secreting cells. Evidence of the 
adherence mechanism whereby a pectin sheath interspersed with cellulose fibrils anchor soil particles is given in 
C and D. 
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Figure 5.4.8 Confocal (A) and SEM (B-F) images of Viola arvensis seed-soil aggregates following wet-sieving. The 
epidermal surface was exposed for many seeds (A-B) permitting the observation of the structure of mucilage 
adhering soil particles (E-F). A mucilage exclusive zone between the seed surface and soil particles was present 
(E), with cellulose fibrils providing the pillars inside the pectin bridges that are responsible for anchoring the soil 
particles, thus encasing the seed.  
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Figure 5.4.9 SEMs of Viola arvensis seed-soil aggregates (A-D). In instances where soil had detached from the 
aggregates, the uncovered epidermal surface of the seed exposed the underlying partially ruptured seed coat (A-
B), consistent with previous observations for this species (Fig. 3.5.8R). C and D show the underlying network of 
mucilage secreting cells beneath the primary cell wall.  

 

5.5 Discussion 

5.5.1 Water-Stable Aggregates 

During wet-sieving, seed-soil aggregates containing multiple mucilaginous seeds 

separated into three fractions: (1) material < 1 mm that passed through the sieves, 

(2) water-stable aggregates containing soil only (> 1 mm), and (3) water-stable seed-

soil aggregates with an individual seed at the centre of each aggregate. The seed 

centred aggregates larger than 1 mm diameter were 29-44% more stable than 

aggregates without seeds (SA) (Fig. 5.4.1). T. repens is a common spring cover crop 

used to suppress weeds and promote increased crop yields (Hively & Cox, 2001; Ross 

et al., 2001). However, this study demonstrates that aggregates containing T. repens 

seeds (that do not release mucilage) are less stable in water than aggregates without 

seeds causing a further 13% loss of soil. The presence of non-myxospermous seeds 

within the aggregates probably created defects within the soil matrix allowing 

fracturing to occur during rapid water uptake. However, when mucilaginous seeds 
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are present within the aggregates, the role of insoluble seed mucilage overcomes 

aggregate breakdown by bonding particles around the seed to form larger, more 

stable aggregates.  

Despite partial rupture of the seed coat during mucilage release (Fig. 5.4.9), 

aggregates with V. arvensis seeds were most stable, losing only 27% of the original 

sample after wet-sieving (Fig. 5.4.3). P. lanceolata was the largest seed (3.2 mm and 

1.4 mm length and width, section 3.3) yet aggregates lost 51% of the original sample 

(Fig. 5.4.3). Although the experiment was designed so that each mould of soil would 

receive approximately 1 mg of mucilage irrespective of species, this variation 

between V. arvensis and P. lanceolata may result from the difference in number of 

seeds required to produce 1 mg of mucilage (12 and 3 respectively, Table 5.4.1). 

Previous research has shown glass particles that are not in direct contact with seeds 

can be bonded together by water-soluble seed mucilage (section 4.3.1), and this may 

lead to connections between seed-soil aggregates. Therefore, the relative 

homogeneity of seed placement within soil containing a higher abundance of seeds 

may have enhanced soil stability by producing a consistent release of mucilage, 

creating a more homogenous mucilage distribution than in samples with low seed 

numbers. In soil with fewer seeds, mucilage release is restricted to a few locations 

and thus mucilage may not move freely through the soil matrix to stabilise the whole 

aggregate. This may also explain why three U. urens and four P. lanceolata aggregates 

broke when released from aggregate moulds (Table 5.5.1). Similarly, five samples 

with non-mucilaginous seeds of T. repens did not form aggregates following drying, 

and loose T. repens seeds were visible in other samples (Fig. 5.5.1).  
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Figure 5.5.1 Images of Trifolium repens seeds following wet-sieving (A) and broken aggregates with loose seeds 
following removal from aggregate moulds (B and C). 

 

Table 5.5.1 Number of replicates recorded as NA due to their fragility following removal from aggregate moulds. 
(N = 28). 

Species Number of NA reps 

A. thaliana 1 

C. bursa-pastoris 0 

P. lanceolata 4 

S. vulgaris 0 

U. urens 3 

V. arvensis 0 

Control (SA) 1 

T. repens (NMSA) 5 
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The wet-sieving experiment demonstrates that seed mucilage increases aggregate 

stability in soil surrounding myxospermous seeds by lessening soil detachment and 

slaking. Consequently, it may be hypothesised that the release of seed mucilage 

provides an important ecosystem service by protecting both seeds and soil from 

erosion during periods of intense rainfall. However, compositional and structural 

differences in seed mucilage between species (section 3.5) may influence a species 

ability to withstand erosion (Engelbrecht et al., 2014). Further research is required to 

ascertain the relative importance of different selection pressures, such as adaptions 

for germination and resilience to erosion, on the evolution of myxospermy. 

5.5.2 Seed-Soil Adherence Mechanisms 

In Chapter 4, glass beads were a model system and showed S. vulgaris seeds release 

cellulose fibrils from elongated columellae on the epidermal surface (section 4.3.2). 

The cellulose fibrils appear rope-like and the adherence mechanism differs from 

other myxospermous species (Fig. 3.4.6). In the wet-sieving experiment, evidence of 

rope-like fibrils was obscured by soil particles (Fig. 5.4.5) or fragile fibrils were 

damaged during wet-sieving. The complexity of particle sizes and mineralogy in the 

soil aggregates may have changed the adherence mechanism from those in the 

sterile homogenous environment of glass beads. 

Further evidence of a ‘mucilage exclusive zone’ observed in section 4.3.2 was found 

for both U. urens and V. arvensis, with space between the seed surface and soil 

particles filled exclusively by mucilage (Fig. 5.4.6 and 5.4.8). Seeds were dry when 

added to soil during the assembly of aggregates before wet-sieving, therefore this 

observation indicates that the force of mucilage release pushed soil particles 

outwards and removed direct contact between the seed surface and soil particles. By 

confining the insoluble mucilage, the ‘mucilage exclusive zone’ may act as a reservoir 

of water around the seed to aid germination. Additionally, added strength may be 

generated for adhering soil particles by concentrating insoluble mucilage in this way. 

Despite both U. urens and V. arvensis having oval-shaped mucilage secreting cells, 

the width of cellulose fibrils of U. urens are approximately double that of V. arvensis 

(section 3.5.2). However, MSA containing V. arvensis were more stable than U. urens, 
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suggesting that the adherence mechanism for V. arvensis with thinner fibrils is more 

effective for soil adhesion and stability in water.  

5.5.3 Comparisons with Other Biological Exudates 

Research on soil stability, aggregation and strength have focused on exudates 

released from roots and soil microorganisms (Tisdall & Oades, 1982; Traoré et al., 

2000; Peng et al., 2011; Tang et al., 2011; Tisdall et al., 2012; Naveed et al., 2017). 

Many studies have tested the effects of dextran and xanthan (bacterial 

exopolysaccharides), and polygalacturonic acid (PGA) as a biological mucilage model 

(Czarnes et al., 2000; Zhang et al., 2008; Barré & Hallett, 2009; Peng et al., 2011; 

Albalasmeh & Ghezzehei, 2014). More recently, seed mucilage has been utilised as a 

proxy exudate for root mucilage to model hydrological dynamics occurring at the 

root-soil interface (Benard et al., 2016, 2018; Naveed et al., 2017; Kroener et al., 

2018). However, comparisons between effects of seed mucilage and other biological 

exudates and their model substitutes on aggregate stability needs care due to 

different methodology and the units of measurement. Additionally, quantification of 

carbon input to soil from seed mucilage is not directly comparable to polysaccharides 

from other exudates due to the nature of seed mucilage distribution within the soil, 

as insoluble mucilage remains concentrated around the seed (section 3.5.2) (Deng et 

al., 2012).  

Di Marsico et al. (2018b) found an amendment of extracted Chia seed mucilage (2% 

w/w) to cause a 4.9-fold increase in aggregate stability of sandy-loam soils. Although 

amendments were greater than what would occur naturally in the field, this result 

gives an insight to the potential of mucilage-induced stability around patches of seed 

rain from parent plants. In their parallel study, Chia seed mucilage improved the 

sorption of herbicides, reducing their mobility within soils and preventing 

environmental contamination (Di Marsico et al., 2018a). The greater increase in soil 

stability by Chia seed mucilage than observed by the weed species in this study may 

have arisen due to the effects of extracted mucilage versus seeds in-situ. Aggregates 

containing T. repens seeds demonstrated how the presence of seeds within the 

aggregate structure may encourage areas of weakness, promoting breakdown during 

rapid water uptake. The presence of myxospermous seeds did overcome this issue, 
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however stability could potentially become enhanced further if extracted seed 

mucilage was added to aggregates in solution, as observed in tensile strength trial 6 

(Fig. 5.3.3). Future work should test the advantages and disadvantages (within and 

between species) of extracting mucilage over the presence of seeds for aggregate 

formation and stabilisation. However, while studying exudates in solution is useful, 

it omits the interaction between seed mucilage and the wider seedbank occurring 

natural soil environments.  

The physical properties of various biological exudates and the way they are released 

may affect soil stability differently and some polysaccharides may have greater or 

lesser effects on soil structure and aggregate formation. Experimental comparisons 

between seed mucilage and other biological exudates would determine which 

biological exudates cause the greatest stabilising functions for particular soil types 

and environmental conditions. This knowledge would lead to the implementation of 

a natural, environmentally friendly soil management solution to reduce soil erosion 

in degraded agroecosystems. Further research might explore methods for 

application of mucilage to soils and determine the necessary concentration 

thresholds. 

5.5.4 Transient Effects of Seed Mucilage in Soil  

Polysaccharides produced by microbes and plants are described as transient binding 

agents due to their rapid decomposition by microorganisms (Tisdall & Oades, 1982; 

Six et al., 2004; Tang et al., 2011). Information on the biodegradation of seed 

mucilage into CO2 and soluble sugars by soil microbes is limited to a study concerning 

the achenes of Aechmea sphaerocephala (X. Yang et al., 2012a), which resulted in 

enhanced germination and seedling growth in desert environments. An increase in 

soil microbial biomass was observed, demonstrating that seed mucilage can regulate 

microbial communities and biological processes. The longevity of stabilising effects 

by Chia seed mucilage and Maize root mucilage in soil has been observed for 30 and 

42 days, respectively, following their addition (Morel et al., 1987; Di Marsico et al., 

2018b). Therefore, the retention time of seed mucilage in soil and its associated 

stability may last throughout periods where bare soil is exposed to erosive forces 

prior to crop establishment. While bacteria and fungi provide aggregate stabilisation, 
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seed mucilage may act as a precursor binding agent. Future research is required to 

determine whether seed mucilage of specific plant species can suppress or 

encourage the colonisation of specific microbial communities that will further 

stabilise aggregates.   

5.6 Conclusions 

Polysaccharides derived from plant roots and microorganisms can adhere to soil 

particles to form interparticle bridges, creating water-stable aggregates. However, 

evidence of seed mucilage providing an aggregating agent for soil stabilisation and 

strength with seeds in-situ was previously overlooked.  

Methods for creating consistent seed-soil aggregates were developed to allow 

repeatable tests of tensile strength to occur. Six trials were conducted to better 

understand the seed-soil variables involved under a controlled environment, and 

preliminary data were generated. However, results of trials with in-situ seeds were 

highly variable, necessitating further method development. While aggregates 

formed with a mucilage-water dispersion obtained promising values of tensile 

strength, it was stressed that a focus towards understanding the interactions 

between seeds and their mucilage with the wider seedbank is more indicative of 

what would occur naturally in the field.  

Seed mucilage from six common myxospermous weeds were shown to increase soil 

aggregate stability in water when compared with soil aggregates without seeds, and 

with non-myxospermous seeds of T. repens. Aggregates with T. repens were less 

stable than aggregates without seeds, demonstrating that the presence of non-

mucilaginous seeds caused fracturing to occur from rapid water uptake during wet-

sieving, triggering aggregate breakdown. However, mucilaginous seeds were able to 

overcome slaking by bonding particles around seeds to form larger, stable 

aggregates.  

SEM revealed further evidence extending the knowledge of the biophysical 

adherence mechanisms creating interparticle bonds between seed-particle and 

particle-particle. This study indicates that seed mucilage provides ecosystem services 
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by increasing aggregate stability in soil and decreasing soil detachment that may be 

critical during erosive runoff in agroecosystems. Future work should include 

microbial interactions to ascertain whether seed mucilage promotes or suppresses 

specific communities that may play vital functional roles within soil ecosystems. 

Additionally, comparisons of stabilising effects of seed mucilage with seeds in-situ 

versus extracted mucilage, and with other biological exudates would lead to a better 

understanding of the specific roles of transient polysaccharides in aggregate 

formation. Determining which combination of biological exudates generate the 

greatest soil stability can lead to the implementation of natural soil management 

solutions to reduce soil erosion in degraded, vulnerable agroecosystems.  

 

 

 

 

 

 

 

  

 

 



172 
 

 
 

Chapter 6. Vertical Distribution of Arable Seedbanks 

and their Functional Traits Following a 

Long-term Tillage Trial 

6.1 Introduction 

Over the last 50 years, changes in farm management and cultivation intensity have 

rapidly decreased seedbank diversity. Consequently, resource provision for multiple 

higher trophic groups such as farmland birds (Gibbons et al., 2006) and invertebrates 

(Bohan et al., 2007) is threatened (Hawes et al., 2003). The sensitivity of weed 

seedbanks to changes in cultivation makes them an effective indicator of farmland 

biodiversity illustrating differences between organic and conventional farms (Fuller 

et al., 2005; Gibson et al., 2007; Hawes et al., 2010) and the effects of specific types 

of weed management (Hawes et al., 2003; Heard et al., 2003; Squire et al., 2003). 

Tillage is a weed management tool due to its influence on vertical weed seed 

distribution in arable soils and burying growing weeds (Cousens & Moss, 1990). The 

vertical distribution of weed seeds in a soil profile regulates the germination, 

emergence, and survival of weeds (Mohler, 1993; Mohler et al., 2006). Inversion 

tillage, such as conventional plough (plough depth of 20 cm, CP) and deep plough 

(plough depth of 40 cm, DP), are thought to be more effective for weed control than 

non-inversion tillage. CP and DP not only kill growing plants but also bury seeds at 

depths that inhibit successful germination and establishment due to a lack of light 

and temperature alternation (Lutman et al., 2002; Douglas & Peltzer, 2004; Morris et 

al., 2010). However, frequent, intensive ploughing can degrade soil, inducing 

compaction, erosion, and losses of organic carbon (Kettler et al., 2000; Sun et al., 

2011) ultimately diminishing agricultural productivity, sustainability and soil quality 

(Lal et al., 2007). Therefore, there is an urgent need to find sustainable systems that 

will enhance food production and arable biodiversity.  

To replace intensive, conventional management, reduced and non-inversion tillage 

practices have become increasingly prominent due to the variety of herbicides 

treatments available for weed control in the absence of soil cultivation (Reicosky & 
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Allmaras, 2003). No-Till (NT) allows soil to remain undisturbed from harvest to 

planting, with the only exception occurring during direct drilling of seed and fertiliser 

input (Reicosky & Allmaras, 2003; Morris et al., 2010). While NT provides multiple 

benefits to soil and belowground biodiversity, and improves overall environmental 

quality (Nakamoto et al., 2006; Morris et al., 2010; Carr et al., 2013), there are still 

significant challenges for weed control due to widespread increased resistance to 

herbicides (Dauer et al., 2009; Renton & Flower, 2015). Seed rain tends to remain on 

the soil surface creating high germination rates for some weed species (Benvenuti, 

2003), causing seedbanks to be relatively short-lived. Few species are able to self-

bury their seeds or fall into soil cracks (Chambers & MacMahon, 1994), due to seed 

weight and seed coat characteristics (Benvenuti, 2007b). Therefore, exposed seeds 

on the soil surface rely on rainfall to redistribute soil particles to cause their burial.  

As the spatial distribution of seedbanks can depend on the type and depth of tillage 

(Cousens & Moss, 1990; Mohler et al., 2006), long-term experiments are vital to 

understanding ecosystem functioning and response to disturbance. However, there 

have been few studies on the value of intermittent (or periodic, strategic) inversion 

tillage in conjunction with reduced tillage as a weed management tool. Intermittent 

ploughing of NT has caused soil quality benefits from NT to be retained and improved 

overall agronomic productivity (Rincon-Florez et al., 2016) by controlling winter 

annual grasses (Kettler et al., 2000). Renton and Flower (2015) found an occasional 

mould-board plough every 4-8 years to delay the advancement of resistance, 

reducing the required success of seed burial by tillage to circumvent germination and 

induce dormancy, as well as reduce the need to apply vast quantities of herbicides.  

Reduced tillage can change species composition, density, and distribution, resulting 

in different ecological responses between conventional and conservation tillage 

practices (Chauhan et al., 2006; Bajwa, 2014). Furthermore, crop and herbicide 

management changes with crop type, driving crop-specific weed communities and 

lead to compositional changes in other wildlife groups, e.g. invertebrates (Smith et 

al., 2008). The intensification of conventional practices has stimulated research into 

the rapid decrease of weed diversity and composition for aboveground flora, but the 

effects on the seedbank are less understood (Rotchés-Ribalta et al., 2017). The 
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presence of specific seedbank functional groups within fields, such as those 

containing myxospermous species, may alter agroecosystems to such an extent 

where local soil biogeochemistry and regional-landscape scale ecology is affected. If 

myxospermous seeds were predominantly found on the soil surface, their positive 

effect on aggregate stability (section 5.4) may limit the risks of soil erosion in 

tramlines (Lewis et al., 2013), rather than if they buried at the plough depth. 

However, the vertical distribution of myxospermous seeds created by tillage regimes 

or associations with specific crop-types has not previously been described. 

This chapter centres on an important long-term tillage trial at The James Hutton 

Institute, Invergowrie, Scotland (56.4548N, -3.0820W) which has previously 

examined the effects of tillage regimes on winter and spring barley cultivars (Newton 

et al., 2012), microbial biomass, soil carbon and nitrogen (Sun et al., 2011, 2014), 

nitrous oxides (Ball et al., 2014) and phosphorus use efficiency and rhizosheath 

production (George et al., 2011, 2014). Over consecutive years (2014-15), the impact 

of long-term NT on the vertical distribution and composition of the weed seedbank, 

relative to soil disturbance of CP and DP, and how these properties were altered 

following a single season of ploughing (cNT) was investigated. Additionally, it was 

hypothesised that crop-specific weed associations and functional group distributions 

may have arisen after 11 years of continuous winter and spring barley cropping. From 

this analysis, perspective on the rarity and role of myxospermous species within the 

wider seedbank community and the implications for soil properties is discussed. 

6.2 Methods 

6.2.1 Field Site 

During spring 2003, the Mid-Pilmore experimental field (The James Hutton Institute, 

Invergowrie (56.4548N, -3.0820W) was ploughed to 20 cm with a mouldboard 

plough, followed by disking and then sown with a spring barely monoculture 

(Hordeum vulgare, c.v Optic) to reduce in-field variability in subsequent years. In 

autumn of the same year, 15 tillage experimental plots (33 x 33 m) were established 

with five intensities of soil disturbance: No-Till (NT) with direct seed drilling; 

minimum tillage to 7 cm by disc before seed drilling; Conventional Plough (CP) to 20 
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cm with a mouldboard plough followed by disking; Deep Plough (DP) to 40 cm 

followed by disking; and a compaction treatment ploughed to 20 cm followed by 

wheeling over the plot with a Massey Ferguson 6270 tractor fitted with 16.9R-38 rear 

tyres (8.8 Mg total load, 2.9 Mg wheel load and 110 kPa contact pressure). Over three 

columns, each tillage treatment was replicated over three plots, each halved into 

crop split-plots (16.5 x 33 m) and planted with winter and spring barley varieties 

(Hordeum vulgare L.) (Fig. 6.2.1). Plots were separated by 3 m wide strips sown with 

grass seed after the sowing of the first barley trial. A timeline of soil sampling in the 

autumn of 2014 and 2015 in relation to sowing and harvesting is shown in Table 6.2.1. 

Previous use of this field site has examined an array of effects from differential tillage 

regimes on winter and spring barley cultivars (Newton et al., 2012), phosphorus use 

efficiency and rhizosheath production (George et al., 2011, 2014), microbial biomass, 

soil carbon and nitrogen (Sun et al., 2011, 2014) and nitrous oxides (Ball et al., 2014).  

The soil is typical of arable soil of the region and characterised as a Dystric-Fluvic 

Cambisol (World Reference Base classification, IUSS Working Group WRB, 2015) with 

a sandy loam texture. Underlain by colluvial sand at a depth of 60 cm, it has a pH of 

5.7 and is freely draining. For analysis of particle soil distribution, see section 2.3.1. 

6.2.2 Soil Sampling  

As described in section 2.2.1, soil sampling was conducted in October 2014 (Year 1, 

(Y1)). Three soil samples were taken at four depth intervals (0-4, 4-8, 8-16 and 16-32 

cm, ~1 kg) from random locations in each split-plot of spring and winter barley across 

three plots of NT, CP, and DP tillage treatments, providing 216 soil samples in total. 

The minimum tillage and compaction treatment were not sampled, as only NT, CP 

and DP provided two extremes (NT to DP) and a middle (CP) plough depth for 

assessing seedbank vertical distribution. In Year 2 (Y2, October 2015), NT plots were 

converted to DP. Weather conditions in October delayed harvest, ploughing, sowing 

and subsequent soil sampling until early November. Sampling was repeated as before 

in CP, DP and the newly ploughed cNT plots over four days in a two-week period.  
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Figure 6.2.1 Diagram of the Mid-Pilmore split-plot field trial design with three tillage treatments and two crop 
types: W = winter barley, S = spring barley. Three soil samples were taken from each crop subplot, at four depth 
intervals: (0-4, 4-8, 8-16 and 16-32 cm, ~1 kg). 
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6.2.3 Quantifying the Seedbank 

Soil samples collected in Year 1 (Y1) were halved to compare two seedbank analysis 

methods (Chapter 2), and the combination of emergence followed by extraction 

methods was found to be the most effective approach to obtaining a reliable 

estimate of seedbank density and composition. However, as Y1 samples were 

discarded prior to the completion of the statistical analysis, extracting seed from the 

remaining emergence samples could not occur. For that reason, in Y2, only the 

emergence method was applied as its low maintenance permitted other research to 

be conducted simultaneously. Only the results of the emergence method in Y1 are 

presented in this chapter and full details of the protocol applied are given in section 

2.2.2. 

In Y2, cold storage was omitted prior to sieving due to time constraints, thus samples 

were air dried and sieved directly into the glasshouse as near to collection as possible. 

Unlike Y1, heated glasshouses were used throughout all three flushes in Y2 (heating 

and lighting during 04:00 – 20:00; light threshold 150 Wm-2; day temp 18°C, night 

temp 15°C). The emergence method was repeated as before (section 2.2.3). 

 

Table 6.2.1 Timeline of field trial management and sampling for winter and spring barley plots during 2014-
2015. 

Winter Barley 
 

Spring Barley 

Harvested Aug 2014  Cultivated and Sown Mar 2014 

Cultivated and Sown Sep 2014  
Harvested  

(stubble over Winter) 
Aug 2014 

Seedbank Sampling Oct 2014  Seedbank Sampling Oct 2014 

Harvested  Oct 2015  Cultivated and Sown Mar 2015 

No-Till Ploughed Oct 2015  
Harvested  

(stubble over Winter) 
Oct 2015 

Cultivated and Sown Nov 2015  No-Till Ploughed Oct 2015 

Seedbank Sampling Nov 2015  Seedbank Sampling Nov 2015 
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6.2.4 Statistical Analysis 

For reasons outlined in section 6.3.1, data for Y1 and Y2 were not statistically 

comparable and were consequently analysed separately. All statistical analyses were 

performed using R, version 3.4.4 (R Core Team, 2018) unless stated otherwise.  

6.2.4.1 Seedbank Density 

Counts of seedlings were converted to the number of seeds per 500 g of soil to 

generate the “seedbank density”. An Analysis of Variance (ANOVA) was used to test 

for differences in seed density (seeds per 500 g of soil) between tillage treatment 

(NT, CP and DP), crop type (spring and winter barley) and soil depth (0-4, 4-8, 8-16 

and 16-32 cm). These main effects were also included as interaction terms in the 

ANOVA model structure. The field column number was added as a random co-variate 

to include any spatial heterogeneity across the Mid-Pilmore site. Graphical residual 

analysis was conducted to check the normality of residuals and insignificant model 

parameters were removed accordingly. Tukey’s Honest Significance Distance (HSD) 

analysis was performed to determine pairwise comparisons of mean seed density 

within treatments and their interactions. 

6.2.4.2 Seedbank Composition 

The density of each species is defined as the number of species present across the 

entire site, irrespective of tillage, crop type and soil depth. Species density was 

tabulated to illustrate the dominance of particular species. The aggregated mean 

density of monocots and dicots was quantified for each tillage and crop type 

combination, irrespective of depth.  

The number of species observed across the triplicate soil samples was combined for 

each of the three subplots per tillage and crop type treatment to obtain the overall 

subplot species richness (S). A Generalised Linear Mixed Model (GLMM) with an 

identity link function and a Poisson error distribution was used to test for differences 

in species richness between all main effects of tillage, crop type and soil depth and 

their interaction. The field column number was added as a random effect. 

Insignificant effects and interactions were removed from the model, and a graphical 
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residual analysis was conducted to check the normality of residuals from the 

minimum sufficient model with only significant effects remaining.  

Species diversity and evenness for each tillage treatment, crop type and soil depth 

were used to assess the effects of management on the distribution of community 

diversity. Using subplot species richness, community diversity was calculated using 

the Shannon-Weiner index (H) and equitability indices (E), 

 
𝐻 = − ∑(𝑃𝑖(𝑙𝑛𝑃𝑖)) (7) 

 

𝐸 =
𝐻

𝐻𝑚𝑎𝑥
 (8) 

 

where 𝑃𝑖  is the proportion of each species in the sample and Hmax is the natural log 

of the total number of species (Magurran, 1988). High H values illustrate a diverse 

community with high species richness, whereas low H values portray low species 

richness with a few dominant species. E values occur between 0 and 1, with 1 

indicating a completely evenly distributed community. As sampling effort in each 

treatment was identical, no standardisation for sample size was required.  

6.2.4.3 Functional Groups 

Identified species were categorised by five plant traits (cotyledons, annuality, timing 

of germination, plant height and flowering time) and two seed traits (seed size and 

myxospermous ability) creating 23 functional groups (Fig. 6.2.2). As outlined in 

Hawes et al. (2009), these categories are important as they affect plant growth, 

timing of seed rain, competition with the crop and resource availability to higher 

trophic groups, e.g. insect herbivores. The information for each category was derived 

from the ecoflora database (http://www.ecoflora.co.uk) and personal observation. 

As suggested in section 2.3.3.1, the abundance of Poa annua, Poa trivialis and an 

unidentified grass species were combined to a single Poa species and functional 

group (FG) due to visual similarity when seedlings. Similarly, Tripleurospermum sp. 

and Matricaria sp. were also amalgamated. These manipulations also applied to seed 

density and composition analysis above. 

http://www.ecoflora.co.uk)/


180 
 

 
 

FGs were analysed in two forms: (1) combined seed density of each species and (2) 

presence and absence (binomial, 1 or 0) of each species. Presence/absence data 

were used to eliminate density driven effects that may arise in particular soil depths, 

crop types and tillage treatment (e.g. surface samples from spring barley in NT plots). 

Canonical Variates Analysis (CVA) (Gardner et al., 2006) was used to identify 

differences in FGs abundance and presence/absence between tillage, crop type and 

soil depth treatments. This analysis and graphical output was generated using 

Genstat 18th edition (VSN International, 2015). Additionally, mean proportions (of 

total sample seed density) of FGs per soil depth interval for each crop type and tillage 

combination in both sampling years were generated and illustrated in Appendix B. 

6.2.4.4 Myxospermous Species 

Total abundance of myxospermous and non-myxospermous species per subplot 

were compiled (similar to compilations for species richness) to show the ratio of their 

presence across tillage and crop type treatment combinations in both sampling 

years. Additionally, the total abundance of myxospermous species across the entire 

field site was quantified for both sampling years, irrespective of treatments, to show 

the prevalence of particular species.  
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Figure 6.2.2 Decision tree of functional group classification based on seven categories: myxospermy, cotyledons, annuality, time of germination, height in relation to the crop canopy, time of 
flowering and seed size. Flowering time: early = occurs in months January to April, late = occurs in months May to October. Height: below canopy = < 50 cm, in canopy = 50-80 cm. above 
canopy = > 80 cm. Seed size: small (S) = < 1 mm, medium (M) = 1-3 mm, large (L) = > 3 mm. Note that group 22 and 23 are separated by annuality but were counted together due to seedling 
resemblance.
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6.3  Results and Discussion 

6.3.1 Inconsistencies in Trial Management and Sampling 

As soil samples collected in Y1 were halved to analyse two seedbank quantification 

methods (Chapter 2), the mean soil mass utilised for emergence was 538.2 g. In Y2, 

only the emergence method was applied, and the mean soil mass of samples was 

1407.6 g. The increase in sample soil mass led to unforeseen issues that caused seed 

densities between Y1 and Y2 to be statistically incomparable. As the counts of 

observed seedlings were converted into the number of seeds per 500 g of soil, seed 

densities in Y2 may have suffered from sample saturation by having a greater initial 

soil mass, creating a lower value of seed density per gram of soil. However, it is 

unclear how much of this decrease is due to the conversion of NT to cNT with a deep 

plough, as a drastic decrease in dicot abundance was also observed across all tillage 

treatments and crop types. 

The history of herbicide applications during the long-term trial were reviewed 

(Appendix C) and several anomalies occurred between 2013 and 2015. In the autumn 

of 2013, one year prior to this study, additional treatments of Glyphosphate (360 

g/L), Diquat (200 g/L) and Tralkoxydim (400 g/L) were applied which would have 

severely impacted seed input into the seedbank. However, this would not necessarily 

be detectable in Y1 data. In 2013, the herbicide-treated fraction of seeds on the soil 

surface were buried by ploughing. The plants responsible for seed input at the 

surface during the 2013-14 season were not excessively treated in 2012, therefore 

seed input during 2013-14 is assumed to be normal. However, when ploughed in 

2014, the previously treated fraction has now surfaced, causing lower plant cover 

during the 2014-2015 season and subsequently lower seed input into the seedbank. 

Further additional applications of Fluroxpyr (200 g/L), Glyphosate (360 g/L) and 

Mecoprop-P (600 g/L) occurred pre and post-sampling in 2014, reducing plant cover 

and seed input, culminating in a considerably lower seedbank observed in 2015.  
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Table 6.3.1 Comparison between the timings of herbicide applications in Year 1 and 2 of soil sampling. In Year 2, 
soil sampling occurred much later after herbicide application.  

 Winter Barley Spring Barley 

 
Active 
Ingredient 

Concentration 
(g/L) 

Days  
Prior to 
Sampling 

Active 
Ingredient 

Concentration 
(g/L) 

Days 
Prior to 
Sampling 

Year 
1 

Diflufenican 
& Flufenacet 

100 
400 

1 
Glyphosphate 360 17 

Glyphosphate 360 17 

Year 
2 

Diflufenican 
& Flufenacet 

100 
400 

35,  
25  

(No-Till) 
Glyphosphate 360 

68,  
57  

(No-Till) 
Glyphosphate 360 

68,  
57  

(No-Till) 

 

As a result of a poor summer followed by a wet August and September, harvesting of 

the field trial was delayed by four weeks in Y2. Ploughing of cNT plots occurred 

October 12th, 2015, but ploughing of CP and DP winter barley did not occur until 

November 1st (Table 6.2.1). This gave rise to another inconsistency between sampling 

years due to the timing between pre-ploughing herbicide applications and soil 

sampling (Table 6.3.1). Throughout all years of the field trial, Glyphosphate was 

consistently applied as a desiccant herbicide prior to harvesting. Diflufenican and 

Flufenacet was also consistently applied as a “weed seal” herbicide tackling pre-

emergent weeds prior to ploughing and sowing of winter barley subplots. In 2015, 

these treatments were applied as expected, but before knowledge of poor upcoming 

weather conditions that would inevitably delay harvesting, ploughing and soil 

sampling. Therefore, the number of days between herbicide treatments and soil 

sampling in Y2 was greater than in Y1, which may have led to a decrease in viable 

seed remaining at the surface of both winter and spring barley subplots.  

This outcome meant that sampling years had to be statistically analysed separately. 

Nevertheless, patterns in both years aligned with the main effects of tillage, crop type 

and soil depth treatments for seedbank density, composition and functional group 

analysis.  
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6.3.2 Seedbank Density 

6.3.2.1 Year 1 

An ANOVA found tillage and crop type (df = 2, P = < 0.001), tillage and depth (df = 6, 

P = < 0.001), and crop type and depth (df = 3, P = 0.02) to affect seed density. Tukey’s 

HSD demonstrated that only specific levels within the two-way interactions were 

driving the overall significance of the model. The impact of NT, particularly in surface 

soil samples (0-4 cm) in spring barley, was the most influential factor with seed 

density decreasing with depth (Fig. 6.3.1). For the tillage treatment (df = 2, P = < 

0.001), seed density in NT was significantly higher than in CP and DP, whereas CP and 

DP were not significantly different to each other despite different plough depths. For 

the tillage and crop type interaction, only NT spring barley plots caused the 

significance. Although not disturbed for 11 years, the density of seeds in NT winter 

barley subplots was not significantly different to CP and DP treatments. For the tillage 

and depth interaction, significance was also driven by the surface samples in NT being 

different from all other pairwise combinations, including other depth categories 

within NT. Remaining depths and tillage combinations were not significantly different 

(Fig. 6.3.1).  Lastly, the crop and depth interaction was highly influenced by surface 

soil samples in spring barley plots, particularly in NT. The lack of interactions between 

CP and DP resulted in a non-significant three-way interaction between all main 

effects.  
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Figure 6.3.1 Distribution of seed density with soil depth (per 500 g of soil) for Year 1 (N=9). Dotted lines show 
sampling depths. In NT, soil density decreases with depth. Despite different plough depths, seedbank density in 
CP and DP (regardless of crop type) were similar and well mixed vertically throughout the soil profile as a result 
of regular ploughing during the long-term trial. Note the axis scales differ between graphs. Error bars are 
standard error. 
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6.3.2.2 Year 2 

In Y2 of this study, a single ploughing event caused cNT to immediately reflect a DP 

system in terms of vertical seed density distribution after 11 years of no tillage. cNT 

seed density decreased by an average of 82%, and 99% of seed was lost from the soil 

surface (Fig. 6.3.2). An ANOVA showed a significant effect of crop type on total seed 

density (df = 1, P = 0.01) and significant interaction between tillage and depth (df = 

6, P = 0.001). Tukey’s HSD analysis of pairwise combinations between factor levels 

showed very few combinations to be significant. Unlike Y1, seed density was 

significantly greater in CP compared to DP (df = 2, P = < 0.001). However, cNT seed 

density was no longer significantly different to DP but was significantly lower than 

CP. This change in effect between Y1 and Y2 illustrates how one ploughing event can 

return the distribution of the seed in NT plots back to that typical of frequently 

ploughed systems. Similarly for the tillage and depth interaction, very few 

combinations were statistically significant thus demonstrating greater similarity to 

CP and DP distributions. The density of seed in the surface samples of cNT was still 

different to some soil depths in CP and DP (Fig. 6.3.2), but markedly less so than in 

Y1 (note change in axes, Fig. 6.3.1). Surface samples (that contained previously 

buried seed) were still significantly different from samples at the lowest depth of 16-

32 cm in cNT (Tukey HSD, P = 0.025), demonstrating the effect of inverting the seed 

distribution by ploughing. 
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Figure 6.3.2 Distribution of seed density with soil depth (per 500 g of soil) for Year 2 (N=9). Dotted lines show 
sampling depths. cNT treatment shows inversion of NT distribution from Year 1 due to ploughing. Seed density 
distribution of all three tillage treatments are well mixed. Note the axis scales differ between graphs. Error bars 
are standard error. 
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6.3.3 Seedbank Composition 

Overall, seed density was lower in Y2 resulting in differences in species relative 

abundance in the seedbank community. Ploughing of NT to cNT suppressed 

germination of freshly shed grass seed by burial (Lutman et al., 2002), causing a 

decrease of 89% of Poa sp. (Table 6.3.2). The burial of grasses would not only remove 

competition with the crop but also the dicot fraction of the community. A total of 35 

and 33 species were observed in Y1 and Y2 respectively. However, some species were 

present in only one year. Aesthusa cynapium, Arabidopsis thaliana, Bromus Sterilis, 

Gnaphalium uliginosum, Plantago major, Sonchus asper and Trifolium repens were 

present only in Y1. Cirisium arvense, Cardamine hisuta, Sonchus arvensis, Leycestria 

sp. and Brassica sp. were present only in Y2. Brassica sp. was present only in cNT, 

indicating that ploughing had brought seed of this species to the surface which was 

still viable after 11 years of burial. 

Table 6.3.2 Top 15 most abundant species across the entire site. Density is given as the total number of seeds 
observed in the experiment and also as seed density per 500 g of soil tested. 

Year 1 Year 2 

  
Species 

Seed 
Number 

Seed 
Density 

Species 
Seed 

Number 
Seed 

Density 

1 Poa sp. 5393 23.195 Poa sp. 1450 2.384 

2 Hordeum vulgare 291 1.252 Hordeum vulgare 188 0.309 

3 Galium aparine 286 1.230 Matricaria sp. 169 0.278 

4 Matricaria sp. 278 1.196 
Capsella  
bursa-pastoris 

126 0.207 

5 
Capsella  
bursa-pastoris 

152 0.654 Fumaria officinalis 120 0.197 

6 
Polygonum 
aviculare 

150 0.645 Epilobium sp. 71 0.117 

7 Epilobium sp. 148 0.637 Viola arvensis 63 0.104 

8 Viola arvensis 63 0.271 Senecio vulgaris 61 0.100 

9 Fumaria officinalis 58 0.249 Galium aparine 48 0.079 

10 
Gnaphalium 
uliginosum 

37 0.159 Solanum tuberosum 41 0.067 

11 Senecio vulgaris 35 0.151 Polygonum aviculare 31 0.051 

12 Trifolium repens 35 0.151 Chenopodium album 23 0.038 

13 Atriplex patula 31 0.133 Atriplex patula 15 0.025 

14 
Fallopia 
convolvulus 

26 0.112 Veronica arvensis 15 0.025 

15 
Solanum 
tuberosum 

23 0.099 Myosotis arvensis 13 0.021 
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While occasional or strategic tillage is an increasingly important weed management 

strategy, few field studies have investigated the effects of an occasional mould-board 

plough in a NT system as a weed control method, or the short/long-term impacts on 

soil quality and organic matter (Douglas & Peltzer, 2004; Renton & Flower, 2015; 

Dang et al., 2018). Kettler et al. (2000) found weed abundance to have decreased by 

91-97% two years after ploughing, and in year three, Brome grass abundance was 

still 41% lower. In this study, Brome was no longer observed in Y2 likely as a result of 

burial by ploughing.

6.3.3.1 Monocots and Dicots 

When comparing monocots and dicots between Y1 and Y2, the change in seed 

density for NT and cNT between years is very apparent (Fig. 6.3.3A). However, seed 

densities in CP and DP were also decreased in Y2 (Fig. 6.3.3B-C). 

The greatest density of monocots occurred at the surface of spring barley subplots in 

NT (403.6 seeds per 500 g of soil) and decreased with depth (11.17 seeds per 500 g 

of soil at 16-32 cm). The large standard error for NT spring barley in Fig.6.3.3A is due 

to this disparity in seed density with soil depth. The large abundance of monocots 

may have suppressed dicots at the soil surface. In comparison, monocot numbers in 

NT winter barley were extremely low (Fig. 6.3.3A) compared to spring barley.  

In CP, monocot densities were always greater than dicot in both crop types and 

sampling years (Fig. 6.3.3B). A similar pattern occurred in DP, with the exception of 

winter barley in Y1 where monocot-dicot abundances are alike (Fig. 6.3.3C).  
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Figure 6.3.3 Monocot and dicot seed density (per 500 g of soil) for winter and spring barley in years 1 and 2. A – 
No-Till treatment. B – Conventional plough tillage treatment. C – Deep plough tillage treatment. Note the axis 
scales differ between graphs. Error bars are standard error (N=9). 
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6.3.3.2 Species Richness and Diversity 

In comparison to conventional management, a greater density, species richness and 

diversity of arable weeds is more likely to be found in organic farms and NT systems 

(Hyvönen et al., 2003; Fuller et al., 2005). However, in Y1 of this study, the surface 

composition of NT spring barley subplots was dominated by an accumulation of 

monocots such as Poa sp. and Brome, creating low diversity and species richness. 

However, a GLMM found no effects of tillage, crop type or soil depth and their 

interactions on species richness in either year of sampling (Fig. 6.3.4).  

The average subplot diversity (H), irrespective of depth, for CP and DP was found to 

be 1.11 and 1.56 respectively, similar to the national average of 1.2 for CP local-scale 

diversity (Hawes et al., 2010). Mean H and evenness (E) scores for each subplot at all 

four soil depths are given in Figure 6.3.5. In Y1, the highest recorded diversity and 

evenness occurred in NT winter barley at 8-16 cm soil depth (H = 1.79, E = 0.86 

respectively). Following inversion, surface soil samples in cNT winter barley had the 

highest diversity (H = 1.62) and evenness (E = 0.88) in Y2 and is likely remnant of the 

diversity observed at 8-16 cm in Y1. The lowest diversity (H = 0.47) and evenness (E 

= 0.23) also occurred in NT, but at the surface of spring barley subplots due to the 

dominance of monocots in Y1. However, in Y2, surface of spring barley in cNT 

improved to a diversity score of 1.54 and an evenness score of 0.81. The lowest 

diversity and evenness in Y2 occurred at 8-16 cm depth in spring barley in CP-treated 

plots. 
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Figure 6.3.4 Mean species richness with soil depth (cm) for each tillage and crop type treatment in Year 1 and Year 2 (subplot level, N=3). NT = No-Till, CP = Conventional Plough, DP 
= Deep Plough, cNT = converted No-Till. Dotted lines show sampling depths. Note the axis scales differ between graphs. Error bars are standard error.
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Figure 6.3.5 Mean Shannon-Wiener index values for diversity and evenness from spring and winter barley 
subplots in Year 1 (A) and Year 2 (B). NT = No-Till, CP = Conventional Plough, DP = Deep Plough, cNT = converted 
No-Till. Error bars are standard error (N=3). 
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6.3.4 Functional Groups 

Before this study, analysis of UK arable weed FGs was based on plant traits only 

(Hawes et al., 2010; Gunton et al., 2011). Seed traits are rarely considered. Albrecht 

and Auerswald (2009) classified German arable species based on seed longevity and 

shape to test their relationship with land use changes between organic, reduced 

tillage and set-aside management. Here, species were reassigned into groupings (Fig. 

6.2.2) that incorporated both plant and seed traits. FGs 1-5 are myxospermous and, 

in addition to plant traits, are categorised together based on myxospermy and its 

characteristics (mucilage secreting cell structure and presence of columellae, Table 

3.5.1). A list of species assigned to 22 FGs is given in Table 6.3.3. Therefore, this is the 

only study to date which has assessed the spatial distribution of arable weeds based 

on a combined classification of functional traits, including myxospermy. Euphorbia 

helioscopia (FG 12) was not included as a myxospermous FG due to ambiguity over 

whether it is a mucilage secreting species (section 2.4.2.2). FGs 21-22 are monocots 

while the remaining FGs are dicots. FG 20 is the largest with seven species. It is 

important to note that most FGs only have one or two species attributed to them, 

and if they were to be lost from the seedbank, so too would their associated function. 
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Table 6.3.3 Species attributed to Functional Groups (FGs) based on plant and seed characteristics defined in 
Figure 6.2.2. Note that here Poa annua and Poa trivialis are combined in FG 22. 

FGs Species Common Name 

1 
Arabidopsis thaliana Thale Cress 

Capsella bursa-pastoris Shepherd's purse 

2 
Senecio vulgaris Common Groundsel 

Veronica arvensis Wall Speedwell 

3 
Urtica urens Small Nettle 

Viola arvensis Field Pansy 

4 Cardamine hisuta  Hairy Bittercress 

5 Plantago major Greater Plantain 

6 Gnaphalium uliginosum Marsh Cudweed 

7 Solanum tuberosum Potato 

8 Papaver rhoeas Common Poppy 

9 
Brassica sp. -  

Chenopodium album Fat Hen 

10 
Atriplex patula Common Orache 

Fumaria officinalis Common Fumitory 

11 Polygonum aviculare Knotgrass 

12 Euphorbia helioscopia Sun Spurge 

13 Cerastium fontanum Common Mouse-ear 

14 

Lamium purpureum Red Dead-nettle 

Stellaria media Common Chickweed 

Veronica persica Common Field-speedwell 

15 Matricaria sp. Pineapple weed 

16 
Myosotis arvensis Field Forget-me-not 

Veronica hederifolia Ivy-leaved Speedwell 

17 Sonchus oleraceus Smooth Sow-thistle 

18 

Aethusa cynapium Fool's Parsley 

Sonchus asper Prickly Sow-thistle 

Spergula arvensis Corn Spurrey 

19 
Fallopia convolvulus Black-bindweed 

Galium aparine Common Cleavers 

20 

Cirsium arvense Creeping Thistle 

Epilobium sp. Willowherb 

Leycestria Formosa Himalayan Honeysuckle 

Rubus fruticosus Bramble 

Sonchus arvensis Perennial Sow-thistle 

Taraxacum officinalis Dandelion 

Trifolium repens White Clover 

21 
Bromus sterilis Barren Brome 

Hordeum vulgare Six-rowed Barley 

22 
Poa Annua 
Poa Trivialis 

Annual Meadow-grass 
Rough Meadow-grass 
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For Y1, Canonical Variates Analysis (CVA) on tillage type confirms the trends detected 

from the ANOVA on seedbank density described above, indicating a separation of 

seedbank communities in NT from those in CP and DP treatments (Fig. 6.3.6A). The 

separation between NT and CP/DP was greater for presence-absence data compared 

to relative abundance data (Fig. 6.3.6B). Further tests for differences between 

seedbank communities across all treatment factors (tillage, crop type and soil depth) 

are shown in Figure 6.3.6C and D. Seedbank communities at the surface in NT spring 

barley (NS1) were clearly separated from communities in all other subplots and 

depths when analysed using relative abundance data (note purple rings, Fig 6.3.6C). 

This separation disappears when analysed using presence-absence data for each 

species in the assemblage, but the split between the NT and DP is still obvious, with 

the intermediate CP treatment overlapping both. The separation of NS1 in Figure 

6.3.6C is from the dominance of monocot functional groups: FG 22 (Poa sp.) made 

up 90% of the sample, with a further 4% of FG 21 (Bromus sterilis, Hordeum vulgare). 

This also confirms observations from the seed density analysis (section 6.3.2.1) and 

differences in relative abundance of monocots and dicots (section 6.3.3.1), 

demonstrating tillage to be the main driving factor of seedbank distribution and 

composition.  

CVA on data from Y2 also confirms findings from previous analysis of seed density. 

Seedbank communities were separated according to tillage treatment in analyses 

based on both seed density and species presence-absence (Fig. 6.3.7A and B 

respectively). When grouped by tillage, crop type and soil depth, there is very little 

separation between communities, owing to the fact that cNT has been ploughed and 

is now more similar in composition to DP (note overlap of purple and green ring, Fig. 

6.3.7C). The presence/absence of FG between all treatments divided CP winter barley 

subplots (CW1-4) from CP spring subplots (CS1-4) and DP and cNT plots (see dotted 

line and blue rings, Fig. 6.3.7D). The only exception to this divide were subplots DW2 

and DW3 due to their comparable proportions of FG 20 (non-myxospermous 

perennials) and FG 22 (monocots).  
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Figure 6.3.6 Canonical Variates Analyses (CVA) for Year 1 functional groups with tillage treatment only (A – seed 
density and B – presence/absence) and with tillage, crop type and soil depth treatments (C – seed density and D 
– presence/absence) as the grouping factors. In all plots, circles show mean and confidence interval of each 
treatment. In C and D, labels within confidence intervals display tillage type (first letter), crop type (second 
letter) and soil depth (number), e.g. NW1 equates to No-Till, winter barley and 0-4 cm depth. Purple rings in C 
and D highlight groupings of No-Till communities.  A – CV1 explains 85.69% of the variation while CV2 explains 
14.31%.  B – CV1 explains 80.42% and CV2 explains 19.58%. C – CV1 explains 55.13% and CV2 explains 10.57%. 
D – CV1 explains 30.84% and CV2 explains 11.72%. 
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Figure 6.3.7 Canonical Variates Analyses (CVA) of Year 2 functional groups with tillage treatment only (A – seed 
density and B – presence/absence) and with tillage, crop type and soil depth treatments (C – seed density and D 
– presence/absence) as the grouping factors. In all plots, circles show mean and confidence interval of each 
treatment. In C and D, labels within confidence intervals display tillage type (first letter), crop type (second 
letter) and soil depth (number), e.g. CS3 equates to Conventional plough, spring barley and 8-16 cm depth. 
Purple rings in C and D highlight groupings of cNo-Till communities, green rings are Deep Plough and blue rings 
are Conventional Plough. Dotted line in D shows separation of Conventional Plough communities between 
winter and spring barley. A – CV1 explains 84.91% of the variation while CV2 explains 15.09%. B – CV1 explains 
89.61% and CV2 explains 10.39%.  C – CV1 explains 30.69% while CV2 explains 20.01%. D – CV1 explains 33.65% 
and CV2 explains 21.28%.  
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The timing of cultivation can affect the timing of germination of weed seeds, causing 

certain species to become associated with particular crop types (Mortimer, 1990; 

Lutman et al., 2002). C. bursa-pastoris (FG 1) germinates in the autumn, and while 

found in both winter and spring barley subplots, abundance was relatively higher in 

the winter variety across all tillage treatments. In contrast, spring germinating 

species were not associated with spring or winter cropping.  

Seed rain events and movement of seed by disturbance has major impacts on seed 

fate pathways as discussed in Chapter 1. Weed seed rain directly places most seed 

onto the soil surface. In NT farm types, seed is not buried by ploughing and species 

with greater seed productivity are more likely to maintain viable populations by 

reducing the proportion of seed loss through decay and predation (Fig. 1.2.1). 

However, in CP and DP tilled farms, other strategies are advantageous and species 

with larger seeds that can germinate from depth tend to be more dominant 

(Hernández Plaza et al., 2015). When examining FG associations of seed size with 

tillage and crop type, small-seeded species were rare across all treatments with the 

exception of C. bursa-pastoris. This is likely because small seeds cannot readily 

germinate from buried depths, and rely solely on germination at the surface (Bajwa, 

2014). If germination and seedling survival at the surface is inhibited by competition 

from other weed species, the input of species with small seeds into the seedbank 

would be lower (Fig. 1.2.1). In NT, seed input would also depend on other seed 

characteristics such as seed shape, weight and seed coat characteristics (section 

1.2.4) altering their capacity to self-bury or become buried by rainfall (Benvenuti, 

2007b). Larger, heavier seeds such as Galium aparine (FG 19) have coarse seed coats, 

causing their ability to self-bury to be limited to 1.3 mm below the soil surface, 

whereas C. bursa-pastoris (FG 1) are smaller, lighter and smooth and able to bury 

themselves to 5.2 mm (Benvenuti, 2007b). This may help to explain the disparity in 

densities of different FGs between 0-4 cm and 4-8 cm soil depth of NT plots: FG 19 

declined from 17.5 to 0.7 seeds per 500 g of soil (4% to 0.9%), while FG 1 increases 

from 0.6 to 2.1 seeds per 500 g of soil (1% to 15.8%). Therefore, over time, the 

longevity and composition of the seedbank would differ substantially to the 
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aboveground emergent flora in a NT system (Buhler et al., 1997; Menalled et al., 

2001). 

There is increasing support that land management can impact the functioning of 

agroecosystems over multiple spatial scales (Fuller et al., 2005; Firbank et al., 2008; 

Petit et al., 2013), and this study has shown tillage and seasonal cropping to alter 

seedbank composition and abundance by promoting and suppressing particular 

groups of weed flora. Understanding the knock-on effects for arable food webs 

becomes crucial for ecosystem functioning (Hawes et al., 2009), as well as the 

implications for soil properties and risk of erosion, especially when considering seed 

traits such as myxospermy.  

6.3.5 Role of Myxospermous Species in the Seedbank 

The total abundance of myxospermous species per subplot was low across all tillage 

treatments and crop types (< 15%, Fig. 6.3.8) and many species were only present as 

one or two individuals (Table. 6.3.4). Overall, myxospermous species accounted for 

an average of 7% of the community in Y1, and 11% in Y2. This contrasts with data 

collected from 100 arable fields across the east of Scotland where myxospermous 

species accounted for 18% of the seedbank (Hawes et al., 2010). Here, the lowest 

representation occurs in spring barley plots of NT (0.6%, Fig. 6.3.8) possibly due to 

the dominance of grass species (Fig. 6.3.3). However, following ploughing of NT, an 

increase to 9% was detected in cNT, illustrating the longevity of myxospermous 

species in the seedbank after 11 years of no tillage. The highest representation of 

myxospermous species in Y1 was of 13% in DP winter barley, and in 15% in Y2 in cNT 

winter barley. Total numbers of each myxospermous species from across the entire 

field site are given in Table 6.3.4. In both sampling years, Capsella bursa-pastoris was 

the most abundant species followed by Viola arvensis and Senecio vulgaris. These 

three species were also the top ranked myxospermous species in Hawes et al. (2010). 
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Figure 6.3.8 Mean ratio of Myxospermous and Non-Myxospermous Seed Density (%) across tillage treatments 
(CP = Conventional Plough, DP = Deep Plough, NT = No-Till, cNT = converted No-Till) and crop type (spring and 
winter Barley) over both sampling years (N=3). 

There were associations between myxospermous species and particular cropping 

and tillage systems. Figures showing the densities of FGs (as a proportion of the total 

sample density) at particular soil depths, highlighting myxospermous (FGs 1-5) and 

non-myxospermous (FGs 6-22) species, is given in Appendix B. The highest number 

of C. bursa-pastoris seeds (17% of sample) was at the surface of DP winter barley, 

and at the lowest depth (16-32 cm) of DP winter barley in Y2 (18% of sample).  

A similar movement of Viola arvensis seeds occurred in NT winter barley subplots at 

8-16 cm soil depth (19% of sample) in Y1, to the surface in Y2 (15% of sample). The 

presence of Viola arvensis throughout all soil depths in spring barley subplots of cNT 

were higher (7% of sample) than NT in Y1 (1% of sample). In contrast to high numbers 

of Viola arvensis and Urtica urens (FG 3) found in cNT winter and spring barley, they 

were not present in CP spring or winter barley subplots in Y2, with very few 

individuals found at particular depths in Y1. The third most prevalent myxospermous 

species was Senecio vulgaris, which comprises FG 2 with Veronica arvensis. Although 

FG 2 was present (< 10% of sample) in both crop types of CP and DP, it was absent 

from NT and cNT winter barley. Both the seed of S. vulgaris and Veronica arvensis are 
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soft and fragile, perhaps causing reduced longevity when buried in the soil of a long-

term NT system. This contrasts to the harder seed coat of Viola arvensis, which was 

still viable after 11 years of burial and comprised 19% of seedbank at 8-16 cm depth 

in NT winter barley. Therefore, differences in relative abundance patterns of some 

species may indicate selection pressure by tillage treatment for particular functional 

traits. 

The remaining species were rare, with Cardamine hisuta appearing only once in Y2, 

while Arabidopsis thaliana and Plantago major were observed only in Y1 (Table 

6.3.4). Therefore, data were insufficient for conclusions of tillage and/or crop type 

associations with these species to be detected. U. urens, C. hisuta, E. helioscopia and 

P. major were also found to be rare in Hawes et al. (2010), amounting to < 1% of the 

seedbank from 100 fields, and  A. thaliana and Veronica arvensis were not present. 

Table 6.3.4 Abundance of myxospermous seeds observed across the entire field site. Density is given as the total 
number of seeds observed in the experiment and also as seed density per 500 g of soil tested. *Note that E. 
helioscopia was not included as a myxospermous functional group due to uncertainty over whether it is a true 
mucilage releasing species.  

Year 1 Year 2 

Species 
Number of 

Seeds 
Seed Density Species 

Number  
of Seeds 

Seed Density 

Capsella 
bursa-
pastoris 

152 0.654 
Capsella 
bursa-
pastoris 

126 0.207 

Viola arvensis 63 0.271 
Viola 
arvensis 

63 0.104 

Senecio 
vulgaris 

35 0.151 
Senecio 
vulgaris 

61 0.100 

Plantago 
major 

6 0.026 Urtica urens 9 0.015 

Arabidopsis 
thaliana 

5 0.022 
Veronica 
arvensis 

8 0.013 

Veronica 
arvensis 

4 0.017 
Euphorbia 
helioscopia* 

2 0.003 

Euphorbia 
helioscopia* 

2 0.009 
Cardamine 
hisuta 

1 0.002 

Urtica urens 1 0.004 
Arabidopsis 
thaliana 

0 0 

Cardamine 
hisuta 

0 0 
Plantago 
major 

0 0 
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Research has found soil type and properties shape local weed species diversity 

(Grime, 1981; Albrecht & Auerswald, 2003; Cardina et al., 2008; Hawes et al., 2009). 

Evidence from Chapter 4 and 5 shows that the presence of myxospermous and non-

myxospermous seeds can also alter soil properties, suggesting a two-way 

relationship between seedbanks and their soil habitat. If myxospermous species 

stimulate the binding of soil particles with only a few seeds, it is possible that soil 

stability at the field scale may be increased by seedbanks rich in mucilage-releasing 

species, thus decreasing vulnerability to erosion.  

Secondary data were obtained from research conducted as part of the wider field 

trial that examined the effects of tillage intensity on soil stability in water (McKenzie 

et al., 2017). Surface soil of spring barley subplots across NT, CP and DP treatments 

was sampled in May 2014, six months prior to this study commencing. The 

proportion of water stable aggregates at 0.25, 0.5, 1 and 2 mm fractions was tested 

and found stability to increase with decreasing sieve size (Fig. 6.3.9). Aggregates from 

NT were more stable than aggregates from DP and CP at all sizes, probably due to 

more soil organic matter associated with NT systems (Beare et al., 1994; Six et al., 

1999, 2002) and less disturbance to existing aggregates. 

The total abundance of myxospermous species observed in each spring barley 

subplot was plotted as a proportion against the proportion of water stable 

aggregates (WSA) (comparison with only 1 mm aggregates to coincide with WSA 

analysis in section 5.4) (Fig. 6.3.10) and suggests that the difference in stability is a 

simple relationship with the myxospermous fraction of the seedbank. Due to the low 

presence of myxospermous species and a dominance of monocots in NT relative to 

CP and DP, the suggested negative relationship in Figure 6.3.10 perhaps would not 

be indicative of NT subplots in winter barley, which saw a greater abundance of 

myxospermous and dicots generally.  
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Figure 6.3.9 Proportion of water stable aggregates for Conventional Plough, Deep Plough and No-Till. Data 
source: McKenzie et al. (2017). 

 

Figure 6.3.10 Relationship between the myxospermous proportion of the seedbank (Year 1 data) and the 
proportion of water stable aggregates (1 mm) (N=3) across all tillage treatments.  
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As most myxospermous species within the seedbank were rare, this questions the 

meaningfulness of WSA values determined in Chapter 5 in which aggregates were 

augmented with seed concentrations of 42.4 thousand and 11.97 million more than 

mean abundances observed in this field study (Table 6.3.5). However, evidence from 

Chapter 3 saw the ability of a single seed to adhere a multi-layer of glass beads. Thus 

seed rain from a parent plant may achieve substantial stabilisation locally at the soil 

surface. Conversely, when the density of myxospermous seeds is ‘diluted’ at lower 

depths in the soil profile (as a result of ploughing), the stabilising effect of mucilage 

is less likely to occur. Further research is required to investigate whether hotspots of 

myxospermous seeds as a result of seed rain can mitigate soil erosion in tramlines 

(Fig. 6.3.11). A recent technological advancement for combine harvesters is currently 

being trialled in the UK (Impey, 2018). The “EMAR Chaff Deck” (Primary Sales, 

Australia) can separate chaff, including weed seeds, from the crop, and place them 

into the tramlines where soil may be compacted and inhibit germination. Therefore, 

over time, weed seeds would become concentrated in tramlines, altering the 

distribution of the seedbank and its function. Hence, it is imperative to understand 

the importance of myxospermous seeds and their interactions with soil properties, 

particularly in areas where erosion is susceptible, e.g. tramlines (Lewis, 2013).  

Table 6.3.5 Comparison of the total number of myxospermous seeds and seed density (per 1 g of soil) observed 
in the long-term field trial (a) and the density of seeds (per 1 g of soil) utilised in the water stable aggregate 
(WSA) experiment (b, Chapter 5). The number of seeds added to each test aggregate (c) was substantially higher 
than observed in the field. The difference between these values is given in the final column.  

Species 
Field Studya WSA Studyb 

Difference Number of 
Seeds 

Seed 
Density 

Seeds per 
Aggregatec 

Seed 
Density 

Arabidopsis 
thaliana 

5 0.00004 268 515.4 1.2 x 107 

Capsella  
bursa-pastoris 

152 0.00131 41 78.8 6.04 x 104 

Senecio vulgaris 3 0.00030 20 38.5 1.26 x 106 

Urtica urens 1 0.00001 7 13.5 1.51 x 106 

Viola arvensis 63 0.00054 12 23.1 4.24 x 104 
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Figure 6.3.11 Tramline erosion occurring in a deep ploughed, winter barley subplot – October 2014. 

 

It is challenging to predict the threshold of myxospermous seeds required from these 

analyses, through natural means or artificially amended, to generate an increase in 

stability at the soil surface. It is also unknown whether the observed isolated effects 

of induced stability by myxospermous species may be counteracted when in the 

presence of other weed seeds in the wider seedbank. Moreover, suppression of 

dicots by monocots in NT systems may further reduce the chances of myxospermous 

seeds releasing mucilage, due to increased pressure and competition for water 

availability. However, an intermittent ploughing of NT has shown an 8.5% increase of 

myxospermous seeds in spring barley subplots. This suggests the prevalence of 

myxospermous seeds relative to the wider seedbank can recover if monocot density 

is controlled, allowing the beneficial effects of mucilage to be retained, as well as the 

benefits of a diverse weed seedbank belowground and aboveground emergent flora.   

6.3.6 Limitations and Future Work 

The number of long-term field trials are sparse as they require extensive land for 

appropriate treatment replications, labour, and maintenance. Hence, where they do 

exist, multiple research projects are often working in tandem to use the experimental 

site to its full potential. However, with that come drawbacks in experimental design. 
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As the field trial had already run for 11 years prior to the beginning of this study, it 

was not possible to collect information on certain aspects of the system that would 

have been useful for understanding relationships with myxospermous seeds and soil 

structure. Critically, the hypotheses of this thesis were designed during and as a 

result of Y1 species composition data (Chapter 2 and here). If this experiment could 

be repeated to focus specifically on the relative abundances and distributions of 

myxospermous and non-myxospermous functional groups, sampling intensity would 

be increased in order to capture trends of rare myxospermous species. As the 

development of ideas around the roles of myxospermous seeds in soil led to the 

investigation of soil stability in water in Chapter 5, further soil samples could have 

been taken (at the same time and location as emergence samples) for WSA analysis 

to aid correlation of myxospermous seed hotspots to increased soil stability.  

Initial seedbank composition and abundance for the site was unknown. Such 

information would have helped disentangle declines in seedbank density in Y2 from 

tillage treatment effects. Further, an additional treatment of organic NT would have 

provided a non-herbicide treated comparison, and/or quantities and applications of 

herbicide treatments on other tillage regimes should have been kept consistent 

throughout the trial period. Had time and resources permitted, a third year of 

sampling would have been useful to show any potential recovery in seedbank density 

following cNT back to NT, and whether monocot densities continued at a lower 

proportion of the total seedbank. While emergence methods were far easier and 

required less maintenance than extraction methods, it is possible that the presence 

or density of specific species was altered as a result of the single method approach. 

An alternative to extraction methods would be spreading each soil sample in thinner 

layers over multiple seed trays to stimulate germination (Ter Heerdt et al., 1996). 

However, this would have required considerably more glasshouse space. Sample 

saturation in Y2 could have also been avoided by standardising soil volumes to 1 kg 

per tray across all sampling years. The main drawback to emergence methods is 

ensuring germination requirements of all species is met, either through a controlled 

glasshouse and by applying a period of cold stratification to encourage dormancy 

breaking. In Y1, a combination of heated and unheated glasshouses was used over 
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the course of three emergence flushes, whereas in Y2, only heated glasshouses were 

available. It is possible that the fluctuating environment typical of an unheated 

glasshouse may have had a positive effect on germination and emergence in Y1 

samples.  

Previous studies of seedbank redistribution by tillage treatments have typically dosed 

soil with a known quantity of seeds from a set of species (Roller & Albrecht, 2006) or 

by using seed surrogates such as ceramic beads (Mohler et al., 2006; Colbach et al., 

2014). Using a similar design of tillage plots as used in this study, future work can 

involve dosing soil with myxospermous and non-myxospermous species before 

flushing with a rainfall simulator to model surface movement of seeds and soil. 

Surface soil samples can be obtained to test whether redistributed myxospermous 

species have positively increased the stability and strength of surface aggregates 

during runoff erosion. The ecological impact of mucilage on soil stability could be 

tested further in the field by using seed rain traps to monitor the input of seed by 

myxospermous species onto the soil surface. Seed rain data would quantify an 

accurate dose of seeds to construct seed-soil aggregates that can be tested similarly 

to experiments conducted in Chapter 5 for soil stability and strength. This would aid 

understanding in the roles of myxospermous functional groups within arable 

seedbanks in providing ecosystem services for soil security during periods where bare 

fields are exposed to intense erosion.  

6.4 Conclusions 

Arable weed seedbanks are the essential source of within-field biodiversity and 

agroecosystem functioning. Changes in cultivation and farm management can be 

monitored by assessing seedbanks as their responsiveness to alterations in tillage 

regimes and cropping gives an insight into the overall environmental health of the 

agroecosystem. Intensive, consecutive ploughing can cause severe soil degradation 

through compaction, erosion and a loss of organic matter. The redistribution and loss 

of seeds from eroding areas will lead to an accumulation of weeds in depositional 

areas where they may compete with the crop. The loss of diversity, and its function, 

may cause further negative impacts on seedbank communities within an already 
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simplified, monoculture environment. Therefore, it is imperative that complex 

interactions between crop management, seedbank communities and soil properties 

are understood to ensure sustainable ecosystem functioning during climate change. 

Long-term experiments are critical to understanding the response of a system to 

disturbance and how ecosystem functioning can recover or provide resilience. Few 

studies have monitored the response of arable seedbanks following intermittent 

inversion tillage in a long-term No-Till system. However, they have shown the 

benefits of No-Till cultivation to be retained following the occasional disturbance by 

ploughing, such as improved soil structure and quality, increased yields while 

controlling winter annual grasses. Additionally, No-Till systems can harbour relic 

seedbanks for a number of years depending on species persistence, and therefore, 

often express a very different aboveground community. In addition to tillage, crop-

specific management (e.g. herbicide requirements) can shape crop-specific weed 

communities, leading to changes in plant functional groups and their reliant food 

webs. The presence and vertical distribution of functional groups containing 

myxospermous species may alter soil structure and biogeochemistry. However, 

myxospermous seed associations with farm management types were previously 

unknown.  

This study investigated the effects of three tillage treatments (No-Till, Conventional 

and Deep Plough), which differ in their intensity of soil disturbance, on seed density, 

composition, and vertical distribution. In the first year, seed density of conventional 

and deep plough treatments was thoroughly mixed throughout the soil column, 

despite different plough depths. In No-Till, statistical significance of vertical 

distribution of seed densities were strongly associated with large accumulations of 

Poa sp. and Bromus sterilis seeds at the surface of spring barley subplots. Despite 

trends of diversity and evenness across tillage treatments and soil depths, species 

richness was not statistically significant in either year. The inversion of No-Till plots 

with a deep plough resulted instantly in a community with a seed distribution and 

density comparable to that of a frequently deep ploughed system, despite 11 years 

of burial. In spring barley, surface seed decreased by 99%, but the previously buried 

seed was found to still be viable.   
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Seed functional relationships with soil properties, e.g. mucilage characteristics, had 

hitherto never been included in functional analysis of arable weeds. For the first time, 

a classification of 22 functional groups was designed to include seed and plant traits 

of 41 species, with an additional branch to explore responses of myxospermous 

species. Canonical Variates Analysis (CVA) found the composition and abundance of 

functional groups to be affected by tillage treatments. Comparison with analysis 

based on presence or absence of functional groups illustrated how these patterns 

were driven by the relative abundance of functional groups, shaped by patterns 

between (and within) tillage and crop type treatments.  

The abundance of myxospermous functional groups was low, irrespective of tillage 

treatments and crop type, with many species present only as one or two individuals. 

While some myxospermous species were present across multiple treatments, 

Senecio vulgaris and Veronica arvensis were absent from winter barley No-Till plots 

in both sampling years.  

Experiments in chapters 4 and 5 have shown that the mass of mucilage released by 

only a few seeds is needed to bind soil particles together. Therefore, there is 

potential that myxospermous species-rich seedbanks can achieve improved soil 

stability at the field scale, particularly in tramlines. This study illustrates that 

suppression of dicots by monocots in No-Till systems can be ameliorated by 

intermittent tilling, recovering myxospermous species relative abundance by 8.5%. 

Therefore, if monocot densities can be controlled in this way, without the use of 

herbicides, the beneficial ecosystem services that arise from diverse weed seedbanks 

can be conserved. Further research is required to understand the importance of 

myxospermous seeds, relative to the wider seedbank, and their interactions with soil 

properties at the surface of tramlines that are susceptible to erosion.
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Chapter 7. Conclusions and Future Work 

7.1 Introduction 

The redistribution of soil biota by runoff erosion and the knock-on effects to 

biodiversity and ecosystem functioning are rarely addressed. Farmland biodiversity 

is declining due to the agricultural intensification required to support food demands. 

Developing integrated systems to trade-off between agricultural productivity and 

environmental protection are needed. Weed seedbanks provide the basis of arable 

biodiversity, supporting an extensive range of wildlife. Better knowledge of weed 

biology, seed fate pathways and population dynamics is required to develop more 

sustainable, integrated cropping systems.  

Chapter 1 reviewed multiple seed fate pathways and processes, highlighting the 

complexity of seedbank dynamics through inputs (seed rain, persistence, dormancy 

and immigration) and losses (dispersal, germination, predation and mortality) (Fig. 

1.2.1). Quantifying the specific contribution of each seed fate pathway is challenging, 

focusing research on individual processes with few studies taking a whole-systems 

approach. Some pathways, such as predation and dormancy, are commonly studied 

in UK agroecosystems. However, this review revealed the role of myxospermy in 

temperate agricultural soils to be under-researched. 

In the last 20 years, research has focussed on the synthesis and gene regulation of 

seed mucilage for a few model species. Knowledge of the ecological role of seed 

mucilage is less considered but is known to enhance germination and dispersal. 

Modifications of the soil physical environment have been explored using only a 

single-species approach (e.g. Capsella bursa-pastoris or Salvica hispanica) and are 

often tested with extracted mucilage rather than in-situ effects of seeds within the 

soil matrix. Further, the ability of seed mucilage to resist erosion and improve soil 

stability is commonly observed in a semi-arid and arid contexts. However, the 

biophysical mechanisms by which myxospermous seeds adhere soil particles was 

unknown. As many different plant taxa produce seed with a myxospermous trait, 

conclusions from single species-specific studies cannot be generalised. Seeds co-exist 

in the soil as multi-species communities; therefore, a multi-species approach was 
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taken to better understand the functionality of myxospermous seeds, relative to the 

wider seedbank, and their implications for soil properties when in-situ.  

The knowledge gaps highlighted in Chapter 1 were investigated in experimental 

chapters 2-6. Chapter 2 determined the seedbank assessment method that would be 

applied in Chapter 6. This seedbank survey was used to identify seven myxospermous 

species that formed the basis of the multi-species approach exploring seed-mucilage-

soil interactions in experimental chapters 3-5. In Chapter 6, the seedbank distribution 

resulting from a long-term tillage trial was investigated, highlighting the abundance 

of myxospermous species relative to the wider seedbank. The following section 

summarises the key results from this thesis, followed by avenues for future research. 

7.2 Summary of Findings 

Using a subset of field soil samples collected from a long-term experimental field, 

two seedbank assessment methods were compared in Chapter 2 for their efficiency 

and accuracy in determining the density of viable seeds in the seedbank. The 

emergence method involved the identification of seedlings that germinate from soil 

samples under controlled glasshouse conditions. The extraction method consisted of 

washing (elutriation) soil through a series of sieves, followed by separation of viable 

seeds by floatation in a salt solution. Seeds were identified and counted under a 

microscope. Despite advantages to both methods individually, neither method was 

fully comprehensive. Each method revealed species unique to itself (‘single-method’ 

species), resulting from challenges in identifying species as seeds or seedlings, 

variations in germination and isolating certain species from the soil matrix. Further, 

seed loss may have occurred through damage during elutriation, while some seeds 

may not have germinated under the constant environmental conditions in the 

glasshouse. Therefore, it was concluded integrating of both methods was effective 

at overcoming the limitations of either method. For example, emergence should be 

applied first, followed by extraction to obtain the remaining viable seed that would 

not germinate. This assessment was to inform the methodological approach in 

Chapter 6, however, due to constraints on time and resources, the emergence 

method was chosen for its sample processing efficiency. Seeds of species observed 
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in the seedbank survey were screened for species with the myxospermous trait by 

staining seeds with Ruthenium Red. Seven species were found to release mucilage: 

Arabidopsis thaliana, Capsella bursa-pastoris, Plantago lanceolata, Senecio vulgaris, 

Urtica urens, Veronica arvensis and Viola arvensis. These species were then carried 

forward into a suite of experiments in Chapter 3 aiming to characterise seed and 

mucilage structure and composition. 

Novel harvesting systems were developed to grow and capture uniform batches of 

seeds that were used throughout this PhD study. Before exploring seed mucilage 

functionality in soil, an understanding of mucilage composition and structure was 

needed. In Chapter 3, seeds of seven myxospermous species and their mucilage were 

characterised by microscopic imaging and mucilage extraction (Research Aim 1). High 

levels of variation in seed batches, in terms of seed maturity and myxospermous 

ability, meant that Veronica arvensis was omitted from further studies. Insoluble and 

soluble mucilage layers were clearly distinguishable between species. Where 

mucilage secretory cells (MSCs) were present, structural diversity of mucilage was 

observed: U. urens and Viola arvensis possessed oval cells without a columella, while 

A. thaliana and C. bursa-pastoris exhibited hexagonal cells with a central columella. 

Previously undescribed, S. vulgaris was shown to have an elongated columella 

structure, from which mucilage arranges into a single layer of adherent mucilage with 

pectins anchored by long cellulosic fibrils. Not all species exhibited MSCs, e.g. P. 

lanceolata. In this case it was challenging to determine how mucilage components 

were arranged and from where they are released. In addition to structural 

differences, the quantity of mucilage produced differed between species and was 

correlated to seed weight. Nevertheless, the production of mucilage is a substantial 

metabolic investment for a myxospermous seed, and differences in the ratio of 

insoluble to soluble mucilage between species may have ecological implications for 

seed and soil functioning and the wider seedbank. 

The ecological significance of structural and compositional diversity of seed mucilage 

was tested in Chapter 4 by assessing changes in the biophysical mechanisms involved 

of seed-soil adhesion (Research Aim 2). Three sizes of glass beads were used as a 

proxy for soil particles to quantify the adherence of seeds to beads and predict the 
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likely influence of soluble and insoluble mucilage on soil aggregation following two 

wetting and drying cycles.  

Single seeds were shown to adhere glass beads by mucilage bridges, not only 

connecting beads that were in direct contact with the seed (insoluble mucilage) but 

also causing bead-bead adhesion (soluble mucilage). Larger seeded species with 

more mucilage, such as P. lanceolata and U. urens, adhered more beads than smaller-

seeded species of A. thaliana and C. bursa-pastoris. The combined effect of soluble 

and insoluble mucilage caused greater adherence of beads than insoluble mucilage 

alone. This suggests that seed mucilage may promote aggregation and stabilise soil 

particles in addition to the primary function for seed-soil adherence. Thus, soil 

aggregation may be a function of seed mucilage in addition to seed-soil adhesion. 

However, the ability of seed mucilage to disperse within the soil is governed by the 

mass of mucilage released and the distribution of soil particle sizes and the spaces 

between them. Structural characteristics of seed mucilage and seed morphology 

caused adherence mechanisms to differ between species. In Chapter 3, S. vulgaris 

was shown to secrete mucilage from elongated columellae. The elongated structures 

were further demonstrated in Chapter 4, where rope-like fibril structures extended 

from columellae and wrapped around beads of multiple sizes, secured by a pectic 

mucilage sheath. Species-specific differences in the quantity of beads each species 

could adhere, and by which mechanism, inspired the investigation of strength and 

stability of seed-mucilage-soil aggregates in Chapter 5.  

Biological exudates are known to stabilise soil structure, preventing slaking and 

mechanical breakdown of aggregates. However, no study to date has provided 

evidence of seed mucilage binding soil particles to form water-stable aggregates with 

seeds in-situ. In Chapter 5, the effects of myxospermous seeds and their mucilage as 

a biological binding agent on aggregate stability and strength was tested to advance 

the understanding of seed-soil adhesion mechanisms in naturally occurring soil 

seedbank communities (Research Aim 3). Novel methodologies to create aggregates 

containing multiple mucilaginous seeds were developed to allow repeatable tests of 

tensile strength to occur. Trials of aggregates with seeds in-situ were highly variable, 

necessitating further method development. As an aside, an extracted mucilage-
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water dispersion was applied to soil to form aggregates and obtained promising 

values of tensile strength. However, this project is more concerned with interactions 

between seeds, their mucilage, soil and the wider seedbank, and the effects of 

extracted mucilage is not indicative of what would occur naturally in the field.  

Wet-sieving of myxospermous seed amended aggregates (A. thaliana (Col-0), C. 

bursa-pastoris, P. lanceolata, S. vulgaris, U. urens and Viola arvensis) demonstrated 

that seed mucilage can increase soil stability by 29-44% when compared with control 

aggregates without seeds. Aggregates with Trifolium repens seed (non-

myxospermous) were less stable than aggregates without seeds, demonstrating the 

fracturing effects from rapid water uptake during wet-sieving, triggering aggregate 

breakdown. Scanning Electron Micrography (SEM) revealed further evidence of 

biophysical adherence mechanisms creating networks of interparticle mucilage 

bonds, facilitating strengthening functions for aggregate stability. Mucilage bonds 

allowed aggregates to overcome slaking by bonding particles around seeds to form 

larger, more stable aggregates. Thus, seed mucilage is a contributor of aggregate 

formation, and may be an important ecosystem service for decreasing soil 

detachment during runoff erosion at the field scale. However, the presence of 

myxospermous species relative to the wider seedbank has not previously been 

addressed.  

Chapter 6 centred on the spatial distribution of a natural seedbank community in an 

important long-term tillage trial at The James Hutton Institute. Over two consecutive 

years, the impact of long-term No-Till on the vertical distribution and composition of 

the weed seedbank, relative to soil disturbance by conventional and deep ploughing, 

was investigated (Research Aim 4). In the first year, seed density of conventional and 

deep plough treatments was thoroughly mixed throughout the soil column, despite 

different plough depths. In No-Till, statistical significance of vertical distribution of 

seed densities were strongly driven by large accumulations of Poa sp. and Bromus 

sterilis seeds at the surface of spring barley subplots. In the second year of soil 

sampling, No-Till plots were deep ploughed for the first time in 11 years and the 

seedbank distribution instantly reverted to a community structure comparable to the 

long-term deep ploughed plots. 
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For the first time, seed functional relationships with soil properties were included in 

the functional analysis of arable weeds. In Chapter 6, the characterisation of seed 

mucilage and MSC structures from Chapter 3 was combined with plant-trait based 

classifications to form 22 functional groups over 41 species. In both sampling years, 

the presence, composition, abundance of functional groups was shaped by patterns 

between (and within) tillage and crop type treatments. The presence (or absence) of 

specific seedbank functional groups within fields, such as those containing 

myxospermous species, can alter agroecosystems to such an extent that local soil 

biogeochemistry and regional-landscape scale ecology may be affected. C. bursa-

pastoris, S. vulgaris and Viola arvensis were among the top 12 most abundant species 

in the seedbank. However, the abundance of many myxospermous functional groups 

was low with some present only as one or two individuals. Where these, or other 

myxospermous, species are abundant and productive in the aboveground flora, 

localised seed rain onto the soil surface would provide a positive effect on aggregate 

stability. Further, these effects may limit the risks of soil erosion in tramlines. Once 

ploughed, however, seeds are buried at lower depths in the soil profile and the effect 

of mucilage would be diluted across the field. Thus, the spatial distribution of specific 

species within the seedbank community can have long-term functional effects on soil 

properties and biodiversity. 

7.3 Future Work 

The set of species studied in this project revealed structural and compositional 

differences in their adherent and non-adherent layers seed mucilage. However, it 

was unclear whether the layers perform different functions, either for their own 

benefit (germination, persistence, DNA repair) or for wider, ecological processes 

(microbiome establishment, soil adherence, water retention). As SEM imaging was 

performed after mucilage had dried, identifying structural characteristics needs 

caution as some features may be relics of an expanding fluid that had since 

contracted. Developing an imaging method using an environmental or cryo-SEM may 

help to preserve how these features formed during the release of mucilage. Further, 

evidence of where the mucilage is released would also be helpful for some species 

where columellae were not present, e.g. P. lanceolata.  
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In Chapter 4, the biophysical mechanisms of adhesion by seed mucilage was 

observed using glass beads as a proxy for soil. As the experimental design deliberately 

created seed-bead aggregates to be quantified as 2D objects, they were also imaged 

only as 2D objects. Further work could create 3D seed-bead aggregates that can be 

3D scanned (e.g. using micro CT scanning) to quantify the porosity between particles 

and to explore potential effects of hydrophobicity caused by seed mucilage. 

Additionally, 3D scanning of seed-soil aggregates (such as those in Chapter 5) could 

also be conducted to explain differences between the interactions occurring 

between seed mucilage and soil particles, in comparison to the homogenous, sterile 

system created by glass beads. 

The quantity of myxospermous seeds added to soil to create test aggregates in 

Chapter 5 was considerably greater than the mean density observed in the tillage 

experiment in Chapter 6. Further work should focus on the stabilising effect of 

myxospermous seed at the surface of soils in easily eroded areas of fields, e.g. 

tramlines. Utilising seed rain traps would quantify the density of seed entering the 

seedbank at the soil surface. Seed rain density data would allow the test aggregates 

to be dosed with numbers of seed that more accurately represent soil-surface 

densities before water stability and tensile strength measurements. 

Given the transient nature of polysaccharides in soil due to biodegradation, 

inoculating soil with microbial communities in seed mucilage experiments would 

determine the interplay between seed mucilage and other biological exudates. 

Further, the longevity of soil stability could be quantified to establish its 

meaningfulness for controlling soil erosion. Adding a crop to the system would 

ascertain whether seed mucilage promotes or suppresses soil biota communities that 

translate into vital roles for crop growth. 

Quantitative information on the tensile strength and other properties (e.g. shape) of 

aggregates created by extracted seed mucilage or their stability in water is not 

available for arable weed species. These data would allow for comparisons between 

aggregates with seeds in-situ, and with other biological exudates, to better 

understand the specific roles of polysaccharides in aggregate formation. Determining 
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which combination of biological exudates generate the greatest soil stability can lead 

to the implementation of a natural solution to decrease soil erosion in fields. Further, 

more detailed analyses of myxospermous seed properties and their relationships 

with soil erosion directly should be explored.  

The interaction between seed mucilage and non-myxospermous species in soil is 

unknown. Tests on soil properties where both myxospermous and non-

myxospermous species are present would aid the understanding of seedbank 

dynamics. Additionally, optimal densities of functional groups could be determined 

to better understand trade-offs between functional traits within the seedbank. Field 

experiments could be conducted in tramlines to monitor the redistribution of specific 

functional groups at the soil surface during rainfall events. This would determine 

whether seeds of myxospermous species facilitate a commensal effect for the 

protection of non-myxospermous seeds, e.g. through the prevention of soil loss, or 

by seeds sticking to each other and/or soil. 

These follow-on studies would provide fruitful avenues for future research to 

continue the characterisation and understanding of seed-mucilage-soil interactions 

for the development of sustainable arable management, promoting resilient soil 

functioning whilst retaining landscape biodiversity.
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Appendix A: Seed and Seedling ID Guides 

 

 

 

 

 

Atriplex patula 

Common Name Common Orache Seed Size Range 1 to 

1.5 mm Seed Description Shiny, black, round and flat, 

around 1.5 mm in diameter with a distinct groove at 

the base. Often found with papery pericarp still 

attached.  

Plant Description Sturdy, branching annual plant up to 

90cm tall. Stems are ribbed and young leaves are 

often mealy. Green flower clusters produced on spikes 

during July - September. 

Germination Seeds numbers vary from 100 - 6000 per 

plant and germinates mainly in the Spring.  

Distribution Common throughout Europe. 

Habitat Found on arable land, river banks and waste 

ground. Prefers nutrient rich soils. 
  

 

 

 

Bromus sterilis 

Common Name Sterile Brome 

Seed Size Range 15 to 25 mm 

Seed Description Narrow, oblong seeds sand to brown 

coloured up to 25mm in length with long awn at the tip. 

Plant Description Annual to biennial loose, sprawling grass 30 

- 100cm tall. Leaves are soft and downy with lower leaves 

withering quickly. Plant has very long drooping panicles. 

Germination Spring and Autumn germinator. 

Distribution Throughout most of Europe.  

Habitat Found on moist to damp but well-drained soils, in 

fruit plantations, gardens, field margins, waste ground and 

railway embankments.  
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Capsella bursa-pastoris 

Common Name Shepherd's-purse 

Seed Size Range 0.5 to 1 mm 

Seed Description Shiny, oblong and grooved seeds 0.5 -

1.0mm long, light brown to tan in colour. 

Plant Description Biennial, occasionally annual, with 

heights varying from 2 - 40cm tall. Flowers throughout the 

year and is easily recognised by its triangular or heart-

shaped seed pods. 

Persistence Survives in soils for many years. 

Germination Up 40000 seeds per plant with shallow 

germination throughout the year. Sow on surface 15-25C. 

Distribution Found throughout Europe and is wide spread 

in crops throughout almost the whole world. 

Wildlife Attracts small insects. 

Habitat Common on arable land, in gardens and waste places. Usually found on loose, 

humus loams and sandy soils rich in nutrients.    

 

 

 

Cerastium fontanum 

Common Name  Common Mouse-ear 

Seed Size Range 0.5 to 0.7 mm 

Seed Description Rough irregular shaped seeds 0.5 - 

0.7mm long covered with irregular rows of nodules and 

seeds varying from tan to brown. 

Plant Description Short-lived, hairy, sprawling or erect 

perennial plant with 10 - 60cm long flowering stems, 

produced April - November, along with shorter non-

flowering stems. 

Germination Sow 2mm deep at 15 - 25C. 

Distribution Widespread throughout Europe. 

Wildlife Attracts many insects but mainly flies. 

Habitat Very widespread on meadows, arable land, waste 

ground and roadsides. Likes fresh acidic soils rich in nutrients. Can be a host of the oat 

race stem eelworm. 
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Chenopodium album 

Common Name Fat-hen 

Seed Size Range 1.2 to 1.5 mm 

Seed Description Shiny, black round seeds 1.2 - 1.5mm 

in diameter. Seeds often found with whitish brown 

pericarp still attached. 

Plant Description Annual, mealy, grey-greenish 

branched plant varying from 10cm to 2m tall. Tiny, 

dense, whitish-green flower clusters produced June to 

September. 

Persistence Seeds survive a long time in the soil and 

are found in virtually all soils.  

Germination Approximately 3000 seeds per plant (but 

may be as many as 20000 or even more). Up to 

1million seeds/m.sq can be produced. Main 

germinating period April - May but may be later from 

depths of 0.5 - 8cm. 

Distribution Throughout Europe and World-wide. 

Habitat Very common on waste ground and cultivated 

land especially spring cereals. Prefers damp, richer 

soils as plant extracts considerable quantities of 

nutrients from the soil. 

 Epilobium sp. tetragonum 

Common Name Square-stalked Willowherb 

Seed Size Range 1 to 1.5 mm 

Seed Description Finely netted oblong shaped seeds 1.0 

- 1.5mm long varying in colour from light to dark brown. 

Very similar to Epilobium ciliatum (American 

Willowherb) and Epilobium hirsutum (Great Willowherb). 

Plant Description Branching perennial plant with square 

reddish stems 30 - 100cm tall. Small pale-pink to lilac 

flowers produced July - August. 

Germination Surface sow at 15 - 25C and keep soil moist. 

Distribution Locally common in the south of Britain, 

rarer in the north. 

Habitat Common on damp nutrient rich soils, riverbanks, 

gardens, hedgebanks and arable land.    
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Euphorbia helioscopia 

Common Name Sun Spurge 

Seed Size Range 1.5 to 2.5 mm 

Seed Description Rough, elliptical almost egg-shaped 

shaped seeds 1.5 - 2.5mm long with a ridge on one 

side and a scar at one end, light to dark brown in 

colour. 

Plant Description Annual, shallow rooted plant 10 - 

50cm tall which contains a milky juice. Greenish yellow 

flowers produced April - November. 

Persistence Seeds long lived. 

Germination Approx up to 1000 seeds per plant 

produced; shallow germintion at depth of 5cm. 

Distribution Found throughout Europe. 

Habitat Common in arable land, gardens and waste 

places. Prefers warm loose, nutrient rich soils.  

 

Fallopia convolvulus 

Common Name Black-bindweed 

Seed Size Range 4 to 5 mm 

Seed Description Dull, black three-sided seeds 4.0 - 5.0mm long. Often found 

with the papery remains of the floral parts (perianth) still attached.  

Plant Description Climbing, twisting annual plant reaching 1m in length, with 

stalked arrow-shaped leaves and producing very small inconspicuous greenish-

white flowers from July to October. Plant has long deep roots and is unaffected 

by drought. 

Germination 100 to 1000 seeds per plant, germinating late Spring to early 

Summer. 

Distribution Generally distributed throughout Britain. 

Habitat Found in many crops including potato, beet, maize, cereals, also on 

paths and rubbish tips, etc. One of the most common weeds in cereals and on 

acid soils. 
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Fumaria officinalis 

Common Name Fumitory 

Seed Size Range 2 to 3 mm 

Seed Description Rough, shiny, spherical shaped 2.5 - 3.0mm in diameter. The 

light brown to greenish tan coloured seeds have a prominent collar or ridge at 

the base and two pits at the apex. 

Plant Description Slender, hairless, semi-erect or sprawling annual plant 20 - 

100cm tall. Slightly greyish leaves are finely divided on widely branched 

stems, and dull purple flowers are produced April to October. 

Germination Approx 800 seeds per plant and germinates mainly in the spring. 

Sow 2mm deep at 15 - 25C. 

Distribution Found throughout Europe. 

Wildlife Pollinated by bees. 

Habitat Widespread on cultivated land, gardens, roadsides and on light soils. Good 

indicator or nutrient rich loamy soils. 

 

 

 

Galium aparine 

Common Name Cleavers, Goosegrass, Sticky Willie 

Seed Size Range 2 to 3 mm 

Seed Description Dull, spherical shaped seeds 2.0 - 3.0mm in 

diameter brown to tan in colour with a deep pit or hollow in the 

middle. The light coloured seed coat is rough and bristly but seeds 

may be rubbed smooth by the soil or other mechanical actions. 

Plant Description A scrambling or climbing annual plant 15 - 120cm 

long. The four-angled stems and leaves are covered with minute 

backward curving hook-like hairs which enable it to cling to other 

plants or clothing. Small white flowers produced May to October 

followed by bristly fruits. 

Germination Approx. 300 - 400 seeds per plant which can 

germinate all year round although the main period is 

Autumn/Winter. Germination depth is 1 - 5mm and never on the 

soil surface. 

Distribution Found throughout Europe. 

Wildlife Visited occasionally by small insects. 

Habitat Found on arable land, hedges, woodland margins and waste ground. 

Especially damaging in cereals as it causes lodging and interferes with harvesting. 

Mainly on nutrient rich loamy soils which are well supplied with water. 
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Hordeum vulgare 

Common Name Barley 

Seed Size Range 7.5 to 12.5 mm 

Seed Description Wrinkled, straw to sand coloured seed varying from 

7.5 - 12.5 mm long with a distinctive groove running along the seed. 

Plant Description Annual crop plant with erect stems varying from 60 - 

120cm in height. Flowering seed heads up to 20cm long. Grain is ready 

for harvest after a period of about four months after sowing. 

Germination Sown as crop plants in drills, approx 20cm apart and 2 - 

5cm deep. 

Distribution Grown under a wide range of temperate conditions all over the world. 

Earliest relics of cultivation go back to ca 7900BC. 

Habitat Crop plant which is the fourth most important cereal crop in the world but 

does not persist or become naturalised. Hundreds of cultivars enable plants to 

survive extreme soil conditions world-wide. Approx. half of the world's barley grain is 

for animal feed and approx 38% is used for brewing. 

   

 

 

 

 

Lamium purpureum 

Common Name Red Dead-nettle 

Seed Size Range 1.5 to 2.5 mm 

Seed Description Rough, three-sided seed 1.5 - 2.5mm long. 

The seed is pointed at one end, light-brown in colour and 

speckled with silvery grey granules. Similar to Lamium 

amplexicaule (Henbit Deadnettle) which is slightly smaller 

and darker in colour. 

Plant Description Finely hairy annual plant 10 - 45cm tall. 

The four-angled stems are often purplish and form 

creeping, rooting basal stems. Pinkish/purple flowers 

usually produced in clusters towards the stem-tips March - 

October, but may continue to flower throughout the winter. 

Germination Approx 200 seeds per plant and germinates mainly at 0.5 - 2cm depth. 

Distribution Found throughout Europe. 

Wildlife Pollinated by bees. 

Habitat Found on arable land, in gardens, waste ground, by fences and walls. Prefers 

loose, mildly humus or sandy soils. 
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Matricaria sp. 

Latin Name Matricaria recutita 

Common Name Scented Mayweed, Wild Chamomile 

Seed Size Range 0.8 to 1.5 mm 

Seed Description Dull, ribbed, oblong seeds 0.8 - 1.5mm 

long, straw to sand in colour, with 4-5 weak ribs. Very similar 

to Matricaria discoidea (Pineappleweed) 

Plant Description Annual plant 15-40cm high. Flowers May - 

September, often more than once in a year and flower heads 

give off chamomile scent when crushed while the soft leaves 

are scentless. 

Germination Approx 5000 seeds per plant produced and 

shallow germination with temperature of 15-25C. Main 

germination is during Spring and Autumn and over-wintering 

make take place if germination is late. 

Distribution Found throughout Europe. 

Wildlife Attracts bees and flies. 

Habitat Found commonly in waste places, farm tracks and 

well-trodden paths, also on arable land and gardens in open 

sandy soils rich in nutrients. Cultivated as a medicinal plant.  

Myosotis arvensis 

Common Name Field Forget-me-not 

Seed Size Range 1 to 2 mm 

Seed Description Shiny, tear drop shaped seeds, dark 

brown to black in colour 1.0 - 1.8mm long with a keel 

on one side with a sharp rim. 

Plant Description Biennial plant 10-50cm tall. Flowers 

April to September, occasionally later. 

Germination Approx. 700 seeds per plant. Germinates 

mainly during the Autumn from a depth 0-0.5 cm 

depth. 

Distribution Common and widely distributed 

throughout Britain, Europe, Siberia, W. Asia. 

Habitat Found in both spring and winter cereal crops, 

and widely distributed in hedges, woods and all types 

of cultivated land with a sharp rim.  
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Papaver rhoeas 

Common Name Common poppy  

Seed Size Range 0.3 to 1 mm 

Seed Description Dull, kidney shaped seeds 0.3 - 1.0mm long covered 

with a network of ridges, light brown to almost black in colour. 

Plant Description Annual plant 20 - 60cm tall with a slender tap root, 

producing bright scarlet flowers May to August. All Papaver species exude 

a milky juice or latex when cut. 

Persistence Seeds survive in the soil for many years and often germinate 

in massive amounts after soil cultivation. 

Germination 15000 - 25000 seeds per plant which require light to 

germinate. Germination mainly in the Autumn. 

Distribution Found throughout Europe. 

Wildlife Visited by bees and other pollen collecting insects. 

Habitat Common weed found in arable fields especially winter cereals and waste 

ground. Common in southern Britain but rare in Northern Scotland. Prefers nutrient 

rich soils which are well supplied with water.  

 

 

 

 

 

Poa Annua 

Common Name Annual Meadow-grass 

Seed Size Range 2.5 to 4 mm 

Seed Description Elliptical, straw to light brown 

coloured seeds 2.5 - 4.0mm long. 

Plant Description Annual or short-lived perennial grass 

varying in height from 5 - 30cm. Flowers almost all 

year round. 

Germination Germinates almost all year round but 

mainly in Spring and Autumn. 

Distribution Common throughout the British Isles and 

spread worldwide, but in the tropics mainly on mountains. 

Habitat Very common in gardens, cultivated land, roadsides, paths and waste 

ground. Probably one of the most commonly occurring grasses in all kinds of crops 
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Poa Trivialis 

Common Name Rough Meadow-

grass 

Seed Size Range 2.5 to 3.5 mm 

Seed Description Elliptical, straw 

to light brown coloured seeds 

2.5 - 3.5mm long. 

   

Polygonum aviculare 

Common Name Knotgrass 

Seed Size Range 2.5 to 3.5 mm 

Seed Description Shiny and pointed, three-sided seed 

2.5 - 3.5mm long with one side often narrower than 

the other two. The seeds vary from reddish brown to 

black and are finely netted and are often found with 

the remains of the floral parts (perianth) still attached. 

   

 

 

 

Rubus fruticosus 

Common Name Bramble,  Blackberry 
Seed Size Range 3 to 3.5 mm 
Seed Description Dull, deeply ridged, almost kidney shaped seeds 

3.0 - 3.5mm long, sand to reddish brown in colour. Very similar to 

Rubus idaeus (Raspberry). 
Plant Description Perennial plants with long, woody, prickly 

arching stems 1 - 2m long. The perennial rooting system produces 

new growth (primocanes) every year which overwinters and bears 

juicy black fruits the following season. 
Distribution Found throughout Europe. 
Wildlife Attracts various insects.  
Habitat Grown as a cultivated crop but also found at roadsides, 

edges of woods and paths.  
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Senecio vulgaris  

Common Name Groundsel  

Seed Size Range 2 to 3 mm 

Seed Description Oblong, ribbed seeds 2.0 - 3.0 mm 

long varying from strawish colour to brown with 

minute hairs along the ribs. Very similar to Senecio 

viscosus (Sticky Goundsel). 

Plant Description Annual or over-wintering plant, 

rarely perennial although often several generations in 

one year. Flowers throughout the year. 

Germination Several 1000 seeds per plant. Germinates throughout the year, mainly 

Spring and Autumn. Very shallow germination at 15-25C. 

Distribution Very common throughout the British Isles. Can grow at heights of up to 

300m in Northern Scotland. Native of Western Mediterranean region, on damp rocky 

slopes. Introduced worldwide. 

Wildlife Attracts few insects 

 

 

 

 

 

Sonchus asper 

Common Name Prickly Sow-thistle  

Seed Size Range 2.2 to 3.2 mm  

Seed Description Oblong, flattened 2.0 - 3.0mm long 

with three ribs on each side. Seed vary from tan to 

straw in colour. Similar to Sonchus oleraceus (Smooth 

Sowthistle) which has tranverse wrinkles and usually 

darker in colour.  

Plant Description Annual plant 30-100cm tall with a 

hollow stem, flowering June to October. Leaves dark 

green with prickly spiny teeth. 

Germination Surface or shallow germination at 15-

25C. Germinates all year round but mainly in 

Spring/early Summer. Approx. 5000 seeds per plant. 

Distribution Found throughout the British Isles and Europe. Probably a native of the 

Mediterranean region, now spread worldwide.  

Wildlife Attracts various insects including bees and hover-flies.  

Habitat Found on cultivated land , field margins and waste ground throughout 

Britain. Prefers sandy, stony soils rich in nitrogen 
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Sonchus oleraceus 

Common Name Smooth Sow-thistle, Annual Sow-thistle  

Seed Size Range 1.3 to 3 mm  

Seed Description Oblong, flattened 2.0 - 3.0mm long with 

three broad ribs, tranversely wrinkled and dark brown in 

colour. Similar to Sonchus asper (Prickly Sowthistle) which is 

lighter in colour and has no transverse wrinkles.  

Plant Description Annual or overwintering plant with hollow 

stems reaching 20-150cm in height , flowering June to 

October. Differs from Sonchus asper (Prickly Sowthistle) as 

the leaves are soft and have no spines.  

Germination Surface or shallow germination, not deeper 

than 2cm and temperature of 15-25C. Can sometimes produce over 100,000 seeds 

per plant although numbers are usually several thousand.  

Distribution Found throughout the British Isles and Europe. Probably a native of S. 

Europe, now spread worldwide.  

Wildlife Attracts various insects including bees and hover-flies. 

Habitat Found on cultivated land, field margins and waste ground throughout 

Britain. Prefers sandy, stony soils rich in nitrogen. 

 

 

 

 

Spergula arvensis 

Common Name Corn Spurrey 

Seed Size Range 1 to 1.5 mm 

Seed Description Rough, nodular lens-shaped seed 1.0 - 1.5mm in 

diameter, black with a light brown winged margin. 
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Stellaria media 

Common Name Common Chickweed 

Seed Size Range 0.5 to 1.5 mm 

Seed Description Rough/Nodular, nearly round to kidney shaped seeds 

varying from tan to almost black 0.5 - 1.5mm long. Seeds have a distinctive 

notch and slightly convex sides which are covered with curved rows of small 

tubercles. 

Plant Description Annual or overwintering plant reaching 5-40cm in height 

with branched spreading stems. Small white flowers produced nearly all 

year round. 

Germination Germinates in Spring and Autumn. Approximately 15,000 

seeds per plant with shallow germination, not deeper than 3cm at 15-25C. 

Overwintering plants that germinate in the autumn can produce seeds 

during Spring, which will then germinate immediately and produce a second 

generation in the same year. 

Distribution Abundant throughout the British Isles. Found Worldwide. 

Habitat A very troublesome weed found on wasteland, in arable crops, gardens and 

pathways. Dense mats of overwintered chickweed can severally reduce yields in 

many crops. Dislikes water-logged soils and prefers loose soils rich in nutrients. 

 

 

 

 

Taraxacum officinalis 

Common Name Dandelion 

Seed Size Range 3 to 4 mm 

Seed Description Ribbed, 

tapering oblong seeds 3.0 - 

4.0mm long, sand to light 

brown. The ribs have bristly 

teeth at the basal end. 

 

Urtica dioica 

Common Name Common 

Nettle 

Seed Size Range 1 to 1.2 mm 

Seed Description Roughish 

tear-drop shaped seeds 1.0 - 

1.2mm long, varying from 

straw to olive green in colour 

often with a small stalk at the 

pointed end. 
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Urtica urens 

Common Name Small Nettle 

Seed Size Range 1.5 to 2 mm 

Seed Description Smooth, tear drop shaped seeds 1.5 - 2.0mm long 

with a distinct outer rim. 

Plant Description An annual plant up to 60cm tall. Flowers May - 

November but may flower all year round in warmer climates. Very 

similar to Stinging Nettle (Urtica dioica) in appearance, but smaller 

with the lower leaves shorter than their stalks. 

Germination Up to 1000 seeds per plant produced which will 

germinate at low temperatures. 

Distribution Common throughout Europe. 

Habitat Commonly found on light, nitrogen rich soild especially waste 

places and cultivated land including gardens. 

 

 

 

Veronica arvensis 

Common Name Wall Speedwell 

Seed Size Range 0.8 to 1 mm 

Seed Description Lightly wrinkled oblong seeds 0.8 - 1.0mm long. 

One side is slightly convex and the other is concave with a scar in the 

middle. Seeds vary from sand, light brown to tan. 

Plant Description Low growing, spreading annual plant 5 - 25 

cm tall. Short-stalked, small blue flowers produced nearly all year 

round. 

Germination Sow 2mm deep 15 -25C. 

Distribution Common throughout the British Isles and Europe. 

Wildlife Attracts small bees. 

Habitat Very common on meadows, lawns, banks, grassy places and 

arable land. Prefers dry soils and loose, sandy loams. 

 

 

 



271 
 

 

 

 

 

 

 

Veronica hederofolia 

Common Name Ivy-leaved Speedwell 

Seed Size Range 2 to 3 mm 

Seed Description Heavily wrinkled/ridged two sided seeds 2.0 - 3.0mm in 

diameter. One side is deeply hollowed with a scar in the middle and seed 

varies from sand, tan to brown. 

Plant Description Creeping annual plant with hairy stems 10 - 60cm long. 

Small blue flowers produced March to May. 

Germination Approx. 200 seeds per plant. Germinates best at low 

temperatures, from shallow depths usually in late Autumn or early Spring. 

Distribution Found throughout Europe. 

Wildlife Attracts various insects. 

Habitat Common on cultivated land, particularly in winter cereals where 

it can cause considerable competition with the crop. Also found on paths, 

hedgerows and bare ground. Prefers loose, nutrient-rich and loamy soils. 

 

 

Veronica persica 

Common Name Common Field-speedwell,  Buxbaum's 

Speedwell 

Seed Size Range 0.6 to 2 mm 

Seed Description Finely ridged two-sided seeds 1.6 - 2.0mm in 

diameter. One side is cup shaped with a scar in the middle and 

seed varies from straw to tan. 

Plant Description Low growing annual, with hairy branches 

angled upwards 10 - 40cm tall. Small blue flowers produced 

February - November, with the lower petal often paler in colour 

or almost white. 

Germination Approx. 50 to 100 seeds per plant. Germinates 

throughout the year, mainly in Spring and Autumn. 

Distribution Found throughout the British Isles and the 

commonest species of the genus found on arable land. 

Wildlife Attracts various insects. 

Habitat Common on cultivated land, hedgerows and in gardens. Prefers nutrient-rich, 

fresh damp loam soils. 
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Viola avensis 

Common Name Field Pansy 

Seed Size Range 1 to 1.5 mm 

Seed Description Smooth, shiny egg-shaped seeds 1.0 - 1.5mm long, sandy to 

light brown coloured with a dark spot at the base end. 

Plant Description Annual or over wintering plant, flowers April to September 

but often all year round. Whitish/cream coloured flowers may sometimes 

have a purplish tinge to the upper petals. Very similar to Viola tricolour (Wild 

Pansy). 

Germination Germinates mainly in Autumn and early Spring at 0.5 - 1cm 

depth, but may continue throughout the year. Approx 2000 - 3000 seeds per 

plant. 

Distribution Common throughout the British Isles. Found throughout Europe. 

Wildlife Pollinated by various insects. 

Habitat Found on all arable soils mainly in cereal crops. 
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Appendix B: Proportions of Functional Groups 
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Appendix C: History of Chemical Applications 

DATE COMMODITY ACTIVE INGREDIENTS CONCENTRATION RATE/HA UNIT CROP NOTES BY FARM STAFF 

30/09/2010 0-20-30 PHOSPHATE + POTASH 20KG/100KG + 30KG/100KG 350 KG W 
P.K.FERTILISER MIN TILL + DIRECT DRILL 
AREAS 

07/10/2010 0-20-30 PHOSPHATE + POTASH 20KG/100KG + 30KG/100KG 350 KG W P.K. FERTILISER PLOUGHED AREAS 

11/10/2010 GRASP TRALKOXYDIM 400G/L 0.625 L W 
GRASS WEEDS MIN TILL + DIRECT DRILL 
AREAS 

11/10/2010 OUTPUT MINERAL OIL + SURFACTANTS 60% + 40% 0.75 L W 
GRASS WEEDS MIN TILL + DIRECT DRILL 
AREAS 

14/10/2010 LIBERATOR DIFLUFENICAN + FLUFENACET 100G/L + 400G/L 0.6 L W WEED SEAL 

28/02/2011 GLYPHOSATE GLYPHOSATE 360G/L 5 L S 
WEEDS IN MIN TILL +  ZERO TIL SPRING 
AREAS 

28/02/2011 GLYPHOSATE GLYPHOSATE 360G/L 5 L W PLOT DEFINITONS 

02/03/2011 30-0-0(19So3) NITROGEN 30KG/100KG 170 KG W 1st N TOPDRESS 

31/03/2011 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

350 KG S N.P.K. FERTILISER 

07/04/2011 CINDER PENDIMETHALIN 400G/L 3.3 L W WEED SEAL 

11/04/2011 30-0-0(19So3) NITROGEN 30KG/100KG 230 KG W 2nd N TOPDRESS 

14/04/2011 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 GRM W WEEDS 

14/04/2011 OPTICA MECOPROP-P 600G/L 2 L W WEEDS 

14/04/2011 SHIELD CLOPYRALID 200G/L 0.35 L W THISTLES 

14/04/2011 STARANE 2 FLUROXYPYR 200G/L 2 L W CLEAVERS 

14/04/2011 MANGANESE 
MANGANESE + SULPHUR 
TRIOXIDE + SULPHUR 

15G/L + 175G/L + 70G/L 3 L W Mn SUPPLEMENT 

19/04/2011 GRASP TRALKOXYDIM 400G/L 0.875 L W GRASS WEEDS 

19/04/2011 OUTPUT MINERAL OIL + SURFACTANTS 60% + 40% 0.82 L W WETTER 
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DATE COMMODITY ACTIVE INGREDIENTS CONCENTRATION RATE/HA UNIT CROP NOTES BY FARM STAFF 

26/04/2011 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

150 KG S N.P.K. TOPDRESS 

26/04/2011 GRASP TRALKOXYDIM 400G/L 0.625 L S 
GRASS WEEDS MIN TILL + DIRECT DRILL 
AREAS 

26/04/2011 OUTPUT MINERAL OIL + SURFACTANTS 60% + 40% 0.625 L S 
GRASS WEEDS MIN TILL + DIRECT DRILL 
AREAS 

28/04/2011 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 GRM S WEEDS 

28/04/2011 OPTICA MECOPROP-P 600G/L 1 L S WEEDS 

28/04/2011 SHIELD CLOPYRALID 200G/L 0.3 L S WEEDS 

28/04/2011 STARANE 2 FLUROXYPYR 200G/L 0.75 L S WEEDS 

28/04/2011 MANGANESE 
MANGANESE + SULPHUR 
TRIOXIDE + SULPHUR 

15G/L + 175G/L + 70G/L 3 L S WEEDS 

28/04/2011 GLYPHOSATE GLYPHOSATE 360G/L 5 L S PLOT DEFINITONS 

03/08/2011 GLYPHOSATE GLYPHOSATE 360G/L 4 L W WEEDS 

19/08/2011 GLYPHOSATE GLYPHOSATE 360G/L 4 L S WEEDS 

07/10/2011 0-20-30 PHOSPHATE + POTASH 20KG/100KG + 30KG/100KG 350 KG W P.K. FERTILISER 

10/10/2011 LIBERATOR DIFLUFENICAN + FLUFENACET 100G/L + 400G/L 0.6 L W WEED SEAL 

29/02/2012 GLYPHOSATE GLYPHOSATE 360G/L 4 L S GRASS WEEDS PRE SOWING 

02/03/2012 30-0-0(19So3) NITROGEN 30KG/100KG 170 KG W 1st N TOPDRESS 

12/03/2012 GLYPHOSATE GLYPHOSATE 360G/L 5 L W PLOT DEFINITIONS 

14/03/2012 GRASP TRALKOXYDIM 400G/L 0.875 L W GRASS WEEDS 

14/03/2012 OUTPUT MINERAL OIL + SURFACTANTS 60% + 40% 3.75 L W GRASS WEEDS 

16/03/2012 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

250 KG S N.P.K. FERTILISER 

20/03/2012 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

500 KG S N.P.K FERTILISER TOPDRESS 

21/03/2012 STOMP PENDIMETHALIN 455G/L 3.3 L S WEED SEAL 
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26/03/2012 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 GRM W WEEDS 

26/03/2012 OPTICA MECOPROP-P 600G/L 1 L W WEEDS 

26/03/2012 MANGANESE 
MANGANESE + SULPHUR 
TRIOXIDE + SULPHUR 

15G/L + 175G/L + 70G/L 3 L W Mn SUPPLEMENT 

09/04/2012 30-0-0(19So3) NITROGEN 30KG/100KG 230 KG W 2nd N TOPDRESS 

25/07/2012 GLYPHOSATE GLYPHOSATE 360G/L 4 L W CROP DESICANT 

10/09/2012 GLYPHOSATE GLYPHOSATE 360G/L 5 L W 
GRASS WEEDS IN MIN AND NO TILL 
AREAS 

10/09/2012 GLYPHOSATE GLYPHOSATE 360G/L 5 L S 
GRASS WEEDS IN MIN AND NO TILL 
AREAS 

01/10/2012 0-20-30 PHOSPHATE + POTASH 20KG/100KG + 30KG/100KG 350 KG W P.K. FERTILISER 

06/10/2012 LIBERATOR DIFLUFENICAN + FLUFENACET 100G/L + 400G/L 0.6 L W WEED SEAL 

01/04/2013 29-0-0(15So3) NITROGEN 29KG/100KG 175 KG W 1st N TOPDRESS 

03/04/2013 GLYPHOSATE GLYPHOSATE 360G/L 5 L S NO TILL AREAS GRASS WEEDS 

09/04/2013 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

350 KG S N.P.K. FERTILISER 

06/05/2013 29-0-0(15So3) NITROGEN 29KG/100KG 210 KG W 2nd N TOP DRESS 

12/05/2013 MANGANESE 
MANGANESE + SULPHUR 
TRIOXIDE + SULPHUR 

15G/L + 175G/L + 70G/L 3 L W Mn SUPPLEMENT 

12/05/2013 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 L W WEEDS 

12/05/2013 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 L S WEEDS 

12/05/2013 CHARGE MECOPROP-P 600G/L 1 L W WEEDS 

12/05/2013 CHARGE MECOPROP-P 600G/L 1 L S WEEDS 
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12/05/2013 TOMAHAWK FLUROXYPYR 200G/L 0.7 L W WEEDS 

12/05/2013 TOMAHAWK FLUROXYPYR 200G/L 0.7 L S WEEDS 

21/05/2013 GRASP TRALKOXYDIM 400G/L 0.625 L S GRASS WEEDS MIN AND NO TILL AREAS 

25/05/2013 24-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

150 KG S N.P.K. TOPDRESS 

29/07/2013 GLYPHOSATE GLYPHOSATE 360G/L 4 L W CROP DESSICANT 

22/08/2013 GLYPHOSATE GLYPHOSATE 360G/L 4 L W WEEDS IN STUBBLE 

22/08/2013 GLYPHOSATE GLYPHOSATE 360G/L 4 L S COP DESSICANT 

05/09/2013 REGLONE DIQUAT 200G/L 4 L W 
GRASS WEEDS IN MIN TILL AND ZERO 
TILL 

05/09/2013 REGLONE DIQUAT 200G/L 4 L S 
GRASS WEEDS IN MIN TILL AND ZERO 
TILL 

14/09/2013 ROUNDUP MAX GLYPHOSATE 360G/L 2.5 KG W 
GRASS WEEDS IN MIN TILL AND ZERO 
TILL 

14/09/2013 ROUNDUP MAX GLYPHOSATE 360G/L 2.5 KG S 
GRASS WEEDS IN MIN TILL AND ZERO 
TILL 

21/10/2013 ROUNDUP MAX GLYPHOSATE 360G/L 2 KG W 
GRASS WEEDS IN MIN TILL AND ZERO 
TILL 

21/10/2013 ROUNDUP MAX GLYPHOSATE 360G/L 2 KG S 
GRASS WEEDS IN MIN TILL AND ZERO 
TILL 

29/09/2013 0-20-30 PHOSPHATE + POTASH 20KG/100KG + 30KG/100KG 300 KG W P.K. FERTILISER 

31/10/2013 CRYSTAL 
FLUFENACET + 
PENDIMETHALIN 

60G/L + 300G/L 4 L W WEED SEAL 

12/03/2014 GLYPHOSATE GLYPHOSATE 360G/L 4 L W PLOT DEFINITION 

13/03/2014 33.5-0-0 NITROGEN 33.5KG/100KG 148 KG W 1st N TOPDRESS 

17/03/2014 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

350 KG S N.P.K.FERTILISER 

24/03/2014 STOMP AQUA PENDIMETHALIN 455G/L 2.9 L S WEED SEAL 

09/04/2014 33.5-0-0 NITROGEN 33.5KG/100KG 206 KG W 2nd N TOPDRESS 
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14/04/2014 GLYPHOSATE GLYPHOSATE 360G/L 4 L S PLOT DEFINITIONS 

18/04/2014 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 GRM W WEEDS 

18/04/2014 CHARGE MECOPROP-P 600G/L 2 L W WEEDS 

18/04/2014 MANGANESE 
MANGANESE + SULPHUR 
TRIOXIDE + SULPHUR 

15G/L + 175G/L + 70G/L 2 L W Mn SUPPLEMENT 

07/05/2014 GLYPHOSATE GLYPHOSATE 360G/L 4 L S PLOT DEFINITION 

15/05/2014 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 GRM S WEEDS 

15/05/2014 CHARGE MECOPROP-P 600G/L 1 L S WEEDS 

15/05/2014 MANGANESE 
MANGANESE + SULPHUR 
TRIOXIDE + SULPHUR 

15G/L + 175G/L + 70G/L 2 L S Mn SUPPLEMENT 

15/05/2014 TOMAHAWK FLUROXYPYR 200G/L 0.75 L S WEEDS 

20/05/2014 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

150 KG S N.P.K. TOPDRESS 

21/07/2014 GLYPHOSATE GLYPHOSATE 360G/L 4 L W DESSICANT 

12/09/2014 ROUNDUP MAX GLYPHOSATE 360G/L 2.5 L W WEEDS 

12/09/2014 ROUNDUP MAX GLYPHOSATE 360G/L 2.5 L S WEEDS 

10/11/2014 GLYPHOSATE GLYPHOSATE 360G/L 4 L S GRASS CONTROL IN MINTILL + ZEROTILL 

29/09/2014 0-20-30 PHOSPHATE + POTASH 20KG/100KG + 30KG/100KG 300 KG W P.K. FERTILISER 

29/09/2014 LIBERATOR DIFLUFENICAN + FLUFENACET 100G/L + 400G/L 0.6 L W WEED SEAL 

04/02/2015 GLYPHOSATE GLYPHOSATE 360G/L 4 L W DEFINITIONS 

14/03/2015 29-0-0(19So3) NITROGEN 29KG/100KG 175 KG W 1ST N TOP DRESS 

17/03/2015 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

300 KG S N-P-K FERTILISER 

24/03/2015 STOMP AQUA PENDIMETHALIN 455G/L 2.9 L S WEED SEAL 
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06/04/2015 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 GRM W WEED CONTROL ON WINTER TRAILS 

06/04/2015 MANGANESE 
MANGANESE + SULPHUR 
TRIOXIDE + SULPHUR 

15G/L + 175G/L + 70G/L 2 L W MN SUPPLEMENT 

22/04/2015 30-0-0(19So3) NITROGEN 30KG/100KG 230 KG W 2ND N TOP DRESS 

04/05/2015 22-4-14(7.5So3) 
NITROGEN + PHOSPHATE + 
POTASH 

22KG/100KG + 4KG/100KG 
+ 14KG/100KG 

200 KG S N-P-K FERTILISER 

26/05/2015 TRATON SX 
METSULFURON-
METHYL/TRIBENURON-
METHYL 

111G/KG + 222G/KG 45 GRM S HERBICIDE ON SPRING CEREAL TRIALS 

26/05/2015 CHARGE MECOPROP-P 600G/L 1 L S HERBICIDE ON SPRING CEREAL TRIALS 

26/05/2015 MANGANESE 
MANGANESE + SULPHUR 
TRIOXIDE + SULPHUR 

15G/L + 175G/L + 70G/L 2 L S MN SUPPLEMENT 

31/08/2015 GLYPHOSATE GLYPHOSATE 360G/L 4 L W WEEDS IN STUBBLE 

31/08/2015 GLYPHOSATE GLYPHOSATE 360G/L 4 L S WEEDS IN STUBBLE 

 




