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Abstract 

 

     This thesis investigated potential effects of two commercial biostimulant products [SOIL-

SET™ Aid (SE), IMPRO-GRAIN™ (IG)] on germination rates, natural microbial populations, 

silage quality (nutritional and hygienic) and aerobic stability of maize (Zea mays) and ryegrass 

(Lolium spp.) forage during glasshouse and field trials. In addition, biostimulant-treated silage 

was fed to ruminants (sheep) to assess any effects on dry matter intake (DMI). Biostimulants 

are commercial products of biological origin with a focus on helping crops to mitigate the 

effects of biotic and abiotic stress as well as enabling them to increase the nutrient uptake, 

nutrient efficiency, yield and overall nutrient quality (Caradonia et al., 2018).  

      Previous work has demonstrated effects of various biostimulants on horticultural or / and 

arable crops but did not focus on forage nutritional content and subsequent silage quality.      

The application of SE significantly increased germination of ryegrass by 4.4 % during 

glasshouse trials and tended to increase germination by 2.3 % during field trials. IG application 

significantly increased maize chlorophyll by 12 % and ryegrass chlorophyll by 7 %, as 

predicted by SPAD. IG significantly decreased Enterobacteriaceae spp. (ENB) and yeast 

counts while significantly increased lactic acid bacteria (LAB) in both maize and ryegrass fresh 

forage and silage. IG significantly improved nutritional quality of fresh maize and ryegrass 

forage. More specifically, IG increased dry matter (DM) (maize, 16 g kg -1 FM; ryegrass, 15 g 

kg -1 FM) and starch (maize, 38 g kg -1 DM) concentrations and decreased fibre [acid detergent 

fibre (ADF), neutral detergent fibre (NDF)] concentrations by 23 and 29 g kg -1 DM (maize) 

and 17 and 46 g kg -1 DM (ryegrass), respectively. Similar improvements were observed in the 

subsequent silage nutritional content where IG significantly increased DM (maize, 17 g kg -1 

FM; ryegrass, 21 g kg -1 FM), starch (maize, 32 g kg -1 DM) and water soluble carbohydrates 

(WSC) (ryegrass, 8.5 g kg -1 DM) while it significantly decreased ADF (maize, 21 g kg -1 DM; 

ryegrass, 37 g kg -1 DM) and NDF (maize, 14 g kg -1 DM; ryegrass,40 g kg -1 DM) 

concentrations. Biostimulant products did not affect the fermentation characteristics of maize 

and ryegrass silage, however, they improved the silage aerobic stability by 125 h (3 ° C above 

ambient, maize) and by 43 h (2 ° C above ambient, ryegrass). Despite the nutritional quality 

improvements due to biostimulants, sheep DMI was not improved. 

     Specific mechanisms were investigated based on the observed significant differences in the 

parameters mentioned above. Tested products significantly increased micronutrient content of 

treated soils and crops (maize, ryegrass). Moreover, tested products had a direct effect on 

isolated natural microbial forage colonies potentially due to their micronutrient content. More 

specifically, IG enhanced LAB growth while SE decreased yeast growth. Plant hormone 

content was also increased due to product application with treated crops showing elevated 

levels of abscisic (ABA) and salicylic (SA) acids. This hormone increase was likely stimulated 

due to yucca (Yucca spp.) extract that was contained in the products. 

     In conclusion, application of the tested biostimulant products (SE, IG) affected the 

nutritional quality and specific natural microbes of both maize and ryegrass forage. In addition, 

the observed changes were maintained through the ensiling process and were observed on 

subsequent maize and ryegrass silage. Changes in specific microbial communities resulted in 

increased LAB and decreased ENB and yeasts counts in subsequent silage. Silage 

microorganisms created a more desirable ensiling environment, which resulted in improved 

aerobic stability. Improved nutritional quality and aerobic stability of treated silage did not 

affect significantly ruminants’ DMI when used as feed. Overall, the observed positive results 

on forage and silage quality in the present study can serve as a basis for continuous future 

research to further investigate potential agricultural uses of biostimulants.     
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Chapter 1 Literature Review 

 

1.1 Current state of sustainable agricultural systems and future 

challenges 

 

     The growth rate of the world’s population is rapidly expanding and is estimated to reach 10 

billion by the year 2050 (FAO, 2017). The dietary trends of low to middle income countries 

(LMIC) within Asia and Africa will change or have already changed towards meat, cereals, 

vegetables and fruits from their traditional diets. Moreover, this nutritional change may lead to 

an increased rate of chronic diseases and obesity within the population of that emerging middle 

class (Kearney, 2010). This fact will increase the need for more natural resources and arable 

land. It is projected that the required agricultural production needed to match the population’s 

increase needs to be increased up to 60 % from 2005/2007 to 2050 (Alexandratos and 

Bruinsma, 2012) or at an increased rate of 2.4 % per year (Ray et al., 2013). Technological and 

scientific agricultural innovations over the last decades increased crop production for animal 

feed and human consumption. Cultivation techniques, plant nutrition, fertiliser, plant breeding 

and pest control methods were some of the new additions that were introduced (Oerke et al., 

2012). The above were the objectives of the Green Revolution with a focus to feed the world 

with little regard for sustainability. However, it was also important for the crops to be protected 

from diseases, weeds, pests, microorganisms and environmental factors such as drought and 

salinity (Cramer, 1967). These additions along with the mechanisation of agricultural processes 

lead to increased and intensified crop production. Between 1960 and 2015 agricultural 

production has almost tripled (FAO, 2017). However, compared to the accelerated population 

growth, this increase is still disproportionate. In addition, intensified crop production lead to 

environmental effects including: biodiversity loss, degradation and loss of natural resources, 

soil erosion, water depletion, greenhouse gas emissions and deforestation.  

     To mitigate some of these effects, sustainable agriculture was proposed. Sustainable 

agriculture seeks to be more environmental friendly, focusing on the importance of 

agroecology and agroforestry to reduce the effects on the environment and conserve natural 

resources (Altieri, 2018). Although sustainable systems have managed to reduce environmental 

effects to a degree, intensification has led to many substitutions of natural mechanisms of the 

crops. More specifically, plant breeding alongside the use of chemicals has altered the natural 
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defence mechanisms of crops against pests and introduced other ways of controlling diseases, 

whilst inorganic fertilisers replaced the natural manures of animals and nitrogen-fixating crops. 

There will always be a need to minimise these external additions and rely more on the natural 

resources available at farm level (Pretty, 1995). A possible way to tackle the current challenges 

of sustainable agriculture would be through sustainable intensification (SI), focusing on 

increased agricultural production whilst maintaining sustainability and ensuring crop health by 

anticipating natural and biotic factors. In the most recent report (2017), the Food and 

Agricultural Organisation of the United Nations (FAO) stressed how important these 

challenges are and have set up some major drivers towards SI to tackle population growth, food 

nutrition and health, agricultural productivity, innovation and climate change, pest and disease 

anticipation (FAO, 2017).    

  

1.2 Effect of biotic and abiotic stress on crops due to climate change 

 

     In recent years, climate patterns have appeared to change rapidly. Increased temperature, 

CO2 and other greenhouse gas emissions from industry and agriculture along with the melting 

of the ice caps have had an adverse effect on climate patterns and increased the incidence of 

natural disasters (fivefold increase since 1970) (FAO, 2017). This climate change will have a 

huge impact on crop production with more frequent drought and flooding periods which will 

reduce the yield of major crops species such as maize (Zea mays), wheat (Triticum aestivum) 

and ryegrass (Lolium spp.). A comparative analysis of 1090 yield studies reported that the 

accumulative yield increase is significantly lower than the accumulative yield decrease (30 % 

increases vs 70 % decreases among these studies) (Porter et al., 2014). One example of the 

increase/decrease fraction change is that the application of fertilisers will increase the yield 

under normal environmental conditions but will also decrease it in case of delayed rainfall. In 

a similar pattern, crop rotation may result in lower yields during normal environmental 

conditions but enhance crop production during increased rainfall (Arslan et al., 2015). Climate 

change will not only affect crop yield but also their nutritional quality. In a FAO report, it was 

suggested that climate change may decrease the concentration of minerals and proteins while 

increasing the amount of carbohydrates in crops. In the same report it is also suggested that 

crop diseases will increase due to climate change, which will favour the spread and increase of 

various pathogens globally (FAO, 2015). Moreover, climate change will also affect the 

mycotoxin contamination of crops especially in maize. Aflatoxin contamination in maize will 
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increase due to excessive global heat according to a recent modelling study (Battilani et al., 

2016). Annual economic losses due to pests and diseases in the agricultural sector reached US 

$ 70 and 200 billion, respectively, globally (Gordh and McKirdy, 2013) (Bradshaw et al., 

2016).  

     Increased biotic and abiotic stress due to climate change are the main parameters affecting 

agricultural crops. Plants are susceptible to all kinds of environmental stress with the most 

important being heat, drought, cold and salinity (Wang et al., 2003) (Chaves and Oliveira, 

2004). These environmental effects can occur multiple times over a plant’s lifecycle, either 

separate or in combinations. Sometimes the occurrence of one effect preoccupies the incidence 

of the other. An example is the periods of high drought that result from excessive temperatures. 

The negative effects that are caused from environmental factors and result in reduced yield 

rates and growth are called abiotic stress of the plants (Cramer et al., 2011). Crops are 

constantly targeted by pests (arthropods and molluscs) and various pathogens such as fungi, 

bacteria and viruses (Atkinson et al., 2013). Slight changes within the environmental conditions 

(slight increase of humidity or heat) enable pathogens to infest and proliferate on plants easier. 

This is caused either by reducing the plant’s ability to defend, or by enhancing the increase of 

pathogens due to increased ambient temperature (Mittler and Blumwald, 2010) (Nicol et al., 

2011). The combination of these effects from pathogens and pests is called the biotic stress of 

the plants (Suzuki et al., 2014). Although exposed to a combination of biotic and abiotic 

stresses, plants respond a dynamic and complex way. Each plant responds differently and its 

reaction depends on the species, the stress factors involved and the part of the plant that is being 

targeted (Cramer, 2010). Studies have reported that the micronutrient content of crops, 

critically enhance their ability to adapt to biotic and abiotic related diseases (Graham and 

Webb, 1991) (Dordas, 2008).             

 

1.3 Micronutrients in plants: nutrition, uptake mechanisms, 

disease control 

 

     There are 17 periodic elements that are essential to all higher plants for function and growth 

purposes (Asher, 1991). There are nine macronutrients comprising: nitrogen (N), calcium (Ca), 

phosphorus (P), oxygen (O), hydrogen (H), sulphur (S), potassium (K), carbon (C) and 

magnesium (Mg). The plants contain these macronutrients at quantities greater than 1 g kg -1 

of dry matter (DM) (Welch and Shuman, 1995).  Additional micronutrients comprise of: copper 
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(Cu), manganese (Mn), iron (Fe), zinc (Zn), molybdenum (Mo), chlorine (Cl), boron (B) and 

nickel (Ni). The minimum concentration of these micronutrients in crops tends to be equal or 

less than 100 μg kg -1 of DM (Alloway, 2008). Three major rules were established for an 

element to be considered essential for living organisms (plants, animals). The element should 

be critical for growth and reproduction (i), the element should have a unique action and  cannot 

be replaced by another (ii) and the element should have an immediate action on the organism 

(iii) (Arnon and Stout, 1939). The plants need to meet the minimum required content of these 

elements to have an optimum growth and a maximum yield in terms of abundance and quality, 

else they might be impacted negatively due to micronutrient deficiencies. The susceptibility of 

various crops to micronutrient deficiencies is presented in Table 1.1. However, these 

concentrations may vary between different plant species and genotypes, different tissues and 

under different growth conditions / environments (Moraghan, 1985) (Jones, 1991).  

 

Table 1.1. Relative susceptibility of various crops to micronutrient deficiencies 

Crops Mn Zn Fe Cu Mo B 

Alfalfa 

(Medicago 

sativa) 

Medium / 

Low 

Low Medium High Medium High 

Barley 

(Hordeum 

vulgare) 

Medium Medium High / 

Medium 

Medium / 

High 

Low Low 

Maize Low High Medium Medium Low Low / 

Medium 

Grass 

(Poaceae 

spp.) 

Medium / 

Low 

Low High Low Low Low 

Rye (Secale 

cereale) 

Low Low Low Low Low Low 

Sorghum 

(Sorghum 

bicolor) 

High / 

Medium 

High / 

Medium 

High Medium Low Low 

Wheat High Low Medium 

/ Low 

High Low Low 



24 

 

The table was created based on a recent report on micronutrient deficiencies (Alloway, 2008)  

 

     The main source of the plants’ micronutrient uptake is the soil substrate. However, the 

microelements, present in the soil, are contained within soil organic fractions which limits their 

uptake by plant roots (Lindsay, 1991).  Moreover, some soil types contain low quantities of the 

essential micronutrients or antagonism between nutrients occurs and thus cannot provide the 

plants with the adequate quantities they need (Norvell, 1991). It is therefore important to 

constantly monitor the soil nutrient level prior to crop sowing as well as apply efficient 

quantities of N, P, K fertilisers. The most common practical approaches for the monitoring of 

the micro nutrient soil levels are the foliar supplementation and / or the use of commercial 

fertilizers which include S, Se and B (Kolota and Osinska, 1999) (Broschat, 2008). In case of 

micronutrient deficiencies, plants exhibit various signs of stress. The symptoms are different 

based on each type of crop but the general signs include reduced yield and growth, shorter leaf 

length and discolouration (Alloway, 2008). 

     Vascular plants have developed various mechanisms which enable them to obtain the 

required microelements even from soils with low soluble elemental content. These mechanisms 

mainly focus on increasing the soluble microelement content by changing the soil rhizosphere 

(Barber, 1995). However, among the eight essential micronutrients, only Cl uptake mechanism 

has been identified. Current research looking at uptake mechanisms meets many hurdles due 

to low micronutrient fluxes (Reid, 2001). There are various theories on micronutrient 

transportation, with the transport mechanism for Fe to be the best defined so far. Three 

consecutive mechanisms (strictly related to each other), that plants utilise to absorb 

micronutrients from soils based on the Fe absorption model, have been reported. The first 

mechanism involves the transformation of micronutrients from insoluble soil fraction phases 

to soluble fractions phases. The second mechanism enables roots to activate and absorb the 

soluble ionic fractions. The third and final mechanism enhances the diffusion of soluble 

micronutrients throughout the root-cell membranes from soil to the root-cell apoplasmic phases 

(Römheld and Marschner, 1986). 

        Just as micronutrients are essential for the growth of the plant, they also affect their 

resistance to biotic stress conditions (pathogens). Micronutrients enhance the plants’ pathogen 

response as they are implicated with physiological and biochemical procedures (defence related 

pathways) (Marschner, 2012). Micronutrients also enhance the systematic acquired resistance 

(SAR) of plants by reducing the occurrence of plant diseases (Dordas, 2008). Micronutrients 

(Mn, Fe) are also involved with the metabolic pathways in plants and they are crucial in the 
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production of lignin and phenolics (Graham and Webb, 1991). Phenolics have been reported 

to help the plants to anticipate biotic stress factors (Bhattacharya et al., 2010). Lignin enhances 

the plant defence system against insect and mollusc attacks and it is mainly used as a physical 

blocker or as an enhancer of the leaf hardiness (Johnson et al., 2009). 

     Apart from micronutrient absorption mechanisms, plants have other mechanisms to identify 

and quantify the micronutrient content of the soil substrate. Plant hormones play a crucial role 

in this identification process and thus soil and plant micronutrient content can stimulate the 

hormone production in plants (Rubio et al., 2009). These hormones are also involved in the 

adaptability mechanisms of plants to low-micronutrient content environments.       

 

1.4 Plant hormones 

 

     Plant hormones or phytohormones are defined as group of organic substances that reside in 

plants at relatively low concentrations and affect the host’s natural growth, development, 

differentiation and defence procedures (Davies, 2010). Their synthesis is located either to 

various organs of the plant or within various tissues and cells. Their action is either local or 

throughout the plant as required by signalling systems (Davies, 2010). Plant hormones play a 

crucial role in the lifecycle of a plant. They moderate growth, nutrient absorption and 

allocation, development as well as the immune system of the plants (Peleg and Blumwald, 

2011). There are eight classic plant hormones that have been reported to be actively involved 

with the lifecycle. These phytohormones include auxin (IAA), cytokinin (CK), gibberellin 

(GA), abscisic acid (ABA), jasmonate (JA), ethylene (ET), brassinosteroids (BR) and salicylic 

acid (SA) (McSteen and Zhao, 2008). Three main factors that each plant hormone utilises to 

affect each plant have been reported. The effectiveness of each hormone depends on : (i) the 

content of the hormone within the plant, (ii) the production site within the plant and (iii) the 

complexity of each targeted plant tissue by the hormone (how sensitive each tissue is) (Davies, 

2010).  

      IAA is the most common hormone found in plants. It is produced mainly in the growing 

seeds, in the undeveloped leaves and in the primordia of the leaves. Auxin moves within the 

cells of the plant and it can reach even the plant’s roots via the phloem system. The main effects 

of auxin include root development, separation and growth of cells, as well as the development 

of flowering (Friml, 2003) (Normanly et al., 2010) (Hagen, 2015).  
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     Gibberellins consist of 125 compounds with the most common being GA, which is produced 

by the chloroplasts in the developing seeds and shoot. GA’s movement within the plant is 

restricted to xylem and phloem and is responsible for the enzyme synthesis which stimulates 

the germination process along with the development of the stem (Sponsel and Hedden, 2010) 

(Woodger et al., 2010) (Sun, 2010).  

     Cytokinins are widely found within plants of which the most common compound is zeatin. 

Their production site is found in growing seeds and roots using adenine as a base. Xylem 

transportation is used by all CKs from root to shoot. They are involved in the growth of the 

chloroplast, length increase of the leaves and differentiation of plant cells in general 

(Sakakibara, 2010) (Roef and Van Onckelen, 2010) (Maxwell and Kieber, 2010). In stressful 

situations, due to pathogenic diseases or physical injuries, ET is produced from methionine in 

most plant tissues. The main transportation system for ET is through diffusion to the targeted 

areas (Wang et al., 2002) (Nehring and Ecker, 2004).  

     ABA is another substance that is produced in response to a stress, especially in case of water 

shortages. Its main production sites include grown leaves and roots. The hormone travels to the 

target plant area using the phloem (from leaves) and the xylem (from roots).  It is involved with 

stomatal cessation in leaves and also it enhances the synthesis of proteins within seeds (Walton 

and Yi, 1995) (Assmann, 2010).  

     Brassinosteroids consist of several steroid compounds and they are produced from all the 

plant organs. They are mainly responsible for the control of cell differentiation and the 

regulation of successful reproduction of plants (Choe, 2010) (Kim and Wang, 2010).  

     Jasmonic acid is the most common compound of jasmonate group of hormones and is 

derived from linolenic acid. It is vital for the initiation of plant’s defence mechanisms against 

insects, root development and reproduction as evidenced in Arabidopsis (Arabidopsis 

arenicola) (Creelman and Mullet, 1997). SA is the most common representative from 

salicylates and is produced from amino acid phenylalanine. When combined with 

micronutrients, it is crucial in the SAR from the mature to younger leaves of the plant. It is also 

involved with the plant’s pathogen resistance along with jasmonic and abscisic acids (Gaffney 

et al., 1993). 

     A sufficient combination of micronutrient content and hormone synthesis is vital for the 

growth and yield of the crops. However, environmental (low micronutrient-content soils, 

excessive weather phenomena) as well as biotic (pathogens, insects) factors can negatively 

affect crop health and yield with imminent implications to the sustainable agriculture systems 
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(biological and financial). A new sustainable way to support crop production and ensure viable 

yields is the newly-emergent area of plant biostimulants.                       

    

1.5 Biostimulants and agricultural uses 

 

     During the past two decades, there has been an increased use of biostimulants in agricultural 

areas. Europe is the biggest market where there was a 12.5 % growth of biostimulant sales 

annually between 2013 and 2018 (Calvo et al., 2014) while the European Biostimulant Industry 

Council (EBIC) predicted the sales to reach € 1 billion by 2019 ( EBIC, 2013b). These products 

contain a variety of substances (including microorganisms), which when applied to plants can 

increase their growth, stress tolerance and nutrient uptake (Du Jardin, 2012). The first reference 

of biostimulators introduced the ‘biogenic simulant’ theory (Filatov, 1944). Since then, various 

researchers have elaborated on that theory and the first definition of these substances came as 

‘materials that, in minute quantities, promote plant growth’ (Zhang, 1997). The word 

biostimulant was further defined in a scientific paper (Kauffman et al., 2007) but the first 

bibliographic review was done later (Du Jardin, 2012). There are various definitions of the 

biostimulant products but for the purpose of this study we will use the latest (Yakhin et al., 

2017) which summarize them as ‘a formulated product of biological origin that improves plant 

productivity as a consequence of the novel, or emergent properties of the complex constitutes, 

and not as a sole consequence of known essential plant nutrients, plant growth regulators, or 

plant protective compounds’. 

     Biostimulant products in the current market are divided into five categories: i) 

microorganisms (bacteria, yeasts and fungi), ii) hydrolysed proteins and amino acids, iii) 

seaweed extracts, iv) inorganic compounds (salts, minerals), v) humic substances and fluvic 

acids (Kauffman et al., 2007) (Du Jardin, 2012) (Torre et al., 2013) (Calvo et al., 2014) (du 

Jardin, 2015) (Halpern et al., 2015). These categories are used for a general purpose of 

biostimulant classification but are not absolute. There are many novel biostimulants that 

contain various substances among these categories or sometimes even new unidentified 

molecules.  

     Today, there is a wide variety of commercial products characterised as biostimulants. These 

products are a combination of biological materials or fermentation process derivatives. Thus, 

the effectiveness of these products relies on the mixture of their components as whole and not 

as individual substances. Similar to an organic system, these products cannot be described 
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completely due to the complexity theory (Mayr, 1982). In the case of biostimulants, this theory 

was described as an emergence theory and the biostimulant components as ‘emergent 

properties’ (Johnson, 2006). Due to their complexity, there is no clear legislation that regulates 

their use around the world. Lately, there is a combined effort from the EBIC, along with many 

European governments (Italy, Netherlands, Czech Republic), to create a regulatory framework 

for the use and application of biostimulants. The European Commission had already revised 

the Regulation EC No 2003/2003 and included the biostimulants within the category of 

fertilising additives (La Torre et al., 2016). This update came in to force during 2018.  

     To better understand these products due to their complexity, constant research is a core 

element for further enhancing the current market. It is estimated that by 2050 the world 

population will increase by 3 billion, so there is a greater challenge for feeding everyone with 

the current agricultural land area (Paillard et al., 2014). Further utilisation of biostimulants can 

be crucial in terms of increasing crop productivity and sustainable agriculture. There are many 

peer-reviewed papers that research the possible biological mechanisms behind such products 

on the pre-harvest crops and soil rhizosphere, with a large focus on wheat, maize and ryegrass. 

The effect of humic acid derived products was tested on maize using a pot trial under drought 

and no drought conditions. The products affected the maize plants under drought conditions 

and enhanced chlorophyll content, leaf area, DM and yield (Anjum et al., 2011). Biostimulants 

which contained fluvic and humic acids were tested on maize seeds and showed increased root 

elongation and growth (Harper et al., 1995). Biostimulants’ effects on wheat has also been 

investigated by using a foliar product, originating from fluvic acid, using pot and field trials. 

The results showed that foliar application increased chlorophyll content along with P uptake 

from the plant roots (Xudan, 1986). Any potential effects from humic acid based biostimulants 

were tested on wheat using a pot trial with different levels of N, P and Mg. The product 

increased the height of the plants along with the DM of the roots and shoots. Moreover, it 

enhanced the N uptake of the plants (Tahir et al., 2011). The effect of hormone-based 

biostimulants on the increase of root and shoot DM of perennial ryegrass has also been 

reviewed (Zaman et al., 2016). Biostimulants were tested on perennial ryegrass under drought 

field conditions where they affected micronutrient absorbance and chlorophyll index of the 

treated plants (Mahdavi et al., 2017).  

     However, there is limited scientific research on forage crops that will be further used for 

ensiling and subsequently animal feeding. The current literature has proven that biostimulants 

decrease the biotic and abiotic stress of the crops and increase nutrient absorption. This may 
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result in healthier plants, with higher yield and a more desirable natural microbiome for a more 

stable ensiling environment and aerobic stability. 

 

1.6 Silage: Principles, aerobic stability and microbiology 

 

     In modern farming and especially in the western world (America, Europe), forage is the 

main source for feeding ruminants up to 90 % of their dietary needs (Charmley, 2001). 

Currently, there are two ways for preserving forage: hay-making and ensiling. There was an 

increased silage production over hay over the last 30 years (Wilkinson et al., 1996). With 

ensiling, more forage can be conserved in significantly less time than haymaking and the 

process is less weather dependant. Recent developments in harvesters and general 

mechanization have also favoured the ensiling process. The major disadvantage of ensiling is 

that the final nutritional status of the crop is usually significantly reduced in comparison to the 

starter crop (Charmley, 2001). However, the gross energy content of the silage may be higher 

than the initial crop. The available energy from a maize silage is likely to be higher than the 

fresh crop due to the acid hydrolysis of the prolamin layer around the starch granules. Thus, 

the starch digestibility of the maize is improved once ensiled. To minimise the crop losses 

during ensiling, it is essential to store the forage properly. There are two established main 

principles for ensiling (McDonald et al., 1966). The achievement and maintenance of anaerobic 

conditions during ensiling is the first major principle. This will reduce aerobic spoilage from 

the oxidation effect of plant enzymes and aerobic microorganisms such as yeasts and moulds, 

as well as facultative aerobic microorganisms such as Enterobacteriaceae spp. (ENB). The 

second major principle is the reduction of the crop’s pH to inhibit the proliferation of 

undesirable microorganisms such as clostridia and ENB. However, the first action of reducing 

pH is to reduce plant enzyme activity which catabolise the protein to free amino acids which 

can then by further degraded by microorganisms to ammonia resulting in lessening the 

efficiency of N utilisation during digestion in the animal (Heron et al., 1986). Clostridial 

growth will further degrade amino acids and produce undesirable products which include 

carbon dioxide and ammonia. Moreover, Clostridium spp. break down sugars and / or lactic 

acid to produce butyric acid (McDonald et al., 1991). 

     The ensiling process consists of 4 stages: (i) initial aerobic phase, (ii) main fermentation 

phase, (iii) conserved or stable phase and (iv) feed-out or end-point phase (Pahlow et al., 2003). 

The first phase lasts a few hours. The duration depends on the chopping length of the crops and 
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the % DM at harvest as well as the compaction and sealing of the silo. During this phase, 

oxygen in the silo is diminishing and results in heat production due to the respiration of plants 

and microorganisms. The shorter this phase, the better the quality of end product (McDonald 

et al., 1991). The duration of the second phase varies between 1-4 weeks and starts after the 

depletion of the remaining oxygen. Early in this phase, a competition for energy substrates 

(nutrients) exists between anaerobic microorganisms (facultative and obligate). The most 

important microorganisms are lactic acid bacteria (LAB), ENB, clostridia and yeasts. After the 

initial stages and if everything goes well, LAB dominate the anaerobic environment. They 

produce lactic acid from the fermentation of water-soluble carbohydrates (WSC) (including 

mainly glucose, fructose, sucrose and fructans) and this results in a pH decline. Under these 

conditions, ENB, clostridia and yeasts tend to decline due to the unsuitable environment. The 

greater the lactic acid production, the greater the reduction in pH and the shorter the duration 

of this phase (Pahlow et al., 2003). This phase is rate dependant. The faster the rate, the greater 

production of lactic acid by the end-point. In case of a slow rate of lactic acid production, the 

rate of pH decline will be slower. The third phase can last from a few months to an entire year 

and is defined by stability in the silo environment. If the pH is at low levels and there is no air 

penetration, low enzyme activity occurs which results in minimal degradation of proteins and 

production of ammonia therefore providing a stable fermentation. However, in the case of air 

penetration, there may be a decrease in the nutritional quality  of the end product due to greater 

enzyme activity (Ohshima and McDonald, 1978). The LAB numbers are relatively low at this 

stage due to the low pH created by their end products. Clostridia are completely inhibited and 

survive only in spore form. However, it is reported that heterofermentative LAB can be active 

during this storage phase and cause the conversion of lactic acid to acetic acid, ethanol and 1,2 

propandiol. This situation partly can occur with L. plantarum but to a much lesser extend 

(Lindgren et al., 1990). Thus, they can cause a rise in pH in the silo mass (Driehuis et al., 

2001). The fourth and last phase occurs after the opening of the silo and during the feeding of 

animals. During this phase, there is an ingress of air in the silage which reactivates the yeasts 

from their dormant state (during anaerobic conditions) as well as enhances the proliferation of 

proteolytic bacteria (Woolford, 1990). The proliferation of these undesirable microorganisms 

will lead to an increased temperature and pH, decreased lactic acid and overall nutritional 

quality of the silage. The faster the aerobic deterioration is, the lower the nutritional value of 

the silage fed to animals.  

     Aerobic stability is defined as the number of hours subsequent to opening the silo that 

needed to increase the silage temperature up to 2 °C above the ambient environmental 
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temperature (Ranjit and Kung Jr, 2000). The aerobic stability value is an important 

characteristic as it relates to low undesirable microorganisms (moulds, yeasts) and indicated a 

higher quality silage (Wilkinson and Davies, 2013). There are many factors that affect the 

aerobic stability of silage. Dry matter content, acetic and butyric acid are the most important 

biochemical factors, while yeasts and moulds are included in the microbiological factor 

category. Silage density, porosity and permeability are included as physical factors, while 

harvest temperature, silo filling time and sealing techniques are part of the agricultural 

management factors (Wilkinson, 2015).  

     Ensiling results in decreased nutritional quality of the initial forage. The DM losses during 

fermentation are the most important in terms of quality, nutritional and animal feeding 

perspective and they occur in each of the ensiling stages that were previously mentioned. 

Losses that occur due to field harvest, fermentation and respiration during ensiling, production 

of effluent and exposure to oxygen were summarised in a recent report (Borreani et al., 2018). 

The DM losses during each stage are inevitable. However, there are external factors that can 

reduce the DM loss to an extent. These factors include in field and silo management practices 

(wilting, silo cover, silo filling etc.) and environmental factors such as rain. The possible DM 

losses during ensiling (aerobic and anaerobic phase) could be up to 21 % and the possible DM 

losses during feed out phase could be as high as 34 % (Borreani et al., 2018). It is therefore 

important to preserve the DM amount of silage.  

     Success or failure of ensiling is based mainly on a variety of microbes that exist on the crops 

along with optimum storage conditions, absence of air penetration etc. There are two different 

isolates of microflora: the covetable and the non-covetable (Driehuis and Elferink, 2000). LAB 

belong to first category while clostridia, yeasts, ENB and filamentous fungi belong to the latter, 

as they cause silage spoilage and pose a danger to animal health and food safety. Clostridium 

spp. are Gram-positive species of bacteria. All of them are obligate rod-shaped anaerobes that 

form endospores. They gain their nutrients from the catalysis of proteins and carbohydrates. 

One of the main fermentation reactions is the degradation of lactic acid to butyric acid, water 

(H2O) and carbon dioxide (CO2). Thus, the nutritional value of silage is reduced and the silage 

pH increases. Clostridia are divided in three groups (Pahlow et al., 2003). The first group 

includes C. sporogenes, C. bifermentans and C. sphenoides which are proteolytic species and 

usually ferment a limited amount of carbohydrates. The second group is called the Clostridium 

butyricum group and the third includes Clostridium tyrobutyricum which ferments lactic acid 

and a limited amount of sugars in low pH environments. ENB are facultative anaerobic 

microorganisms and they antagonise LAB for energy sources during first stages of ensiling. 
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ENB ferment sugars (glucose) to produce lactic, formic and acetic acid as well as ethanol and 

butanediol (Rooke and Hatfield, 2003). They are also responsible for the reduction of nitrate 

(NO3-) to nitrite (NO2-) and the latter to nitrous oxide (N2O) and ammonia (NH3) (Spoelstra, 

1985).  

     LAB are distinctive for their capability to produce lactic acid through a fermentation process 

of sugars. Silage contains numerous LAB genera. The most common genus of LAB that were 

reported on forage crops and silages include: Pediococcus, Lactobacillus, Leuconostoc, 

Lactococcus, Streptococcus and Enterococcus (Pahlow et al., 2003). The most common 

species include: L. casei, L. plantarum and L. buchneri (Pahlow et al., 2003). LAB are divided 

into three categories depending on fermentation products: homofermentative, facultative 

heterofermentative and obligate heterofermentative. Homofermentative groups ferment 

hexoses and produce solely lactic acid being unable to ferment pentoses. Facultative 

heterofermentative groups ferment hexose to solely lactic acid and pentose to a mixture of 

fermentation product including acetic acid. Obligate heterofermentative LAB species ferment 

both hexoses and pentoses but their final products include CO2, ethanol, acetic and lactic acid. 

Homofermentative and facultatively heterofermentative species are preferred to obligate 

heterofermentative as they do not produce CO2 which is a contributor to DM loss. However, if 

the energy substrate includes xylose and arabinose (pentoses) lactic and acetic acid is produced 

by both groups (homofermentative, heterofermentative) without releasing any CO2 (Woolford, 

1984).  LAB can grow both in presence and absence of oxygen (Pahlow et al., 2003). The 

optimal temperature for LAB growth varies between 20 to 40 °C (Driehuis and Elferink, 2000). 

The optimal temperature for yeast growth is 30 °C (McDonald et al., 1991). The greatest 

aerobic deterioration of maize and wheat silages was found at 30 °C while the optimal 

temperature for silage exposure was 10 and 40 °C  (Ashbell et al., 2002).  Recommended pH 

for optimum LAB growth varies between 5 and 6 (Driehuis and Elferink, 2000). LAB need a 

rich energy substrate (carbohydrates) to start the fermentation process. The substrate usually 

contains carbon sources such as amino acids and carbohydrates. The most important sugar used 

as an energy substrate for LAB is glucose and is followed by fructose, sucrose and fructan 

(WSC) (McDonald et al., 1991) (Rooke and Hatfield, 2003). However, fructan fermentation 

may be LAB strains specific as most LAB species are not able to use it as a substrate (Winters 

et al., 1998). As a result of the carbohydrate fermentation, lactic acid is produced and the silage 

pH is lowered (Driehuis and Elferink, 2000).  

     Yeasts belong to eukaryotic microorganisms which are also facultative anaerobic. They are 

considered undesirable microorganisms for ensiling processes. Under anaerobic conditions 
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they ferment sugars (maltose, sucrose, glucose) and produce CO2 and ethanol. Thus, they are 

decreasing the available substrate for LAB (Driehuis and van Wikselaar, 2000). However, the 

main actions of yeasts are related to the feed-out phase of ensiling where they initiate aerobic 

spoilage. Many species have been isolated from aerobic deteriorated silages with the most 

important including: Hansenula, Candida, Torulopsis and Saccharomyces (Pahlow et al., 

2003). Under aerobic conditions their fermentative action is decreased in favour of respiratory 

processes. They are responsible for the oxidation of lactic acid which causes an increase in pH 

and of the other undesirable microorganisms that are mentioned above (Woolford, 1990) 

(McDonald et al., 1991). The proliferation of yeasts in silages are subject to two important 

factors: presence of air and type of crop. Certain undesirable yeast species can proliferate under 

oxygen presence during the ensiling process (van Dijken et al., 1993). In well preserved silages 

yeast numbers tend to increase during the initial weeks and then decrease during the storage 

phase (Jonsson and Pahlow, 1984) (Middelhoven and van Baalen, 1988).  

     Another important microorganism that is responsible for aerobic deterioration is the 

filamentous fungi or moulds which are eukaryotic aerobic microorganisms. They usually 

proliferate on the surface of the silage, due mainly to oxygen ingress either in the bale or clamp 

during ensiling or upon silo opening and during the feed-out phase. The most common silage-

isolated species include: Absidia, Mucor, Penicillium, Aspergillus and Fusarium (Nout et al., 

1993). Aside from the so-called silage fungi (above), there are species that contaminate the 

crops during growth and harvest directly from the field. These genera differentiate from the 

ones mentioned above and include other species of Fusarium, Claviceps and Cladosprium 

(Scudamore and Livesey, 1998). Fungi are undesirable silage microorganisms because they 

negatively affect silage palatability and nutritional value. However, the most important fungal 

effects are related to animal health as a consequence of the production of mycotoxins 

(Oldenburg, 1991). For the reasons mentioned above, it is important to ensure crop health and 

quality during growth and harvest potentially using biostimulants or fungicides. The reduction 

of abiotic stress and the enhancement of the plant immune system should create a more 

desirable microbial environment to help reduce the production of mycotoxins in silage.  

 

1.7 Mycotoxins: Production, occurrence in forage and silage and 

effect on animal health 
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     Filamentous fungi produce secondary stable low molecular weight toxic metabolites that 

are called mycotoxins (Hesseltine, 1979). Around 300 species of mycotoxins have been 

identified, although not all of them have been researched thoroughly. Mycotoxins occur as 

major contaminants in feed and food worldwide. Around 25% of forages worldwide are 

contaminated by mycotoxins and the estimated economic loses in the USA alone are roughly 

$ 1.4 billion (CAST, 1989). The most common genera of filamentous fungi that have a serious 

impact on silage mycotoxicosis are Fusarium, Aspergillus and Penicillium species. Optimum 

growth for filamentous fungi can be achieved at temperature between 10 and 40 °C, pH 

between 4 and 8 and water activity (aw) greater than 0.70 (Whitlow et al., 2002).  

     Aspergillus species can grow in lower aw in comparison to the other two species. The typical 

water activity of maize and ryegrass silage at ≤ 4 pH is ca. 0.980 (Vissers et al., 2007).  Growth 

of Aspergillus spp. is favoured at high temperature and therefore it thrives in warm climates 

around the world. Aspergillus spp. and their toxic metabolites (aflatoxins) are usually found in 

crimped maize silage. Aflatoxins contain 15 to 20 compounds with the most reported to be: 

B1, B2, G1 and G2. Another compound M1, which is found mainly in dairy milk, is 

metabolised from B1 by rumen microflora (Whitlow et al., 2002). The main occurrence of A. 

flavus in maize crops is through field contamination although there are reported cases of post 

ensiling presence of the specific strain at about 37 % of the maize silage samples (Mansfield et 

al., 2008). Elevated temperatures, biotic and abiotic stress of the maize plants are the main 

factors for the fungal contamination. Increased fungal numbers and specifically Aspergillus 

spp. may lead to aflatoxin contamination of pre-harvest crops. The most striking evidence of 

contaminated maize is the vast number of green and yellow spores on the surface of the crops. 

Pre-harvest maize can also be contaminated with A. flavus spores. It has been reported that the 

ears of the maize crops were more prone to A. flavus contamination after they were damaged 

from insect attacks (Marsh and Payne, 1984).  

     A category of the toxic metabolites that are produced from Fusarium spp. are trichothecenes 

and are divided into two types: A and B (McCormick et al., 2011). F. poae, F. langsethiae and 

F. sporotrichioides produce the type-A toxins, with T-2 the most common in occurrence 

(Chelkowski, 2014). This toxin mainly contaminates wheat, barley and mixed feeds and is 

rarely found on maize crops (Schollenberger et al., 2006). The most important type-B 

mycotoxins include deoxynivalenol (DON) and fusarenon-X and they are produced by F. 

culmorum and F. graminearum (Chelkowski, 2014). DON is the most common mycotoxin to 

be found in maize silages with its presence ranging from 13 to 100 % in silage (Gallo et al., 

2015). This variability relies on the part of the silo that is being sampled. Thus, the DON 
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variability in maize silages may be due to the sampling procedure. Flowering stage along with 

rainy weather are the main factors for Fusarium spp. proliferation on crops. DON contaminates 

various cereals such as oats, wheat, maize and barley. It can also proliferate during storage time 

on silage and is responsible for ear-rot disease, especially in maize. The infected crops have a 

tell-tail pale or pink colour (Rambo et al., 1974). F. graminearum also produces an important 

mycotoxin called Zearalenone (ZEA). It mainly contaminates maize plants among others such 

as sorghum, wheat and barley. It has also been isolated from various silages of the above crops. 

On maize especially the contamination levels reach up to 500 μg kg -1 (Schollenberger et al., 

2006) (Driehuis et al., 2008) (Eckard et al., 2011). The main factors that influence the F. 

graminarum contamination in maize are high moisture and harvest at a late maturity stage 

(Abbas et al., 2006). Despite their high occurrence, recent studies have found that mycotoxin 

concentrations can be reduced during the ensiling period. The mycotoxin content of silage was 

reduced in comparison to the one of initial forage. The mycotoxins were metabolised during 

the acidic anaerobic fermentation (Fink-Gremmels and Diaz, 2005). Reduced Fusarium spp. 

toxins were reported in low DM maize silage under prolonged ensiling (Boudra and Morgavi, 

2008).  

     Specific Penicillium spp. are the most common fungi that have been isolated from silages. 

These species prevail during the ensiling period and their presence is favoured by inadequate 

storage conditions and bad weather, resulting in severe mycotoxin production (Boudra and 

Morgavi, 2005) (Richard, 2007) (Driehuis, 2013). These species include P. roqueforti and P. 

paneum and they are the most found species on maize and grass silages. In a recent study, these 

species were isolated from 96 % of maize silage in Denmark (Storm et al., 2010), while P. 

roqueforti mycotoxins was detected in 50 % of maize and 19 % of grass silages, in the 

Netherlands (Driehuis et al., 2008). The most important mycotoxins derived from these fungi 

are roquefortines and mycophenolic acid. Roquefortines’ content in maize silage varied 

between 25 and 36 μg/kg among various studies (Auerbach et al., 1998) (O'Brien et al., 2006), 

while mycophenolic acid varied between 588 and 7565 μg kg -1 in grass silage (Santos and 

Fink-Gremmels, 2014). In other maize silage studies, mycophenolic acid presence was detected 

among 40 % (Dell’Orto et al., 2015) and 30 % (Schneweis et al., 2000) of the selected samples.  

     Another important mycotoxin that has been isolated from maize silages is patulin which is 

a toxic derivative of Penicillium, Byssochlamys and Aspergillus (Damoglou et al., 1984). Wet 

silages tend to have increased patulin quantities. Patulin has been isolated from 23 % of maize 

silage samples with concentration varying between 10 and 1210 μg kg -1 in a recent study 

(Storm et al., 2008). It is preferable for silages to contain no mycotoxins, as they are the largest 
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proportion of a ruminants’ diet. Ruminants require a great portion of fibre for their rumen 

microbiota to function. Silages with increased filamentous fungi counts and mycotoxin 

presence have decreased palatability and nutrients. This may lead to reduced feed intake and 

productivity, suppression of the animal’s immune system and loss of weight (Alonso et al., 

2013) (Cheli et al., 2013) (Wambacq et al., 2016). 

     Ruminants are less susceptible to mycotoxins’ effect than monogastric livestock (pigs, 

poultry, horses and donkeys). This is mainly due to the rumen’s microbiota activity which can 

detoxify many mycotoxins by degrading and binding their toxic components (Fink-Gremmels, 

2008). Some typical examples of the detoxification include the conversion of ochratoxin A to 

ochratoxin a and phenylalanine by rumen protozoa, the conversion of DON to diepoxy-

deoxynivalenol (DOM) and the conversion of zearalenone to a hydroxy-metabolite a-

zearalenol (Kiessling et al., 1984). Penicillium spp. mycotoxins have antibiotic activities 

against the rumen microflora (Fink-Gremmels, 2008). Animal trial experiments are complex 

and time-demanding to design, there is limited research that assess the mycotoxin effects on 

animal health and their impact on agricultural economy. Ruminants’ diets are a mix of feedstuff 

(concentrate and forage), rich in terms of energy and protein (Gallo et al., 2013). Taking into 

consideration the greater amount of feed needed for their diet, ruminants have a potential large 

exposure to mycotoxin contamination. The main mycotoxins that affect animals include 

aflatoxins, DON, T-2 toxins, ZEA and ochratoxins (Gallo et al., 2015). The way that animals 

were fed, influences their ability to detoxify mycotoxins. Diets which lead to low rumen pH 

and acidosis may alter the rumen microbiota reducing its ability to detoxify mycotoxins. 

 

1.8 Aims 

 

     Biostimulant products under the commercial names SOIL-SET™ Aid (SE) and IMPRO-

GRAIN™ (IG), were provided by Alltech Crop Science (KY, USA) for testing. SOIL-SET™ 

Aid is a proprietary liquid product containing a mixture of spent Lactobacillus spp. culture 

media and an aqueous yucca (Yucca spp.) extract surfactant, supplemented with soluble sulphur 

(S) 4.0 %, copper (Cu) 2.0 %, iron (Fe) 1.6 %, manganese (Mn) 0.8 % and zinc (Zn) 3.2 %. 

IMPRO-GRAIN™ is a proprietary liquid product containing a mixture of spent Lactobacillus 

spp. culture media and an aqueous yucca (Yucca spp.) extract surfactant, supplemented with 

soluble S 1.1 %, Mn 0.8 % and Zn 1.2 %. Both Cu, Mn and Zn are in sulphate form and final 

concentrations differ between products. 
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     Biostimulant market comprises of many commercial biostimulants whose proprietary 

production process is protected. Protecting production processes and product composition is a 

common practice that commercial companies utilise to remain competitive in this market. To 

counter this non-disclosure of information, commercial companies fund an amount of research 

that still contributes to our overall understanding of plant and animal science. For this study, 

Alltech was not prepared to fully disclose the composition of the product for proprietary 

reasons. Instead they provided the full commercial description of the product (publicly 

available) which was verified by individual testing (results are not presented). Alltech would 

have a commercial interest in the project but as stated in the author’s declaration part at the 

beginning of this thesis, the used methodologies and the drawn interpretations were conceived 

and driven by the author of this thesis. In addition, Alltech has not tried to draw ‘false positive’ 

conclusions i.e. the science is sound irrespective of who paid for it. 

     Based on their current composition, tested biostimulants (SE, IG) were correlated with the 

current reported biostimulant categories. Both products were tested for living microorganisms 

due to containing Lactobacillus spp. culture media with the results being negative (results are 

not presented). Thus, both products can be allocated to the inorganic compounds category due 

to the micronutrient compounds they contain S, Cu, Fe, Mn, Zn (exact micronutrient 

composition was verified) (Kauffman et al., 2007) (Du Jardin, 2012) (Torre et al., 2013) (Calvo 

et al., 2014) (du Jardin, 2015) (Halpern et al., 2015). The testing and categorisation of the two 

commercial products was crucial to enable the comparison of specific results with other 

biostimulant studies. 

     Based on the gaps in the literature regarding the biostimulants (identified above), the aim 

of the current study is to research any potential effects of two specific biostimulant products 

on forage crops (ryegrass and maize) and their subsequent silage quality. The objectives of the 

current study are summarised as follows: 

i) Observe any biostimulant effects on the nutritional and microbial status of these 

forages 

ii) Observe if any of the biostimulant effects on forage, further influence the 

subsequent silage quality and aerobic stability 

iii) In case of affecting forage and silage quality, observe any biostimulant effects on 

animal silage dry matter intake and live weight gain. 

     The hypotheses to be tested were drawn from the current gaps in the literature, the tested 

biostimulants composition as well as the objectives of this study. As there are two different 

commercial biostimulants there will be a comparison between them as well as a combined 
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effect of the two products against control (no treatment application). Based on these factors a 

null hypothesis was drafted for testing as follows:  

‘H0: The application of biostimulants (single and combined) has no effect on forage nutritional 

and specific microbiological composition, silage aerobic stability and silage dry matter intake 

(DMI) of ruminants.’ 

The alternative hypotheses to be tested are summarised as follows: 

H1: Biostimulants (single and combined) affect the nutritional quality of forage crops by 

altering dry matter (DM), fibre, water soluble carbohydrates (WSC), starch, ash and total 

nitrogen (TN) concentration 

H2: Biostimulants (single and combined) affect specific silage-related microbial composition 

of forage crops by altering Enterobacteriaceae spp. (ENB), lactic acid bacteria (LAB) and 

yeasts 

H3: If biostimulants (single and combined) affected specific nutritional and microbial 

parameters of the forage, they also affect the same parameters of the subsequent silage 

H4: Biostimulants (single and combined) affect silage fermentation characteristics and aerobic 

stability 

H5: If biostimulants (single and combined) affected positively specific nutritional and 

microbial parameters of the silage they also affect dry matter and subsequent nutrient intake 

(DMI) of ruminants 

     The structure of the reminder dissertation is based on the objectives and the hypotheses 

drawn. As no previous testing results were available, it was decided for the products to be first 

tested under controlled environments in a small-scale trial (glasshouse). This would enable the 

authors to test the initial hypothesis by doing a low-cost experiment. If the initial hypothesis 

was not true, then the experiment would expand into bigger scale filed trials. One for ryegrass 

and one for maize. Due to the commercial nature of the product, one field trial (maize) was 

conducted in a commercial farm with similar field and environmental conditions with the other 

trial (ryegrass). This would enable the products to be tested under real-time conditions by 

sacrificing some statistical strength on the design.   
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Chapter 2 Methodological understanding of 

biostimulants’ potential mechanisms by investigating 

their observed effects on soil and crops 

 

2.1 Introduction 

 

     Many inorganic chemical and organic fertilisers are used in modern agriculture to supply 

crops with essential nutrients. Intensive weather conditions (rainfall) or insufficient nutrient 

content in the soil lead to less accumulation of these nutrients in plants. Thus, greater amounts 

of fertilisers are necessary (Halpern et al., 2015). Chemical fertilisers are responsible for 

increased CO2 emissions (Vance, 2001). A potential way to reduce the quantities of chemical 

fertilisers that are already in use is the application of biostimulants. Biostimulants can help 

nutrient uptake and improve plant fitness (EBIC, 2013b). Thus, their application may result in 

a reduced reliance on chemical inputs and fungicides / pesticides. 

     Biostimulants belong to a recently emerged and rapidly developing market. They are 

complex products that, when applied on either soil or plants, enable them to adapt more 

successfully to biotic and abiotic stress. The biological origin of biostimulants differ greatly 

and depends on the manufacturer and the current agricultural market needs. The manufacturing 

process involves various techniques such as hydrolysis, fermentation, extraction, cell 

treatment, purification (Yakhin et al., 2017). Biostimulants have numerous biological sources, 

which in turn means commercial biostimulants tend to have a wide range of function, some 

better defined than others (Traon et al., 2014). However, due to their complexity of origin, it is 

important to understand the mechanisms behind their functionality (Yakhin et al., 2017). 

Biostimulants have been referred to as ‘’snake oil’’ if these mechanisms are not properly 

elucidated (Basak, 2008). Due to the complexity of some biostimulants, it is often not possible 

to accurately determine these underlying mechanisms. Thus, it is essential to research and 

demonstrate any impact that these products might have on their application target based on any 

observed positive effects (Yakhin et al., 2017).  

     For this study, two commercial biostimulant products were provided by Alltech Crop 

Science (KY, USA). The objectives of this initial study were 2-fold; firstly, to establish an 

initial glasshouse experiment to assess any possible effect of the biostimulant products on 
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ryegrass (Lolium spp.) and maize (Zea mays) productivity. Then, based on the observed effects, 

elucidate possible mechanisms to form the basis of future, field-scale experiments, as detailed 

in Chapters 3, 4 and 5. 

 

2.2 Materials and Methods 

 

2.2.1 Soil collection, sowing, sampling and harvest 

 

     Soil samples were collected from two different fields at Rothamsted Research, North Wyke 

(NW) (Devon, UK) based on their suitability to grow ryegrass and maize crops on June 20th, 

2016 and on September 10th, 2016. Crediton series soil type, a free-draining permeable soil 

over a soft sandstone suitable for growing maize, was collected from Redland (RL). Halstow 

series soil type, a clayey typical non-calcareous pelosol over shale soil type suitable for 

growing ryegrass, was collected from Little-Burrows (LB). The soil was placed in separate 

covered trays (height = 15 cm, length = 75 cm, width = 35 cm) to air-dry at room temperature 

ca. 18 °C for ten days in the NW soil laboratory. This method was chosen to minimise any 

atmosphere impact on soil microbial communities (Bartlett and James, 1980). Soil samples 

were sent to NRM laboratories (Cawood Scientific, Bracknell, UK) for chemical index analysis 

[pH, potassium (K), magnesium (Mg), phosphorous (P)]. The soil samples were sieved using 

an 8-mm metal sieve to remove any large aggregates and were placed in plastic pots. The LB 

soil samples were placed in 40 small plastic pots [internal volume = 5 L, soil weight = 3.5 kg 

fresh weight (FW)], while the RL soil samples were placed in 40 larger plastic pots (internal 

volume = 10 L, soil weight = 7 kg FW). Both maize and ryegrass pots were randomly placed 

in the glasshouse using a randomised complete block design. There were five blocks of eight 

pots each and within each block, pairs of pots were randomised to receive one of the four 

possible treatment combinations. For identifying the microbial diversity in the soil before 

sowing and after application of any treatment, a size 6 cork-borer (length = 10 cm, internal 

diameter = 10 mm) was used (Scientific Laboratory Supplies, Nottinghamshire, UK) to take 3 

samples from rhizosphere of each pot. The borer was cleaned with industrial methylated spirit 

(IMS) (ThermoFisher, Basingstoke, UK) and left to air-dry prior to each sampling. Soil 

samples were placed in labelled polythene bags and were mixed and subsampled (1 g) in 

smaller bags. The latter samples (sub sampled bags) were placed in a fridge overnight at 4 °C 
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and were used for microbial analysis while the rest were placed in a freezer at – 18 °C (NW 

soil lab). 

     Biostimulant products under the commercial names SOIL-SET™ Aid (SE) and IMPRO-

GRAIN™ (IG), were provided by Alltech Crop Science (KY, USA) for testing. SOIL-SET™ 

Aid is a proprietary liquid product containing a mixture of spent Lactobacillus spp. culture 

media and an aqueous yucca (Yucca spp.) extract surfactant, supplemented with soluble sulphur 

(S) 4.0 %, copper (Cu) 2.0 %, iron (Fe) 1.6 %, manganese (Mn) 0.8 % and zinc (Zn) 3.2 %. 

IMPRO-GRAIN™ is a proprietary liquid product containing a mixture of spent Lactobacillus 

spp. culture media and an aqueous yucca (Yucca spp.) extract surfactant, supplemented with 

soluble S 1.1 %, Mn 0.8 % and Zn 1.2 %. Both Cu, Mn and Zn are in sulphate form and final 

concentrations differ between products.  

     All pots (n = 80) were placed on a concrete floor of a temperature regulated glasshouse at 

NW. Artificial lightning was provided. The light period was set at 16 h d -1 and was followed 

by an 8-h darkness period. The temperature was set at 25 °C. Within the 40 pots for each crop 

(maize, ryegrass), experimental treatments consisted of either: pots treated with water (control, 

n = 10), pots treated with SE (n = 10), pots treated with IG (n = 10) and pots treated with both 

products (SE+IG, n = 10). Maize cultivar ES Picker (Grainseed Ltd, Suffolk, UK), was planted 

on July 1st, 2016, in RL pots 5 cm below the soil surface at a density of 3 seeds per pot. A 

hybrid ryegrass mixture silage ley (Lolium spp.) (Cotswold grass seeds Ltd., Gloucestershire, 

UK), was planted on September 21st, 2016 in LB pots, 1 cm below the soil surface at a density 

of 55 seeds per pot.  

     Fertiliser [(granular, nitrogen (N) - P - K] was applied at a rate of 100 kg N ha -1, based on 

the soil pH and K, Mg, P index according to RB2029 recommendations (Defra, 2010). Prior to 

sowing, SE was applied on maize and ryegrass soil pots mixed with Milli-Q (MQ) water, at a 

rate based on the manufacturer’s advice (2 L of SE in 200 L of MQ water) on July 1st, 2016 

and on September 21st, 2016 respectively. The actual SE application was relative for each pot’s 

surface area. MQ water was applied to control and IG ryegrass and maize pots. An automatic 

watering system was set up for the watering of the pots (Greenhouse sensation Ltd., Devon, 

UK). The watering regime for ryegrass and maize was set at 360 mL pot -1 and 540 mL pot -1 

respectively every two days. Artificial rainwater was used for watering the pots following a 

NW recipe (Hodgson et al., 2009) to simulate natural watering. More specifically the 

composition was as follows: pH 5.64, CaCl 2.47; MgCl, 1.92; FeCl, 0.0445; NH4NO3, 0.430; 

K2SO4, 0.617; NaCl 3.32 g L -1. 
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     Seed germination rate was recorded for both ryegrass and maize through daily observation 

of emerging seeds up to two weeks post sowing. After two weeks, maize crops were thinned 

to one per pot. This was decided to provide the maximum area, water and nutrients for optimum 

growth. After sowing (20 days) and upon crop establishment, IG was applied (sprayed) on 

maize and ryegrass pots mixed with MQ water, at a rate based on manufacturer’s advice (1 L 

of IG in 200 L of MQ water) on July 22nd, 2016 and on October 11th, 2016 respectively.  

     On October 12th, 2016, maize crops were sampled for chlorophyll indicators using a soil-

plant analyses development (SPAD-502) meter (Konica Minolta, Warrington, UK). A reading 

was taken from the centre of the 5th leaf from the top of each maize plant. The indicative 

chlorophyll values taken with the SPAD meter, were expressed in arbitrary units, and used to 

predict the relative amount of chlorophyll in each crop. The meter measured the absorbance of 

the leaf at two wavelength regions (400 – 500 nm and 600 – 700 nm respectively) (Minolta, 

2009).  

     Maize was harvested (15 cm above the soil surface) and processed on the same day (October 

12th, 2016) using a BOSCH AXT 25 D garden shredder with blades on a rotating drum 

(BOSCH, Uxbridge, UK). Harvested maize was placed in labelled polythene bags, mixed well 

and subsampled (50 g) to smaller polythene bags which were placed in a fridge at 4 °C 

overnight prior to microbial analysis. The rest of the maize was stored at -18 °C at NW herbage 

lab for chemical analysis.  

     Ryegrass crops were sampled for chlorophyll indicators on November 21st, 2016, following 

the same procedure as maize. A reading was taken from 4 random ryegrass plants per pot. 

Ryegrass was harvested on the same day using scissors at 5 cm height above the soil surface. 

Harvested ryegrass was placed in labelled polythene bags and mixed well, subsampled (3 g) to 

smaller bags and stored at -18 °C.    

 

2.2.2 Microbial analysis 

 

     Microbial analysis was performed at three-time points: twice for soil and once for crops. 

Soil microbial sampling (1st) was performed on July 1st, 2016 for maize and on September 21st, 

2016 for ryegrass after the pots were filled with soil before sowing. The second soil microbial 

sampling was performed in the rhizosphere, next to the roots of the plants and within 10 cm 

from the surface, on October 12th, 2016 for maize and on November 21st, 2016 for ryegrass 

before harvest using the same cork-borer as described above. Crops’ microbial sampling was 

performed on October 12th, 2016 for maize and on November 21st, 2016 for ryegrass. Similar 
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methodology was followed for both soil and forage samples with some differences. Briefly, 

rhizosphere of each pot was sampled (1 g FW of RL soil, 1 g FW of LB soil, using a borer) as 

well as fresh plant material (10 g FW of maize and 3 g FW of ryegrass). The samples were 

stored in a fridge at 4 °C overnight (NW, Devon, UK). Each sample was suspended with 90 

mL (maize) and 9 mL (RL, LB, ryegrass) of sterile ¼ strength Ringer’s solution buffer 

(ThermoFisher, Basingstoke, UK). The forage samples were mixed in a 400-stomacher 

circulator (Seward, Worthing, UK) for 2 min at 160 rpm (maize, ryegrass) while the soil 

samples (RL, LB) were placed in plastic universal bottles (ThermoFisher) and shaken at 150 

rpm for an hour and half using an R100 rotatest shaker (Luckham, Sussex, UK). Serial 10-fold 

dilutions of the aliquot (Ringer’s solution) was prepared. Pour plates of violet red bile (VRBA) 

(ThermoFisher) and de Man, Rogosa, Sharpe (MRS) (ThermoFisher) agar were used for 

Enterobacteriaceae spp. (ENB) and lactic acid bacteria (LAB), while yeasts were grown on 

malt extract agar spread plates (Sigma Aldrich, Poole, UK). Bacterial counts of colony forming 

units (CFUs) of ENB, LAB and yeasts were obtained after agar plate incubation at 30 °C (ENB, 

LAB) for up to 3 d, and at 23 °C (yeasts) for up to 5 d. Bacterial counts were obtained from 

plates containing between 30 and 300 CFUs. All plates were in duplicate. The average count 

number was used to determine the total bacteria counts of the specific sample. Soil samples 

were only assessed for ENB. 

 

2.2.3 Chemical analysis 

 

     Frozen forage samples were placed in an Edward Pirani super module freeze-drier (Severn 

vacuum services, Gloucestershire, UK) for 10 d. Samples were removed and weighed. Forage 

dry matter (DM) content was determined using a scientific balance. Forage samples were 

ground in a Retch SM300 cutting mill to 2-mm particles (Retsch, Haan, Germany) and placed 

in labelled polythene bags. Dried forage samples were placed in an oven at 550 °C for ash and 

organic matter determination as per standard procedures (Horwitz, 1975). For the 

determination of water-soluble carbohydrate (WSC) and starch contents, dried samples were 

sent to Institute of Biological, Environmental and Rural Sciences (IBERS) department of 

Aberystwyth University (Ceredigion, UK). The concentration of WSC was measured using an 

auto analyser (SEAL Analytical Ltd., Southampton, UK) (Thomas, 1977). Fibre content of the 

dried samples was determined by using a fully automated Fibertec™8000 crude and detergent 

fibre analyser (FOSS, Hillerød, Denmark) at NW laboratories. Fibre analysis included the 

determination of modified acid detergent fibre (mADF), acid detergent fibre (ADF) and neutral 
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detergent fibre (NDF) (Van Soest et al., 1991). The mADF solution was obtained by mixing 

equal volumes of acid detergent solution (ADS) and 0.5 M (1N) of sulphuric acid (H2SO4). 

The metabolizable energy values of both forage and silage samples were predicted based on 

mADF values using specific mathematical formulas for ryegrass [ME (MJ kg -1 DM) = 16.2 - 

0.0185 * mADF] and maize [ME (MJ kg -1 DM) = 13.38 – 0.0113 * mADF] forage (Givens et 

al., 1989). The mADF values were measured as a portion of organic matter (OM). An 

additional transformation was made to express them as a portion of total DM content based on 

the OM content. ME prediction using mADF is widely used in UK and does not have any 

significant differences from current A.D.A.S. methods (Givens, 1986). Total nitrogen (TN) 

content was determined by mass spectrometry using a hydra 20-20 mass spectrometer (Sercon, 

Cheshire, UK) linked to an NA2000 N-protein Carlo Erba elemental analyser (CE Instruments 

Ltd., Wigan, UK). The analysis took place at the NW premises. TN values were multiplied by 

6.25 to calculate crude protein (CP) (Osborne and Mendel, 1914). Due to limited sample size 

for both maize and ryegrass soil and plant material, the samples that were used for 

micronutrient, microbial growth curve and plant hormone analysis were taken from the 

ryegrass field experiment that is described in Chapter 4. Briefly, a combination of perennial 

and hybrid ryegrass (Lolium x hybridum hausskn) was sown over a 24-plot field. Field was 

consisted of either untreated hybrid ryegrass control (n = 6); hybrid ryegrass with SE (n = 6); 

hybrid ryegrass with IG (n = 6); hybrid ryegrass with SE+IG (n = 6). The plot randomization 

was done as a randomized complete block design with 6 blocks and a 2 x 2 factorial treatment 

structure. However, to better elucidate the mechanisms behind product function, the analyses 

and results of these samples were included in the current Chapter 2. 

 

2.2.4 Micronutrient analysis 

 

     Fresh ryegrass samples (n = 24) were frozen and lyophilised using the same method 

described in the chemical analysis section. After 10 days, the samples were finely ground to 2 

mm using a Retch SM300 cutting mill and placed in labelled plastic polythene bags. Soil 

samples were removed from the fridge (stored at 4 °C) and left to air dry in open trays for a 

week. The samples were finely ground and placed in labelled 10-mL glass tubes. Soil and 

ryegrass samples were sent for micronutrient analysis to SAS Harpenden (Rothamsted 

Research, Hertfordshire, UK). The micronutrient analysis was done using inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). This method is used to identify multiple 

element concentrations at the same time with longer linear dynamic ranges and fewer 



45 

 

interferences (Rezaaiyaan et al., 1982). The targeted elements included: P, K, Calcium (Ca), 

Magnesium (Mg), Sodium (Na), Fe, Aluminium (Al), Titanium (Ti), Zn, Cadmium (Cd), Cu, 

Chromium (Cr), Lead (Pb), Molybdenum (Mo), Cobalt (Co), Mn and S. However, some of the 

elements in ryegrass crops were below the suggested analytical limit and were omitted from 

the results. These elements included: Al, Ti, Cd, Cr, Pb, Mo and Co. 

 

2.2.5 Microbial growth curve rates 

 

     Further microbial analysis was performed on isolated LAB and yeast colonies. Microbial 

growth curve rates were used to further investigate any interactions with the applied products 

(SE, IG) in terms of a direct microbial effect at the Bristol Veterinary School (University of 

Bristol, Langford, Somerset, UK). Growth curve rates were performed as described by 

(Wiegand et al., 2008) with small modifications in terms of the used media and dilutions. More 

specifically for the growth curves, microbial isolates (n = 15 for LAB and n = 15 for yeasts) 

were streaked in specific agar medium plates (MRS, malt extract agar) and were incubated at 

30 °C and 23 °C respectively for 24 h. MRS and brain hearth infusion (BHI) broth 

(ThermoScientific) were prepared. From each overnight agar plate, one colony was selected 

and was inoculated, using a sterile tip, into sterile plastic universal tube containing the 

appropriate broth medium (10 mL, MRS, BHI). The universal tubes (n = 30 total, n = 15 for 

each broth) were incubated at 30 °C overnight in a shaker at 150 rpm. Control tubes including 

only broth (n = 2 total, one for each broth) were also incubated. The overnight cultures were 

diluted into new sterile universal tubes which contained the appropriate broth (1:100 dilution, 

1 µL of overnight culture into 100 µL of broth). The tubes were vortexed for 30 s. Both products 

(SE, IG) were diluted to respective broth mediums at a 10-3 dilution (100 µL of each product 

mixed with 10 mL of each broth) in 30 mL-plastic universal tubes (ThermoScientific).  

     A 96-well microtiter plate (Fisher Scientific) was used for the microbial growth curve rates 

of each targeted microorganism. Overnight cultures (100 µL) were inoculated with the diluted 

product (100 µL) and placed in each well (50:50 ration). The plates were placed in a FLUOstar 

Omega filter-based multimode microplate reader (BMB LABTECH, Aylesbury, UK) at 30 °C 

for LAB and at 23 °C for yeasts overnight. Each cycle was set at 30 min. Each plate contained 

15 different isolated colonies for each assessed microorganism (n = 30 total). The instrument 

used a UV/vis spectrometer to get the absorbance measurements of the overnight cultures. The 

range of the spectra was set at an optical density measured at a wavelength of 600 nm.  
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2.2.6 Plant hormone analysis 

 

     Pre-wilted ryegrass samples were freeze-dried and finely milled following the method 

which was described in the material and methods section above (chemical analysis). The dried 

samples (2 g each, n = 24 total) were placed in labelled plastic universal tubes and sent for 

analysis to the Laboratory of Growth Regulators at Palacky University & Institute of 

Experimental Botany AS CR (Olomouc, Czech Republic). More specifically, 5 mg of each 

dried plant material was analysed in quadruplicate using mass spectrometry (MS) in 

combination with ultra-high-performance liquid chromatography (UHPLC) (Balcke et al., 

2012).     

 

2.2.7 Statistical analysis 

 

     Both maize and ryegrass pots were randomly placed in the glasshouse using a randomised 

complete block design. There were five blocks of eight pots each and within each block, pairs 

of pots were randomised to receive one of the four possible treatment combinations. Within 

the 40 pots for each crop (maize, ryegrass), experimental treatments consisted of either: pair of 

pots treated with water (control, n = 5), pair of pots treated with SE (n = 5), pair of pots treated 

with IG (n = 5) and pair of pots treated with both products (SE+IG, n=5). 

     The microbial and chemical parameters of crops as well as the microbial parameters of soil 

were analysed using one-way (considered as 4 treatments) analysis of variance (ANOVA) in a 

randomised complete block design. Where a significant treatment effect was detected, a Tukey 

test was used as a post-hoc test to further explore any significant differences between pairs of 

treatment means. The 19th edition of the statistical program Genstat Software was used for the 

data analysis (Lawes Agricultural Trust, Hertfordshire, UK) (VSNI, 2017). Significance level 

was set at 5 % (P ≤ 0.05) but 0.1 > P > 0.05 was considered an indication of a possible effect. 

     The statistical analysis of micronutrient, microbial growth curve and plant hormone data 

was as described in Chapter 4 of the current thesis. More specifically, the ryegrass field was 

split into 24 plots. The plot randomisation of the 4 treatments combinations (C, SE, IG, SE+IG) 

was done as a randomised complete block design with 6 blocks. A one-way ANOVA with 4 

levels of the biostimulant factor was used for the statistical analysis of the micronutrient, 

microbial growth curve and plant hormone data.  
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2.3 Results 

 

2.3.1 Microbial counts of RL and LB soils before sowing and after harvest of the crops 

 

     The ENB counts of RL soil is presented in Table 2.1. There were no significant differences 

between the control and SE-treated soil before sowing. 

 

Table 2.1. ENB counts of RL soils before sowing 

Parameters Units Control SE SED P value 

ENB Log10 CFU g -1 5.12 4.99 0.098 0.188 

Number of observations for the means = 10; SED, standard error of the difference 

 

     The ENB counts of RL soil before the harvest is shown in Table 2.2. The SE+IG -treated 

soil contained the lower ENB numbers than the control-treated soil.  

  

Table 2.2. Effects of biostimulants on ENB counts of RL soils before maize harvest (3.5 months 

after sowing) 

Parameters Units Control SE IG SE+IG SED P value 

ENB Log10 CFU g -1 6.09b 5.85ab 5.79ab 5.53a 0.131 0.008 

Number of observations for the means = 5; Superscripts a and b indicate a significant difference 

between the means 

 

     The ENB counts of LB soil is presented in Table 2.3. There were no significant differences 

between treated soils for the targeted microorganism. 

 

Table 2.3. ENB counts of LB soils before sowing 

Parameters Units Control SE SED P value 

ENB Log10 CFU g -1 5.29 5.35 0.092 0.526 

Number of observations for the means = 10 

 

     The microbial counts of the targeted microorganisms (ENB) of LB soils before after the 

ryegrass harvest is shown in Table 2.4. All three treatments (SE, IG, SE+IG) had significantly 

lower ENB colonies than the control.  
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Table 2.4. Effects of biostimulants on ENB counts of LB soils before ryegrass harvest (2 

months after sowing) 

Parameters Units Control SE IG SE+IG SED P value 

ENB Log10 CFU g -1 5.93b 5.66a 5.75a 5.69a 0.041 <0.001 

Number of observations for the means = 5; Superscripts a and b indicate a significant difference 

between the means 

 

2.3.2 Biostimulant effects on final germination percentage of ryegrass and maize crops 

 

     The final germination percentage (number of germinated seeds against initial planted seeds) 

of ryegrass and maize seeds is presented in Table 2.5. SE-treated ryegrass had significantly 

higher final germination percentage than the control. The final germination percentage for 

maize was not significantly different between the two treatments. 

 

Table 2.5. Effects of biostimulants on final germination percentage of ryegrass and maize crops 

Parameters Units Control SE SED P value 

Ryegrass Total seeds planted 1100 1100 - - 

Ryegrass Total seeds germinated 871 919 - - 

Ryegrass % total seeds germinated 79.2 83.6 1.02 <0.001 

Maize Total seeds planted 60 60 - - 

Maize Total seeds germinated 50 54 - - 

Maize % total seeds germinated 83.3 90.0 4.08 0.125 

Number of observations for the means = 10 

 

2.3.3 Biostimulant effects on chlorophyll indicators (SPAD), chemical composition and 

microbial counts of ryegrass crops 

 

     All the chemical parameters along with the chlorophyll indicators of ryegrass crops are 

shown in Table 2.6. There was no significant difference between the predicted chlorophyll 

content of all treatments. The SE+IG-treated ryegrass had significantly higher DM 

concentration across all treatments. All treatments had similar WSC, ash and OM 

concentrations. The fibre concentration (ADF, NDF, mADF) was also similar between all four 
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treatments. The predicted ME was not significantly different between the four treatments. 

However, IG and SE+IG-treated ryegrass showed a trend for higher predicted ME in 

comparison to the other treatments. SE-treated ryegrass had a similar trend as it contained 

higher CP concentration than control. 

 

Table 2.6. Effects of biostimulants on chlorophyll indicators (SPAD) and chemical parameters 

of ryegrass crops 

Parameters Units Control SE IG SE+IG SED P value 

Chlorophyll 

indicators 

arbitrary 35.0 34.7 35.7 35.9 0.87 0.511 

DM g kg -1 FM 283a 281a 296ab 316b 7.2 0.001 

WSC g kg -1 DM 114 132 110 111 12.8 0.324 

Ash g kg -1 DM 129 130 125 130 6.3 0.844 

OM g kg -1 DM 871 870 875 870 6.3 0.844 

ADF g kg -1 DM 351 333 334 346 8.6 0.158 

NDF g kg -1 DM 541 532 523 548 8.6 0.286 

mADF g kg -1 DM 369 374 377 378 10.1 0.824 

ME MJ kg -1 DM 11.4a 11.7ab 12.3b 12.1b 0.30 0.054 

TN g kg -1 DM 42.0a 48.2a 46.1a 44.5a 2.09 0.063 

CP g kg -1 DM 263a 302b 288ab 278ab 13.0 0.063 

Number of observations for the means = 5; Superscripts a and b indicate a significant difference 

between the means  

 

     The microbial counts of specific microorganisms (ENB, LAB, yeasts) of harvested ryegrass 

are presented in Table 2.7. Control-treated ryegrass had higher ENB counts than the IG-treated 

one. The LAB colony forming units were under the detection limit of 2 Log10 CFU g -1 in  

ryegrass treatments. The yeast population of IG-treated ryegrass was the lowest among all other 

treatments while the control-treated ryegrass was the highest. 

  

Table 2.7. Effects of biostimulants on microbial counts of harvested ryegrass 

Parameters Units Control SE IG SE+IG SED P value 

ENB Log10 CFU g -1 6.00b 5.70ab 5.40a 5.70ab 0.110 0.004 

LAB Log10 CFU g -1 ND ND ND ND ND ND 
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Yeasts Log10 CFU g -1 6.46d 6.35c 6.03a 6.19b 0.021 <0.001 

Number of observations for the means = 5; Superscripts a, b, c and d indicate a significant 

difference between the means  

 

2.3.4 Biostimulant effects on chlorophyll indicators (SPAD), chemical composition and 

microbial counts of maize crops 

 

     Chlorophyll indicators along with the chemical composition of harvested maize crops are 

presented in Table 2.8. There was no significant difference in the chlorophyll, DM and starch 

concentrations between all four treatments. Ash and OM concentrations were also not 

significantly different between the maize treatments. IG and SE+IG-treated maize had 

significantly lower ADF and mADF concentrations than control and SE-treated maize. The 

NDF concentration was similar between all four treatments. The predicted ME as well as the 

TN and CP concentrations were not significantly different between the treatments.  

  

Table 2.8. Effects of biostimulants on chlorophyll indicators (SPAD) and chemical parameters 

of maize crops 

Parameters Units Control SE IG SE+IG SED P value 

Chlorophyll 

indicators 

arbitrary 17.3 17.2 22.4 21.0 3.42 0.360 

DM g kg -1 FM 282 289 292 298 8.5 0.337 

Starch g kg -1 DM 240 245 183 254 28.4 0.103 

Ash g kg -1 DM 36.4 34.2 34.8 37.5 2.54 0.565 

OM g kg -1 DM 964 966 965 963 2.5 0.565 

ADF g kg -1 DM 291b 288b 259a 264a 6.6 <0.001 

NDF g kg -1 DM 500 468 489 473 22.6 0.486 

mADF g kg -1 DM 316b 314b 276a 285a 6.6 <0.001 

ME MJ kg -1 DM 9.98 10.2 10.2 10.5 0.21 0.221 

TN g kg -1 DM 15.8 14.2 16.5 13.4 1.37 0.168 

CP g kg -1 DM 98.6 88.9 103 83.6 8.57 0.141 

Number of observations for the means = 5; Superscripts a and b indicate a significant difference 

between the means  
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     All the observed significant differences between the treatments’ targeted microbial counts 

are shown in Table 2.9. IG and SE+IG-treated maize had significantly lower ENB counts than 

the control. The same treatments (IG, SE+IG) also contained higher LAB numbers than SE and 

control treatments. Control maize had the highest yeast numbers among all treatments. 

   

Table 2.9. Effects of biostimulants on microbiological counts of maize forage 

Parameters Units Control SE IG SE+IG SED P value 

ENB Log10 CFU g -1 6.42b 6.27ab 6.20a 6.09a 0.066 0.002 

LAB Log10 CFU g -1 6.17a 6.38b 6.62c 6.62c 0.066 <0.001 

Yeasts Log10 CFU g -1 6.29c 6.06a 6.18b 6.19b 0.016 <0.001 

Number of observations for the means = 5; Superscripts a, b and c indicate a significant 

difference between the means  

 

2.3.5 Biostimulant effects on macro and micronutrient composition of soil and pre-wilted 

ryegrass 

 

     The macro and micronutrient concentration of soil prior to sowing and treatment application 

is presented in Table 2.10. There was no significant difference between the soil nutrient 

concentration of each plot prior to any treatment application and sowing of the ryegrass.  

 

Table 2.10. Macro and micronutrient composition (mg kg -1 DM) of bare soil prior to sowing 

and treatment application 

Parameters Wavelength 

nm 

Control SE IG SE+IG SED P value 

Al 396.153 18720 19029 18776 18688 523.5 0.912 

As  188.979 24.4 29.8 25.3 28.6 2.79 0.207 

Ca  315.887 1960 1795 1872 1779 81.9 0.149 

Co  228.616 17.4 14.5 16.3 15.6 1.37 0.254 

Cr  267.716 27.2 27.7 27.3 27.2 0.662 0.855 

Cu  327.393 21.2 23.2 22.5 22.7 0.95 0.252 

Fe  238.204 38907 40019 42123 42856 1455.6 0.056 

K  766.490 2213 2245 2114 2131 125.5 0.681 

Mg  279.077 1164 1397 1183 1199 97.9 0.102 
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Mn  257.610 1310 1104 1204 1175 122.9 0.432 

Na  589.592 176 184 169 172 9.2 0.424 

Ni  231.604 13.3 14.0 13.3 13.8 0.81 0.747 

P  213.617 848 962 893 912 57.5 0.297 

Pb  220.353 33.4 32.7 33.6 32.8 1.40 0.900 

S  181.975 327 332 319 315 10.1 0.380 

Ti  334.940 36.2 37.7 32.8 46.8 6.15 0.175 

Zn  206.200 66.9 71.3 68.2 69.8 3.02 0.524 

Number of observations for the means = 6; Nm, nano-metre 

 

     The macro and microelement concentration of the soil following treatment application and 

harvesting of ryegrass is presented in Table 2.11. The As concentration of untreated soil was 

significantly higher than the SE+IG-treated soil, while SE and IG-treated soils showed no 

significant difference. The IG and SE+IG-treated soils had higher concentration of Co than 

control and SE-treated soils. The Mg concentration of SE-treated soils was significantly higher 

than combination-treated soils. Untreated and IG-treated plots had no significant difference 

from each other. IG and SE+IG-treated soil plots had significantly higher Mn concentration 

than control. SE+IG-treated soils contained significantly higher Mn than SE-treated soils. The 

Na concentration of IG-treated soil was significantly higher than the SE+IG-treated soil plots. 

Untreated soils had significantly higher P concentration than the SE+IG treatment. Pb 

concentration of the SE+IG-treated soil was significantly higher than SE-treatment and control. 

There were no significant differences in the concentration of Al, Ca, Cr, Cu, Fe, K, Ni, S, Ti 

and Zn between the treatments.    

 

Table 2.11. Effects of biostimulants on macro and micronutrient composition (mg kg -1 DM) 

of soil after ryegrass harvest 

Parameters Wavelength 

nm 

Control SE IG SE+IG SED P value 

Al 396.153 19045 20525 20443 19214 988.1 0.322 

As  188.979 23.5b 23.1ab 19.5ab 19.0a 1.48 0.013 

Ca  315.887 2889 3069 2898 2839 323.9 0.901 

Co  228.616 13.5a 15.5a 19.1b 20.5b 1.24 <0.001 

Cr  267.716 31.1 32.6 31.8 29.8 1.38 0.273 
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Cu  327.393 101 50.3 60.8 56.3 23.39 0.174 

Fe  238.204 40563 39743 39247 38491 1852.5 0.727 

K  766.490 2547 2746 2812 2400 231.8 0.303 

Mg  279.077 1292ab 1631b 1284ab 1131a 158.8 0.041 

Mn  257.610 1132a 1267ab 1455bc 1646c 104.5 0.001 

Na  589.592 212ab 227ab 242b 194a 15.9 0.046 

Ni  231.604 12.2 12.2 12.4 11.1 0.55 0.126 

P  213.617 1085b 1037ab 993ab 924a 40.0 0.007 

Pb  220.353 32.6a 32.2a 34.8ab 36.6b 1.08 0.003 

S  181.975 362 363 349 346 12.0 0.406 

Ti  334.940 33.8 38.3 40.3 38.7 2.45 0.093 

Zn  206.200 111 84.0 89.0 90.0 12.8 0.198 

Number of observations for the means = 6; Superscripts a, b and c indicate a significant 

difference between the means 

 

     The macro and micronutrient concentration of pre-wilted ryegrass crops is presented in 

Table 2.12. SE+IG-treated ryegrass contained significantly higher Ca than the control. The Cu 

concentration of IG-treated ryegrass was significantly higher than the SE treatment. Untreated 

ryegrass crops contained significantly higher K content than the IG treatment. The SE+IG-

treated ryegrass had significantly higher Mn concentration than all the other treatments. The 

ryegrass treated with IG contained significantly higher Na than the ryegrass treated with the 

combined products. The S concentration was significantly higher in the SE+IG-treated ryegrass 

than the SE-treated ryegrass. All 4 treatments had similar Al, Fe, Mg, P and Zn concentration.    

 

Table 2.12. Effects of biostimulants on macro and micronutrient composition (mg kg -1 DM) 

of pre-wilted ryegrass crops 

Parameters Wavelength 

nm 

Control SE IG SE+IG SED P value 

Al  396.153 28.8 25.4 42.1 48.5 12.20 0.232 

Ca  315.887 5544a 5732ab 5828ab 6030b 159.2 0.053 

Cu  327.393 9.70ab 9.35a 10.2b 10.1ab 0.268 0.030 

Fe  238.204 75.5 72.1 85.5 104 16.18 0.234 

K  766.490 34850c 32019ab 29777a 34326bc 971.5 <0.001 
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Mg  279.077 2071 1970 2088 2044 91.1 0.594 

Mn  257.610 102a 106a 105a 122b 4.1 <0.001 

Na  589.592 3205ab 3226ab 3836b 2519a 321.1 0.009 

P  213.617 3207 3172 3065 3219 104.3 0.461 

S  181.975 3328ab 3186a 3392ab 3493b 104.7 0.063 

Zn  206.200 27.5 25.9 27.8 27.8 0.81 0.088 

Number of observations for the means = 6; Superscripts a, b and c indicate a significant 

difference between the means  

 

2.3.6 Biostimulant effects on microbial growth curves of yeast and LAB 

 

    The average 18-h growth (peak for yeasts) and final absorbance (A600) of the 15-different 

yeast and LAB isolates are presented in Table 2.13. There were no significant differences in 

the A600 between IG-treated and untreated yeast isolates in the 18-h growth peak and final 

concentrations. The 18-h growth peak and final A600 of the SE-treated yeast isolates were 

significantly lower than the other two treatments. The 18-h growth and final A600 of the IG-

treated LAB isolates were the highest of the other two treatments. The untreated LAB isolates 

had significantly higher 18-h growth and final A600 than the SE treatment. 

 

Table 2.13. Effects of biostimulants on average middle and final absorbance of the isolated 

yeast and LAB colonies 

Parameters Absorbance 

nm 

Control SE IG SED P value 

Yeast (18 h) A600 1.61b 1.02a 1.52b 0.069 <0.001 

Yeast (Final at 24 h) A600 1.74b 1.14a 1.66b 0.069 <0.001 

LAB (18 h) A600 0.770b 0.352a 0.933c 0.0627 <0.001 

LAB (Final at 24 h) A600 1.41b 0.36a 1.52c 0.041 <0.001 

Number of observations for the means = 15; Superscripts a, b and c indicate a significant 

difference between the means  

 

     The microbial growth curve rates of yeast and LAB isolates along with the negative controls 

are presented in Graphs 2.1 to 2.32. Each treatment’s absorbance is represented with a different 

colour in the graphs. The control culture (broth only) is represented with a grey line. The IG 
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culture (diluted with broth) is represented with a blue line. The SE culture (diluted with broth) 

is represented with an orange line. The absorbance of the spectrometer was set to read at a 

wavelength of 600 nm and is presented on the vertical axis while the incubation time (h) is 

presented on the horizontal axis. There are two negative control growth curve rates (graph 16 

and 32). These wells contained only each respective broth with no microbial isolates. The 

growth curves in graph 16 represent BHI broth only while the growth curves in graph 32 

represent MRS broth only. SE had a higher A600 reading than IG due to its green colour which 

was denser than the yellowish colour in the spectrometer.  
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Graph 2.1. Yeast 1 isolate growth curve 

 

Control, SE, IG 

Graph 2.2. Yeast 2 isolate growth curve 

 

Control, SE, IG 

Graph 2.3. Yeast 3 isolate growth curve 

 

Control, SE, IG 

Graph 2.4. Yeast 4 isolate growth curve 

 

Control, SE, IG 

 

Graph 2.5. Yeast 5 isolate growth curve 

 

Control, SE, IG 

Graph 2.6. Yeast 6 isolate growth curve 

 

Control, SE, IG 

Graph 2.7. Yeast 7 isolate growth curve 

 

Control, SE, IG 

Graph 2.8. Yeast 8 isolate growth curve 

 

Control, SE, IG 
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Graph 2.9. Yeast 9 isolate growth curve 

 

Control, SE, IG 

Graph 2.10. Yeast 10 isolate growth curve 

 

Control, SE, IG 

Graph 2.11. Yeast 11 isolate growth curve 

 

Control, SE, IG 

Graph 2.12. Yeast 12 isolate growth curve 

 

Control, SE, IG 

 

Graph 2.13. Yeast 13 isolate growth curve 

 

Control, SE, IG 

Graph 2.14. Yeast 14 isolate growth curve 

 

Control, SE, IG 

Graph 2.15. Yeast 15 isolate growth curve 

 

Control, SE, IG 

Graph 2.16. Negative control growth curve 

 

Control, SE, IG 
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Graph 2.17. LAB 1 isolate growth curve 

 

Control, SE, IG 

Graph 2.18. LAB 2 isolate growth curve 

 

Control, SE, IG 

Graph 2.19. LAB 3 isolate growth curve 

 

Control, SE, IG 

Graph 2.20. LAB 4 isolate growth curve 

 

Control, SE, IG 

 

Graph 2.21. LAB 5 isolate growth curve 

 

Control, SE, IG 

Graph 2.22. LAB 6 isolate growth curve 

 

Control, SE, IG 

Graph 2.23. LAB 7 isolate growth curve 

 

Control, SE, IG 

Graph 2.24. LAB 8 isolate growth curve 

 

Control, SE, IG 
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Graph 2.25. LAB 9 isolate growth curve 

 

Control, SE, IG 

Graph 2.26. LAB 10 isolate growth curve 

 

Control, SE, IG 

Graph 2.27. LAB 11 isolate growth curve 

 

Control, SE, IG 

Graph 2.28. LAB 12 isolate growth curve 

 

Control, SE, IG 

 

Graph 2.29. LAB 13 isolate growth curve 

 

Control, SE, IG 

Graph 2.30. LAB 14 isolate growth curve 

 

Control, SE, IG 

Graph 2.31. LAB 15 isolate growth curve 

 

Control, SE, IG 

Graph 2.32. Negative control growth curve 

 

Control, SE, IG
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2.3.7 Biostimulant effects on plant hormone composition of pre-wilted ryegrass 

 

     The hormone content of pre-wilted ryegrass is presented in Table 2.14. The ryegrass treated 

with the SE+IG treatment contained significantly higher abscisic acid than the other 3 

treatments. The SE-treated ryegrass had significantly higher salicylic acid content than the 

untreated ryegrass. There were no significant differences in the content of cytokinin, auxin, 

jasmonate, gibberellin and brasinosteroids between all the treatments. 

 

Table 2.14. Effects of biostimulants on hormone content (pmol g -1 DM) of pre-wilted ryegrass 

crops 

Hormones Control SE IG SE+IG SED P value 

Total CKs 1904 1989 2029 2189 138.1 0.255 

IAA 2016 1964 2776 2515 419.0 0.197 

JA 909 1113 1022 1095 303.1 0.904 

ABA 48.2a 49.1a 47.2a 110b 20.16 0.017 

SA 4506a 11808b 5255ab 4809ab 2471.7 0.028 

GA34 14.7 16.6 14.9 16.0 2.17 0.789 

Brasinosteroids 921 688 903 995 129.7 0.149 

Number of observations for the means = 6; CK, cytokinin; IAA, auxin; JA, jasmonate; ABA, 

abscisic acid; SA, salicylic acid; GA34, gibberellin; pmol, pico-mole; Superscripts a and b 

indicate a significant difference between the means  

 

2.4 Discussion 

 

2.4.1 Biostimulant effects on soil microbial counts 

    

     Application of the biostimulant products on soil reduced the content of ENB colonies in the 

rhizosphere in both different type of soils (Table 2.2, 2.4). Three possible mechanisms for 

altering soil microorganisms were proposed: (i) the use of plant rotation (crop management) or 

organic material application to change the soil environmental properties (direct effect on soil 

microbiology), (ii) the use of foliar products containing micronutrient, plant hormones and 

chemicals to change the plants’ metabolic pathways, (iii) the application of microorganisms 

which affect and alter the current soil microflora balance (Vancura and Kunc, 2012). Both 
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biostimulants used in the present study were products containing micronutrients. Their effect 

can be attributed to the 2nd proposed mechanism that was introduced above. The soil 

rhizosphere is a vast environment which contains various microorganisms. These 

microorganisms may affect the plant growth and health either positively or negatively 

(Kennedy, 2005). The rhizobacteria that have a negative effect on plants are called deleterious 

rhizobacteria (DRB). DRB inhibit the growth of the seeds by releasing extra-cellular 

metabolites which are toxic for the seeds (Fredrickson and Elliott, 1985). Various ENB species, 

which are classed as DRBs, negatively affect the germination rates of perennial ryegrass 

(Sarathchandra et al., 1996). This agrees with the ryegrass total germination percentage results 

of this study. This may be attributed to the decreased ENB numbers of the treated soils which 

also expressed increased ryegrass germination. However, this does not seem to have affected 

the maize germination rates whose soil also contained lower ENB numbers. A possible 

explanation might be due to the lower number of maize seeds in comparison with ryegrass (3 

< 55). 

 

2.4.2 Biostimulant effects on chemical characteristics of ryegrass and maize 

    

     Significant increases in DM and reduction in ADF and mADF were noted in certain cases 

of the treated ryegrass and maize forage (Tables 2.6, 2.8). As there is limited work published 

that assess the nutritional qualities of maize and ryegrass in a glasshouse study for this 

discussion purposes similar field studies of those forages (maize ryegrass) will be used. The 

predicted ryegrass chlorophyll content (Table 2.6) of this study was slightly higher (7.11 % 

increase) in comparison with another report. The average control SPAD chlorophyll results, 

that were measured on a perennial ryegrass (Lolium perenne) cultivar, were 32.8 (Förster et 

al., 2018). These differences may be attributed to the different cultivars that were used. A 

hybrid ryegrass silage lay mixture was used for the current glasshouse trial while cultivars of 

perennial ryegrass were used for the referenced glasshouse trial. The soil type was also different 

between the two studies. The chlorophyll content (SPAD) of the maize crops in the present 

study (Table 2.8) was lower than the results of another report, where the average SPAD 

chlorophyll values ranged from 54 to 60 arbitrary units (Salmerón et al., 2011). This difference 

may be attributed to the reasons (different cultivars, soils) that were described above for the 

comparison of the perennial ryegrass studies. Moreover, the weather conditions may have 

affected the chlorophyll content. In this glasshouse study the environmental conditions 
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(temperature, lighting) were controlled while the environmental conditions of the field study 

were weather dependant.  

     On average, the pre-harvest ryegrass characteristics among all four treatments were similar 

among all the treatments. The only exception was the DM content which was higher in the 

combined-biostimulant ryegrass treatment. The ryegrass DM and WSC content (Table 2.6) that 

was reported in the present glasshouse study was similar to the results reported in a field study 

(Driehuis et al., 2001). However, the ash content in the present study was higher than the one 

reported in the field study (125-130 > 96-105 g kg -1 DM) (Driehuis et al., 2001). The 25 % 

increased ash content may be attributed to soil contamination during the harvest, handling and 

storage process or to different ryegrass types that were used. In general ash values greater than 

10 % DM in ryegrass signal soil contamination (Ball et al., 2001). The control ryegrass had a 

DM, ash and WSC content that varied between 240 and 340 g kg -1 (DM), 96 to 113 g kg -1 

(ash) and 38 to 238 g kg -1 (WSC). The fibre and CP content of this study was slightly higher 

than what was reported in the referenced field trial. The control ryegrass contained between 

438 and 508 g kg -1 NDF and between 141 to 226 g kg -1 CP. In terms of the microbial 

characteristics of the pre-harvest ryegrass, LAB, ENB and yeast populations (Table 2.7) were 

similar to other ryegrass field studies. ENB and yeast content of 4.26 and 6.57 Log10 CFU g -1 

respectively have been reported, while the LAB content was below the limit of 2 Log10 CFU g 

-1 (Li and Nishino, 2013a). The ENB and yeast population differences of the present study 

indicate that there is a negative effect of the IG and SE+IG biostimulant treatments on these 

microorganisms. Thus, the IG and SE+IG treatments may have a positive effect for the intended 

silage production due to lower ENB and yeast numbers on the initial forage.                    

     There was a significant difference in the ADF content between the maize treatments of the 

present study (Table 2.8). The ADF content which was lower in the IG and SE+IG biostimulant 

treatments. This finding agrees with the negative correlations between fibre fraction and 

seaweed biostimulant application that was reported on grasses (Godlewska and Ciepiela, 2016). 

The maize DM, starch and ME content of this study was lower than the ones expected for maize 

variates. The average DM and ME content of maize (ES Picker) in UK varies between 349 to 

356 g kg -1 and 11.09 to 11.29 MJ kg -1 DM respectively according to the maize variety list 

published by the National Institute of Agricultural Botany (NIAB) (NIAB, 2016). Moreover, 

the pre-harvest maize crops of this study contained higher ash and lower NDF and CP content 

than reported in a maize field study (Driehuis et al., 1999). The same study reported the 

following values for pre-harvest control maize (g kg -1 DM): Ash content, 40 to 68; CP content, 

23 to 69; NDF content, 295 to 395 (Driehuis et al., 1999). These differences are expected as 
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the growing conditions are completely different between the studies. Moreover, the crops 

density, soil type and maize cultivar may affect the growth conditions and nutritional quality 

of the maize crops. The LAB crop population of the present study (Table 2.9) was in accordance 

with the referenced study which reported LAB values between 4.5 and 6.8 Log10 CFU g -1. 

Similar LAB and yeast numbers of 6.78 and 6.79 Log10 CFU g -1 was reported for untreated 

maize crops (Ranjit et al., 2002). The ENB population of fresh maize crops was higher than 

the one reported by another report which was 5 Log10 CFU g -1 (Cai et al., 1998). The IG and 

SE+IG treatments had a direct effect on the ENB, LAB and yeast colonies of the maize crops. 

This possible effect will be further discussed in the microbial growth curve discussion section 

below. 

 

2.4.3 Biostimulant effects on macro and micro nutrient content of soil and plants 

     

     The macro and micro nutrient analysis of this study (Table 2.10) indicated that there is no 

difference in the element content of the field’s soil substrate that was used for the ryegrass 

experiment (Chapter 4). There were no previous soil data for the specific field, so a comparison 

was made with the micronutrient content data from the Farm Platform (FP) report (data not 

published yet) of the nearby fields at Rothamsted Research. The micronutrient data (soil, 

ryegrass) were collected during the ryegrass field experiment as described in Chapter 4. Thus, 

they were collected from the field before (bare soil) and after the treatment application 

(ryegrass harvest). The comparison of the data with other micronutrient data from NW fields 

was justified since the soil samples belong to neighbouring fields around the NW farm platform 

and were collected at the same time of the year (August - September). Based on a research on 

the soils of NW and Rowden, the geology of the area consists of a unified ‘Carboniferous 

Crackington Formation which includes clay shales and subsidiary sandstone bands’ (Harrod 

and Hogan, 2008). Thus, the soil type is similar within neighbouring fields in the area. The 

average element content of the nearby field is presented in Table 2.15. There were differences 

and similarities between the two data sets. This is expected as the element content of each soil 

substrate depends on various parameters. These parameters include the fertilizer application, 

the types of crops grown on each soil, the general formation and type of the soil substrate as 

well as the age and the pH of the soil (Harmsen and Vlek, 1985). Of all the periodic elements, 

seven are critical for a healthy development of plants. These elements include Cu, Mo, Fe, Zn, 

Cl, Mn and B (Bennett, 1993). The abundance of Cu, Mn and Zn that were found in the present 

study are within the quantities that were reported by another study (Harmsen and Vlek, 1985). 
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More specifically, the average quantities for Cu, Mn and Zn that are found in soils, are between 

2-100, 20-3000 and 10-300 mg kg -1 DM respectively.  

 

Table 2.15. Macro and micronutrient content (mg kg -1 DM) data comparison between the FP’s 

and the current study’s soils 

Parameters Wavelength nm FP data Field study data % difference 

Al  396.153 15686 18803 16.6 

As  188.979 15.3 27 43.3 

Ca  315.887 2964 1852 -37.5 

Co  228.616 9.92 15.95 37.8 

Cr  267.716 24.8 27.3 9.16 

Cu  327.393 24.34 22.4 -7.97 

Fe  238.204 38914 40976 5.03 

K  766.490 2057 2175 5.43 

Mg  279.077 778 1235 37.0 

Mn  257.610 650 1198 45.7 

Na  589.592 232 175 -24.6 

Ni  231.604 16 14 -12.5 

P  213.617 1178 903 -23.3 

Pb  220.353 32.35 33.11 2.30 

S  181.975 597.12 323.1 -45.9 

Ti  334.940 16.36 38.35 57.3 

Zn  206.200 78.62 69.1 -12.1 

% difference increase or decrease of the macro and micronutrient content is indicated by + or 

- 

 

     After the sowing of the crops and the biostimulant application, the element content of the 

soil was changed (Table 2.11). The data from the present study indicate that the application of 

biostimulant products on soil and crops increased the Mg and Mn content of the soil. This effect 

may be explained due to the minor micronutrient content of both products (SE, IG). Moreover, 

the results of this study indicate that there is a synergistic effect between these products in 

increasing the content of Mn. During the IG application the ryegrass sward was not dense 

enough and the foliar spray was added also to the soil surface. This soil element content 
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increase can be explained by the mechanisms that were established in a recent report. 

According to that report biostimulants can promote the mineralization of soil nutrients and 

enhance their solubility by linking their molecules to metal ions (Halpern et al., 2015). More 

specifically, biostimulants affect the soil microflora which in turns accelerates the fracture of 

organic nutrient to mineral forms that are easily acquired by the plants (García-Martínez et al., 

2010). The biostimulant products of this study indeed affect the soil microflora by reducing the 

ENB colonies as mentioned above. Other reports stated that the application of biostimulants 

accelerated the chelation of specific elements including Zn, Fe, Mn, and Cu (Jie et al., 2008) 

(Ghasemi et al., 2012). The increased Mn content due to the biostimulant application in this 

study may be attributed to this mechanism. The increase Mn content in the soil and in the crops 

of the SE+IG treatment may indicate an extra movement of minerals into the plant. This fact 

could not be determined for Pb and Co as their content levels were below the detection limit in 

plants.  

      The element content of the ryegrass crops of the present study is in accordance with other 

reports (Table 2.12). It is similar to the micro and macronutrient content of a perennial ryegrass 

swards study over a 3-year period. More specifically, the reported P, K, S, Na, Ca and Mg 

values were of 0.33, 3.28, 0.3, 0.55, 0.5 and 0.26 % DM respectively (McKenzie et al., 2003). 

In another study, the ryegrass mineral content was consisted of K (38.05 g kg -1 DM), Ca (5.26 

g kg -1 DM), Mg (8.21 g kg -1 DM), Fe (366.11 mg kg -1 DM), Zn (92.41 mg kg -1 DM) and Cu 

(38.23 mg kg -1 DM) (Bai et al., 2015). The biostimulant application increased the Cu, Mn, Ca, 

Na and S content of ryegrass crops. This result was similar to another report which found 

increased N, Mn, Cu, Fe and P uptake from barley (Hordeum vulgare) treated with 

biostimulants (Ayuso et al., 1996). One possible explanation of the increased micronutrient 

content of the biostimulant-treated ryegrass is the increased content of micronutrient in the 

biostimulant-treated soil. However, there are possible mechanisms that enhance the nutrient 

uptake of the crops due to biostimulant application. One possible mechanism is the increased 

development of the plant’s roots due to the biostimulant application. An increased density of 

the root’s hair in biostimulant (based on humic substances)-treated Arabidopsis lead to a greater 

surface for nutrient absorption (Schmidt et al., 2007).   Another report found that biostimulant 

(based on humic acid)-treated maize had greater root elongation and abundance than control. 

In that case, the applied biostimulant acted similar to auxin which is responsible for root 

proliferation in the crops (Canellas et al., 2002). Another mechanism that the biostimulants 

improve the nutrient uptake and absorption is by increasing the nutrient transportation within 
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the plant. A rice-applied biostimulant, which contained nicotinamide, enhanced the Zn and Fe 

movement from the roots to the grains (Yuan et al., 2013). 

 

2.4.4 Biostimulant effects on isolated LAB and yeast colonies 

    

     The growth curve results of this study clearly indicate that SE completely inhibited the 

growth of LAB as well as slowing significantly the growth of yeasts in comparison to the IG 

biostimulant product. Also, the addition of IG significantly enhanced the growth of LAB both 

on 18 and 24-h growth peaks in comparison to the other treatments (Table 2.13). The LAB 

growth differences between the IG treatment and control were similar and significantly higher 

for both the 18 and 24-h hour growth peaks. More specifically, the growth curve differences of 

IG-treated in comparison to the untreated LAB colonies were higher during the first 18-h than 

the end 24-h point (0.163 > 0.110). Thus, the addition of the IG may have promoted the LAB 

growth during the exponential phase more than the LAB growth during the beginning of 

stationary phase. The results from growth curve rates agree with the observations of the initial 

glasshouse study that was described above (Table 2.7, 2.9). As far as the authors are aware 

there are no published data that investigate the direct effect of biostimulants on targeted 

microorganisms. One explanation may be the mineral requirements for both LAB and yeast. 

Mn acquisition is of crucial important for an optimum growth of LAB. The effect of Mn on 

LAB growth, highlights the interactions between minerals and various enzymatic functions 

have been reported. Mn is critical for the activity of RNA polymerase, manganese superoxide, 

NADH oxidase activities and xylose isomerase (Archibald, 1986). The increased Mn content 

that was detected both in the soil and plants post SE+IG treatment may explain the increase of 

LAB growth upon application of IG however, it cannot support the fact that the application of 

SE completely inhibited it. The difference between the two biostimulants is that SE contains 

more Cu (2 % > 0) and Zn (3.2 > 1.2 %) than IG. This is crucial as Cu is known for its inhibitory 

effect on LAB. Previous research have reported the inhibitory effect of Cu on L. casei, L. 

bulgaricus (Pamir, 1963) and S. thermophilus (Kiermeier et al., 1961). It has been reported that 

Zn has a toxic effect on LAB growth by creating a specific protein which contains an inactive 

metalloenzyme (MacLeod and Snell, 1950). This inhibitory action can be anticipated with 

higher quantities of Mn, Mg, Ca and Sr. More specifically, Mn reacts with the inactive enzyme 

and reactivates it, reenabling the enzymatic process (MacLeod and Snell, 1950). Both products 

contain the same amount of Mn, however the increased amount of Zn in SE may require more 

Mn content to be countered. 
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     In terms of the yeast growth, there are specific metals that are toxic e.g. Cd, Pd, Pb and Zn 

in concentrations between 300 to 500 ppm where it may slow the yeast growth (Cook, 1958). 

The increase amount of Zn contained in SE may be responsible for the slower growth rate. 

Although there is a significant direct effect of the two biostimulant products on the targeted 

microorganisms (LAB, yeasts), we need to consider that the experimental environment of this 

study was within optimal conditions. The temperature was set at the optimal range and all the 

required elements were provided within specific mediums for their growth. There are many 

other parameters (weather, field, diseases) that can affect the growth of these microorganisms 

in addition to the product application. However, the fact that there was a direct effect may 

indicate a possible mechanism of these products that explains the increase in numbers of these 

microorganisms. 

 

2.4.5 Biostimulant effects on ryegrass plant hormones 

 

     The plant hormone results of the present study indicate that the biostimulant treatments 

increased the ABA and SA content of the ryegrass (Table 2.14). ABA is strongly associated 

with increased protein storage especially in the seeds of the plants (Davies, 2010). SA is the 

main initiator of plant defences against any pathogens, as well as initiating pathogenic 

resistance due to specific protein production (Davies, 2010). However, it is unclear how the 

application of the current biostimulant products lead to increased content in these specific plant 

hormones. One theory supports that there is a close connection between nutrient availability 

and plant hormone activity (Rubio et al., 2009). When there is limited available nutrient 

content, the plants activate their metabolic mechanisms to increase the nutrient absorption from 

the environment. As a result, plant hormones were activated, initiating various transportation 

and metabolic pathways which lead to a balanced nutrient homeostasis of the plants (Rubio et 

al., 2009). However, this mechanism may not be applicable in the present study as there were 

no nutrient deficiencies in the field that the ryegrass was sown. Moreover, there was an 

increased element content in the treated soil fields along with the treated ryegrass. Another 

theory suggests that the increased plant hormone levels in the biostimulant treated ryegrass are 

associated with the origin of biostimulant, i.e. SE and IG contain yucca extract. Yucca spp. 

contained ABA levels of 0.32 nmol g -1 FM or 1 nmol g -1 DM (Weiler, 1979). Increased level 

of ABA and cytokinins in Arabidopsis has been reported after the application of seaweed 

extracts which contained plant hormones (Wally et al., 2013). According to this mechanism, 

the addition of extracts that are rich in phytohormone content may activate metabolic pathways 
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which lead to increased hormone production. Hormone production could be stimulated by 

altered microbiome in the soil fed by plant exudates (Huang et al., 2014). However, there is no 

evidence about the specific extract compounds that lead to this stimulation (Calvo et al., 2014). 

Moreover, there was no effect in the other plant hormones tested. Thus, both products should 

be tested for plant hormone content to clarify any relation to the described mechanism. 

 

2.4.6 Possible mechanisms for the tested biostimulants based on their observed effects 

 

      The individual experiments of the present study suggested three possible mechanisms 

regarding how the tested products interacted with soil and crop specific parameters. These 

include; a direct effect (positive, negative) of the biostimulants on natural soil and plant 

microorganisms, an increased soil nutrient content and an increased nutrient absorption from 

the plants and an increased plant phytohormone content due to specific components of the 

products. However, the current data provide no clear evidence on which the main interaction 

is or how exactly this affects the plants. As mentioned above, plants are complex organisms 

that are affected by the many factors (environmental, pathological). There is a possibility of a 

synergistic effect of all three mentioned mechanisms on plants. Having elucidated multiple 

possible mechanisms (including biochemical and microbiological as well as possible overlaps), 

the current study will focus on investigating any quantitative effects of the two biostimulants 

on maize and ryegrass crop quality, as well as on the resultant silage in weather dependant 

conditions. The glasshouse experiment reported specific effects of the products on the natural 

microflora and it was used an initial testing environment for the products. To investigate these 

possible effects further, field-scale future experiments are necessary and will be described in 

the Chapters 3, 4 and 5 of this thesis.                       
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Chapter 3 Impact of plant biostimulants on maize 

forage and subsequent silage quality and aerobic 

stability 

 

3.1 Introduction 

 

     Maize (Zea mays) forage contains high amounts of starch and digestible energy, as well as 

increased dry matter yield potential. Thus, forage maize is an important feed for ruminants in 

the western world, including Europe and North America (Zhou et al., 2016). Moreover, it is an 

important crop in South East Asia as some countries in these regions have three maize harvests 

per annum (Pasuquin et al., 2014). Brazil, United States of America and China produce two 

thirds of the world’s total maize production, a total of 563 out of 717 million metric tons per 

year (Ranum et al., 2014).  Forage maize is preserved as silage, where during the ensiling 

process, lactic acid bacteria (LAB) ferment water soluble carbohydrates (WSC) or / and starch 

(Nagarjun et al., 2005) of the crop and produce lactic and other organic acids under anaerobic 

conditions (McDonald et al., 1966). The produced lactic acid decreases the pH of the 

environment, which limits the proliferation of spoilage microorganisms [Enterobacteriaceae 

spp. (ENB), Clostridium spp., yeasts] (McDonald et al., 1991). The ensiling process consists 

of four stages: aerobic, fermentation, storage and feed-out phase (Driehuis and Elferink, 2000). 

It is important for all silages to ensure a consistent and stable ensiling process along with an 

extended stability following the opening of the silos. A time period of seven days is an ideal 

target for silage aerobic stability (Wilkinson and Davies, 2013). Low quality or contaminated 

maize silage poses a great risk to animal health and may affect productivity (Whitlow, 2010). 

Several factors can dictate silage quality. Yeast and moulds can grow and contaminate maize 

crops either in field (soil, dead and decaying plant materials) or due to the aerobic deterioration 

of silage after exposure to air. The actual mineral ash content of maize silage varies between 

4-6 % of dry matter (DM) of the forage (Hoffman, 2005). Any greater values of ash content in 

the silage may indicate soil contamination (Hoffman, 2005). Oxygen triggers the use of silage 

substrates for respiration by yeasts. This results not only in a nutritional loss, but also in a 

hygiene risk due to a possible growth of undesirable microorganisms (Honig et al., 1999). It is 
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important to ensure good quality of the growing maize crops, to avoid increased numbers of 

undesirable microorganisms pre-ensiling.  

     Since the 19th century earth’s temperature has increased by approximately 0.8 °C as a result 

of climate change (Solomon et al., 2007). Natural or technical (human) causes are thought to 

have contributed to this climate change mainly due to increased greenhouse gasses (Pachauri 

et al., 2014). This increased abiotic stress will affect forage crops, limiting growth and potential 

yield (Suzuki et al., 2014). In addition to increasing abiotic stress, crops are also exposed to 

biotic stress factors including pests, bacterial and fungal pathogens and viruses (Atkinson et al., 

2013). The combination of both stress factors results in a reduction of the plants’ defence 

mechanisms. Thus, crops sacrifice energy to combat stress and are more prone to be infected 

with undesirable pathogens (Cramer et al., 2011). Forage crops, that are grown under these 

environmental conditions and fed to ruminants are more likely to affect their health. In the 

future, forage crops are likely to encounter new and greater environmental stress factors 

(Wheeler and Von Braun, 2013). A viable solution would be to create hybrid crops which will 

be resistant to extreme environmental conditions along with the emergent pathogen factors 

(Suzuki et al., 2014). As an alternative, novel commercial products could be applied to the 

crops and they could increase the nutrient uptake, enhance the crops’ reaction to biotic and 

abiotic stress and foster the crop’s nutritional quality (EBIC, 2013a). Recent biotechnological 

advances enabled a range of plant and microbial derivatives to be used as biostimulants. 

     Biostimulants are a recently re-emerged research area which have further developed during 

the last 20 years. Biostimulants were classified into groups including humic substances, amino 

acid and hormone containing products (Kauffman et al., 2007). A brief history and 

development of biostimulants, as well as their appearance in the scientific literature was 

summarised in a recent report (du Jardin, 2015). In the same report there were references of the 

biostimulants regulation along with the main categories that exist today, including humic and 

fluvic acids, protein hydrolysates and N-containing products, beneficial fungi and bacteria, 

inorganic compounds and seaweed extracts (du Jardin, 2015). However, because biostimulants 

are novel commercial products originating from a combination of chemical and biological 

substances, their actual interaction with the plants cannot easily be defined. The current 

research of biostimulant effects, focuses on: root and shoot growth, chlorophyll levels, 

micronutrient uptake and plant biomass of various plant types. The target plants are either 

edible (human consumption) [cucumber (Cucumis sativus), grape (Vitis vinifera), tomato 

(Solanum lycopersicum), lemon (Citrus limon), pepper (Capsicum annuum), rice (Oryza 

sativa), bean (Phaseolus vulgaris) and potato (Solanum tuberosum)], or forage crops [wheat 
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(Triticum aestivum), maize] but not for further silage production (Calvo et al., 2014). Most 

research is focused on edible crops, but little work has been done on further downstream 

applications that focus on produced silage from biostimulant-treated forage.   

     The aim of the current study was to determine the impact of plant biostimulants on maize 

forage with respect to: (i) forage and silage nutritional quality, (ii) aerobic stability of silage, 

(iii) microbial community composition that are involved in this process ENB, LAB and yeasts. 

In the present study, the plant biostimulant investigated, was a novel product under the 

commercial name IMPRO-GRAIN™ (IG), provided by Alltech Crop Science (KY, USA). The 

product is specially formulated to support plant processes such as nutrient uptake, for optimal 

crops performance and yield. The product has been approved for organic crop production per 

EC834/2007. Considering the formulation complexity of biostimulants, the scientific focus of 

this study was on assessing whether this product influenced the nutritional quality of the forage 

and aerobic stability of the resultant silage. This hypothesis will be based on: (i) observed 

effects on forage and silage nutritional quality, (ii) microbiological composition of key 

communities and (iii) observed effects on aerobic stability.         

            

3.2 Materials and methods 

 

3.2.1 Harvest, sampling and ensiling 

 

     Maize cultivar Rodriguez (KWS, Hertfordshire, UK) was planted on April 24th, 2017 in a 

4-ha field on a commercial farm (Cornwall, UK) at a density of 12, 500 seeds ha -1. A 

biostimulant product under the commercial name IG, was sprayed on the crops (at a rate of 1 

L ha -1 mixed with 200 L of water) at the same time as the herbicide application (at a rate of 5 

L ha -1 mixed with 100 L of water) (Rosate 36, Worcestershire, UK) on June 13th, 2017. More 

specifically, IG is a proprietary liquid product containing a mixture of spent Lactobacillus spp. 

culture media and an aqueous yucca (Yucca spp.) extract surfactant, supplemented with soluble 

sulphur (S) 1.1 %, manganese (Mn) 0.8 % and zinc (Zn) 1.2 %. The commercial maize farm 

was located in Cornwall, southwest of Rothamsted Research North Wyke. Thus, the 

environmental conditions were similar and comparable with environmental conditions of the 

ryegrass experiment (Chapter 4) as both farm sites are in the same region with ca. 50 miles 

distance with each other. The soil where the maize experiment was performed was 

characterized as ‘Grade 2 clay-based freely draining slightly acid loam with gram pound shale 
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subsoil’ (LANDIS, 2019). Maize soil characteristics from the commercial farm were in the 

same category with the soil characteristics that was used for maize glasshouse trial as described 

in Chapter 2: ‘Crediton series soil type, a free-draining permeable soil over a soft sandstone 

suitable for growing maize, was collected from Redland (RL)’. Both experiments were 

performed during the same period April to Oct. Thus, the weather conditions within the 

experimental period were similar. 

     Within the 4-ha field (Figure 3.1), experimental treatments, consisted of either maize treated 

with IG (⅔ of the field) or maize with no treatment (control, ⅓ of the field). IG was applied 

(sprayed) on maize crops mixed with water (1 L of IG in 200 L of water ha -1). Maize crops 

were sampled on September 11th, 2017 for chlorophyll indicators using a soil-plant analyses 

development (SPAD) meter (Konica Minolta, Warrington, UK). A reading was taken from the 

5th leaf from the top of each maize plant (n = 80). The plants were chosen randomly across the 

field between treated and control crops. The total number of readings was 80 (n = 40 for treated 

maize, n = 40 for control). The indicative chlorophyll values taken with the SPAD meter were 

expressed in arbitrary units and used to quantify the relative amount of chlorophyll present in 

each crop. The meter measured the absorbance of leaf in two wavelength regions at 400-500 

nm and 600-700 nm respectively (Ciganda et al., 2009).  

 

 

Figure 3.1. In-field treatments alignment during harvest of fresh maize crops. T pile, pile of IG 

-treated harvested maize; C pile, pile of untreated (control) harvested maize; the straight lines 

represent the harvest lines; treated maize area was harvested first 
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     Crops were harvested on October 11th, 2017 by a contractor, using a 950 CLAAS harvester 

with a corn cracker (HAMBLYS, Cornwall, UK). The field was harvested in eight straight lines 

(n = 8 lines for treated crops, n = 4 lines for control crops within the total 8 lines; 4 m width), 

at 15 cm stubble height and was chopped to a theoretical length of chop of 12 mm as set on the 

forage harvester. The treated crop was harvested first followed by the control to avoid any 

contamination within treatments. Harvested maize from the eight lines was piled at the end of 

each line. Each pile was sampled from top and side and placed in polythene bags of ca. 5 kg 

fresh weight (FW) each. As this experiment was carried out on a single commercial field, it 

was not possible to have true biological replicates. The material from each line was considered 

as a biological replicate as each line could be independent in terms of its subsequent treatment. 

Due to the shape of the field and the alignment of treated and control areas (control areas were 

represented by only four lines within the eight total lines) there were eight biological replicates 

of treated and four biological replicate bags of control (lines which represented a position in 

the field were used as biological replicates). The four control piles were sampled twice so the 

total number of control maize bags was eight (four biological replicates and two pseudo 

replicates of each).  

     Maize bags were transferred to Rothamsted Research, North Wyke (NW) facilities the same 

day (11th of October; Devon, UK). Maize in the bags was mixed well and then packed into 

Kilner glass jars (mini-silos) (internal volume = 3 L, internal diameter = 11 cm, height = 26 

cm) fitted with a clip top, to ensure that an airtight seal was maintained (Kilner®, Liverpool, 

UK). Each jar was weighed separately before and after the filling using a scientific balance 

(ref. 112; Sartorius, Gottingen, Germany). Each jar contained a constant weight of 1.6 kg FW 

of harvested maize at a density of 168 kg DM m -3. No silage additive was added to the maize 

pre-ensiling. On October 11th, 2017, the mini-silos, covered in foil to exclude light, were placed 

in two plant growth cabinets (Panasonic, Leicestershire, UK) at 22 ± 0.5 °C for 106 d. Fresh 

maize samples (10 g FW) were taken from each replicate in duplicate and placed in new 

polythene bags for microbial analysis (n = 16) and pH determination (n = 16). The rest of the 

maize was stored at -18 °C in a freezer at NW herbage lab for chemical analysis. 

 

3.2.2 Aerobic stability test 

 

     Mini-silos were weighed prior to opening using a scientific balance (ref. 112) at NW 

premises. After a 3-motnh ensiling period and upon opening of the jars on January 24th, 2018, 

the silage was placed in polythene bags and mixed well. Approximately 0.7 kg FW of silage 
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of each bag was subsampled and placed in new polythene bags while the rest (0.9 kg FW) was 

sent to the premises of Silage Solutions Ltd. (Ceredigion, UK) for an aerobic stability test (Graf 

et al., 2016). Briefly, maize samples were weighed and placed in plastic buckets (top diameter 

= 15 cm, height = 15 cm, internal volume = 6 L) with a plastic lid on top with a hole in the 

middle to allow the ingress of oxygen. All buckets were placed in a block of polystyrene to 

provide insulation and thereafter in a climate chamber at 19 °C. Core temperature of the silage 

was measured by heat sensors every 15 minutes using a DS1921G-F5 thermochron system 

(HomeChip Ltd., Milton Keynes, UK). One heat sensor was placed in a plastic bag in each 

bucket’s core. Three temperature sensors were placed on the top of the polystyrene block to 

determine an average ambient room temperature. Aerobic stability was determined as the 

number of hours needed for the silage temperature to rise 3 °C above ambient temperature 

(Honig, 1990). In the present study number of hours needed for the silage temperature to rise 

2 °C above ambient temperature were also determined. The duration of the aerobic stability 

test was set at 20 d.  

 

3.2.3 Microbial analysis 

 

     Microbial analyses were performed on two-time points: the day following harvest (within 

24 h) (October 12th, 2017) and the day following the mini-silos opening (within 24 h) (January 

26th, 2018). The same methodology was followed for both pre- and post-ensiled maize samples. 

Briefly, 10 g FW of maize sample was stored in a fridge at 4 °C overnight inside sealed 

polythene bags. The sample was suspended in 90 mL of sterile ¼ strength Ringer’s solution 

buffer (ThermoFisher, Basingstoke, UK) and mixed in a 400-stomacher circulator (Seward, 

Worthing, UK) for 2 min at 160 rpm. A serial 10-fold dilution of the aliquot was prepared. 

Microbial counts of colony forming units (CFU) of ENB, LAB, Pseudomonas spp. (PSE) and 

yeasts were obtained after agar plate incubation at 30 °C (ENB, LAB, PSE) for 3 d, and 23 °C 

(yeasts) for up to 5 d. Pour plates of violet red bile (ThermoFisher) and de Man, Rogosa, Sharpe 

(ThermoFisher) agars were used for ENB and LAB respectively while PSE and yeasts were 

grown on Pseudomonas agar with cetrimide, Fucidin and cephalosporin (CFC) supplement 

(ThermoFisher) and malt extract agar (Sigma Aldrich, Poole, UK) spread plates respectively. 

Microbial counts were obtained from plates containing CFU between 30 and 300 per plate. All 

plates were done in duplicate. The average count was used to determine the total bacteria / 

yeast count of the specific sample. 
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3.2.4 Chemical analysis 

 

     The pH of both fresh and ensiled maize was determined by mixing 10 g FW of each fresh 

sample with 90 mL of deionised water, in a stomacher for 2 min at 160 rpm. A glass electrode 

of a Jenway 3320 calibrated pH meter, was used to measure the pH of the mixed water extract 

(Jenway, Staffordshire, UK). Volatile fatty acid (VFA), lactic acid, ethanol, propanol and NH3-

N contents were determined from silage water extracts.  

     Briefly, 30 g FW of silage were mixed with 150 mL of deionised water and stored in a 

refrigerator at 4 °C overnight (NW, Okehampton, UK). The next day, water extracts were 

filtered using a Whatman filter No. 4 (diameter = 45 mm, pore size 22 – 25 µm) (Ge Healthcare 

Life Sciences, Buckinghamshire, UK) and placed in glass bottles (internal volume = 150 mL) 

with plastic lids (Fisher Scientific, Leicestershire, UK). Bottles were stored in the freezer at -

20 °C (NW, Devon, UK). Samples were sent for analysis, using gas-liquid chromatography, to 

Agri-Food and Biosciences Institute (AFBI) Hillsborough (Co Down, UK).  

     DM content for both pre- and post-ensiled maize was measured by weighing dry samples 

after freeze-drying, using a freeze-drier. Frozen samples were placed in an Edward Pirani super 

module freeze-drier (Severn vacuum services, Gloucestershire, UK) for 10 d. Samples were 

weighed and ground in a Retch SM300 cutting mill to 2-mm (Retsch, Haan, Germany) and 

placed in labelled polythene bags. Freeze-dried samples were placed in an oven at 550 °C for 

ash and by mass difference, organic matter determination per standard procedures (Cunniff, 

1996) at NW facilities.  

     For the determination of WSC and starch content, dried samples were sent to the Institute 

of Biological, Environmental and Rural Sciences (IBERS) department of Aberystwyth 

University (Aberystwyth, Ceredigion, UK). The concentration of WSC and starch was 

measured using an auto analyser (SEAL Analytical Ltd., Southampton, UK) (Thomas, 1977). 

Fibre content of the dried samples was determined by using a fully automated Fibertec™8000 

crude and detergent fibre analyser (FOSS, Hillerød, Denmark) at NW laboratories. Fibre 

analysis included the determination of modified acid detergent fibre (mADF), acid detergent 

fibre (ADF) and neutral detergent fibre (NDF) (Van Soest et al., 1991). The mADF solution 

was obtained by mixing equal volumes of acid detergent solution (ADS) and 0.5 M (1N) of 

sulphuric acid (H2SO4). The metabolizable energy values of both forage and silage samples 

were predicted based on mADF values using the mathematical formula [ME (MJ kg -1 DM) = 

13.38 – 0.0113 * mADF] (Givens et al., 1989). The mADF values were measured as a portion 

of organic matter (OM). An additional transformation was made to express them as a portion 
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of total DM content based on the OM content. Total nitrogen (TN) content was calculated by 

determination of stable isotopes by mass spectrometry using a hydra 20-20 mass spectrometer 

(Sercon, Cheshire, UK) linked to an NA2000 N-protein Carlo Erba elemental analyser (CE 

Instruments Ltd., Wigan, UK). The analysis took place at NW premises. For the calculation of 

crude protein (CP), TN values were multiplied by 6.25 (Osborne and Mendel, 1914).  

 

3.2.5 Micronutrient analysis 

 

     Fresh maize samples were placed in the freezer at -20 °C, 6 h after harvest. Samples were 

freeze-dried using the same method as described in the chemical analysis section. After 10 d, 

samples were finely ground at 2 mm using a Retch SM300 cutting mill and were placed in 

labelled plastic polythene bags. Maize samples were sent for micronutrient analysis to 

Rothamsted Research Institute (Hertfordshire, UK). The micronutrient analysis was done using 

the inductively coupled plasma atomic emission spectroscopy (ICP-AES) analytical method. 

This method is used to identify multiple element concentrations at the same time with longer 

linear dynamic ranges and fewer interferences (Rezaaiyaan et al., 1982). The targeted elements 

included: Phosphorous (P), Potassium (K), Calcium (Ca), Magnesium (Mg), Sodium (Na), Iron 

(Fe), Aluminium (Al), Titanium (Ti), Zn, Cadmium (Cd), Copper (Cu), Chromium (Cr), Lead 

(Pb), Molybdenum (Mo), Cobalt (Co), Mn and Sulphur (S). However, some elements were 

below the detection limit and were omitted from the results. These elements included: Al, Ti, 

Cd, Cr, Pb, Mo and Co. 

 

3.2.6 In vitro gas production analysis 

 

     Freeze-dried and milled maize silage samples were sent to Alltech Crop Science (KY, USA) 

for analysis using the in vitro fermentation model (IFM). This model utilises various 

methodologies of in vitro gas production to estimate the digestion and evaluate the energy and 

protein availability of animal feeds. More specifically, samples were placed in filter bags and 

incubated in fresh rumen fluid at 35 to 39 °C along with carbon dioxide (CO2) within glass jars. 

The samples were stirred using a magnetic bar. The jars were placed in a water bath and the 

samples fermented for 48 h using a buffer system that simulated the rumen environment. 

During the process, an automated system collected volumes of the fermentation gasses. The 

collected gas volumes were then analysed for volatile fatty acids (VFAs), CO2 and methane 
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using a gas chromatograph. The IFM model was based on the closed system method and 

specific mathematical formulas (Schofield and Pell, 1995). 

 

3.2.7 Statistical analysis 

 

     Due to the field structure and the way the crops were harvested, some assumptions had to 

be made. Regarding the statistical analysis of the field samples (pre-ensiled), it was assumed 

that the different strips of both control and treated maize were independent. Control and treated 

crops originated from the same strip lines, were not connected. It was assumed that the crops 

in the treated area did not affect the crops in the control area on the same harvest lines. 

Moreover, the harvest order of the strips did not interfere with each other. A t-test was used for 

the statistical analysis of the pre-ensiled field parameters to compare control to treated. The 

data of the eight treated harvest lines were considered biological replicates and were assessed 

separately, while each pair of observations (pseudo-replicates) of the four untreated harvest 

lines were averaged to give four biological replicates. 

     Regarding silage data, the mini-silos were considered independent observations as the 

material came from random spots amongst the harvest lines. The actual place of the field 

sampling was not considered and there was an assumption of no systematic variation. The 

silage parameters were analysed using analysis of variance (ANOVA) in a randomised block 

design. A nested blocking structure was used where the shelves within each of the two 

incubators formed randomised complete blocks. Treatment structure was set as biostimulants 

and the block structure was set as incubator / shelf.  The statistical program Genstat Software 

(19th edition) was used for the data analysis (VSNI, 2017). Significance level was set at 5 % 

(P ≤ 0.05).         

 

3.3 Results 

 

3.3.1 Biostimulant effects on chlorophyll indicators (SPAD), nutrient content, chemical 

composition and microbial counts of pre-ensiled maize 

 

     The indicative chlorophyll values (SPAD) along with the biochemical characteristics of pre-

ensiled maize crops are shown in Table 3.1. IG-treated maize crops contained significantly 

higher chlorophyll indicators than control. Treated maize had a lower pH value than the control. 
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Dry matter and starch values were significantly higher in treated maize than in the control while 

the WSC content had no significant difference. Significant differences were found also in ash, 

OM and fibre content; treated maize had significantly less ADF, NDF, ash and greater OM 

content than the control. The mADF content was significantly higher in the control maize than 

in treated maize while the ME prediction was significantly lower. TN and thus CP content of 

the two treatments showed no significant difference. 

 

Table 3.1. Effects of biostimulants on chlorophyll indicators (SPAD) and chemical parameters 

of pre-ensiled maize 

Parameters Units Control IG SED P value 

Chlorophyll indicators Arbitrary 62.3 69.7 0.92 <0.001 

pH  6.14 5.72 0.140 0.015 

DM g kg -1 FM 307 323 4.3 0.004 

WSC g kg -1 DM 7.65 7.15 0.784 0.538 

Starch g kg -1 DM 182 230 14.2 0.007 

Ash g kg -1 DM 38.6 35.0 0.90 0.002 

OM g kg -1 DM 961 965 0.9 0.002 

ADF g kg -1 DM 311 288 6.4 0.006 

NDF g kg -1 DM 502 473 4.6 <0.001 

mADF g kg -1 DM 328 305 6.6 0.006 

ME MJ kg -1 DM 10.1 10.3 0.09 0.027 

TN g kg -1 DM 16.2 17.0 0.67 0.285 

CP g kg -1 DM 101 106 4.2 0.285 

Number of observations for the chlorophyll indicator means = 40; Number of observations for 

the chemical parameter means = 4; SED, standard error of the difference; Significant different 

means are in bold  

 

     The nutrient content of pre-ensiled maize crops is presented in Table 3.2. IG-treated maize 

crops contained significantly higher Ca, Cu, Mg, Mn, P and S than the control. The content of 

Fe, K, Na and Zn had no significant difference between treatments and control. 
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Table 3.2. Effects of biostimulants on macro and micronutrient composition (mg kg -1 DM) of 

pre-ensiled maize 

Parameters Wavelength nm Control IG SED P value 

Ca  315.887 1580 1906 66.5 <0.001 

Cu  327.393 5.6 6.2 0.19 0.008 

Fe  238.204 36.8 146.3 75.02 0.166 

K  766.490 9980 10300 310.7 0.333 

Mg  279.077 1313 1483 52.6 0.006 

Mn  257.610 12.2 15.4 0.63 <0.001 

Na  589.592 1010 1113 133.5 0.454 

P  213.617 2276 2621 110.8 0.008 

S  181.975 924 1040 37.7 0.008 

Zn  206.200 19.5 22.2 1.49 0.084 

Number of observations for the means = 4; Significant different means are in bold  

 

     The microbial counts of pre-ensiled maize are presented in Table 3.3 and included counts 

of ENB, LAB, yeasts and PSE. On a FW basis there were significant differences between 

specific microorganisms in treated crops. Treated maize contained higher mean LAB numbers 

than the control. Yeast numbers (mean) were significantly lower in the treated maize than in 

the control. Mean counts of ENB along with PSE had no significant differences between the 

two treatments. 

 

Table 3.3. Effects of biostimulants on microbial counts of pre-ensiled maize 

Parameters Units Control IG SED P value 

ENB Log10 CFU g -1 6.17 5.81 0.193 0.089 

LAB Log10 CFU g -1 6.08 6.18 0.012 <0.001 

Yeasts Log10 CFU g -1 7.20 7.01 0.032 <0.001 

Pseudomonas spp. Log10 CFU g -1 7.43 7.51 0.039 0.057 

Number of observations for the means = 4; Significant different means are in bold 

 

3.3.2 Biostimulant effects on chemical and microbial composition of maize silage 

 



80 

 

     The chemical composition of maize silage is presented in Table 3.4. Treated maize had 

lower pH values than control. DM and starch content were significantly higher in IG-treated 

maize than in the control; while WSC content showed no significant difference. Control maize 

contained greater ash and less OM content than treated. In terms of fibre analysis, IG-treated 

maize had lower mADF, ADF and NDF content than the control. However, the predicted ME 

(based on mADF) content had no significant difference between the treatments. Both maize 

treatments contained similar TN and hence CP values. The ensiling fermentation products were 

similar for both treatments. VFA’s and lactic acid content showed no significant difference. 

Ammonia-N and ethanol were also similar. Only the propanol content had a trend of being 

lower in the treated maize. No iso-Valeric and n-Butyric acids were detected in either 

treatments.     

 

Table 3.4. Effects of biostimulants on chemical parameters of maize silage 

Parameters Units Control IG SED P value 

pH  3.84 3.68 0.033 <0.001 

DM g kg -1 FM 293 310 5.2 0.007 

WSC g kg -1 DM 5.14 5.31 0.751 0.82 

Starch g kg -1 DM 268 300 10.6 0.012 

Ash g kg -1 DM 36.7 33.6 0.74 0.002 

OM g kg -1 DM 963 966 0.7 0.002 

ADF g kg -1 DM 281 260 3.0 <0.001 

NDF g kg -1 DM 471 457 5.2 0.026 

mADF g kg -1 DM 293 272 4.4 <0.001 

ME MJ kg -1 DM 10.5 10.6 0.07 0.066 

TN g kg -1 DM 18.9 18.9 0.97 0.964 

CP g kg -1 DM 118 118 6.2 0.964 

NH3-N g kg -1 TN 6.49 6.17 0.421 0.467 

Acetic acid g kg -1 DM 18.0 16.9 1.61 0.500 

Propionic acid g kg -1 DM 1.95 1.86 0.291 0.768 

i-Valeric g kg -1 DM ND ND   

n-Butyric g kg -1 DM ND ND   

Lactic acid g kg -1 DM 38.2 38.7 4.32 0.910 

Ethanol g kg -1 DM 1.69 1.55 0.130 0.311 
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Propanol g kg -1 DM 0.72 0.27 0.222 0.082 

Number of observations for the means = 8; ND, not detected; Significant different means are 

in bold  

 

     ENB and PSE counts were under the detection limit of 2 Log10 CFU g -1 in both silage 

treatments. The significant differences between detected LAB and yeasts are presented in Table 

3.5. LAB microbial counts were significantly higher in the treated maize while yeast counts 

were higher in the control maize.  

 

Table 3.5. Effects of biostimulants on microbial counts of maize silage 

Parameters Units Control IG SED P value 

ENB Log10 CFU g -1 ND ND   

LAB Log10 CFU g -1 7.81 7.99 0.061 0.018 

Yeasts Log10 CFU g -1 3.86 3.62 0.012 <0.001 

Pseudomonas spp. Log10 CFU g -1 ND ND   

Number of observations for the means = 8; Significant different means are in bold 

 

3.3.3 Biostimulant effects on maize DM losses during ensiling 

 

     The losses in DM content during ensiling are presented in Table 3.6. There were no 

significant differences between the DM content loss for both treatments. 

 

Table 3.6. Effects of biostimulants on DM losses during ensiling of maize forage 

Parameters Units Control IG SED P value 

DM losses (fresh - silage) g kg -1 DM 47.3 41.4 0.56 0.286 

DM losses (fresh - silage) % 4.7 4.1 0.56 0.286 

Number of observations for the means = 8 

 

3.3.4 Biostimulant effects on aerobic stability of maize silage 

 

     The average number of hours required for the temperature to increase 2 °C and 3 °C above 

the ambient temperature readings for both maize silage treatments, are presented in Table 3.7. 

In terms of 2 °C temperature increase, there was a trend between silage treatments. Silage 
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originated from IG-treated maize required more hours to increase its core temperature above 

the ambient temperature than control. Control silage was significantly less stable than treated 

silage originated from IG-treated maize and needed less hours to deteriorate by increasing its 

core temperature 3 °C above ambient. On average the treated maize required 413 h to 

deteriorate, 125 h (43.4 % increase) more than the control (288 h). In terms of visual mould 

signs, there was no or little effects on 6 out of 8 treated silage samples in comparison to 2 out 

of 8 control silage samples (results are not presented here).     

 

Table 3.7. Effects of biostimulants on aerobic stability of maize silage 

Parameters Units Control IG SED P value 

Heating 2 °C above ambient Hours 284 408 57.5 0.054 

Heating 3 °C above ambient Hours 288 413 56.6 0.050 

Number of observations for the means = 8; Aerobic stability was determined as the number of 

hours needed for the silage temperature to increase 3 °C above ambient temperature; 

Significant different means are in bold 

 

3.3.5 Biostimulant effects on in vitro fermentation characteristics of maize silage 

 

     The main VFA, carbon dioxide (CO2) and methane (CH4) concentrations during the in vitro 

fermentation are presented in Table 3.8. There were no significant differences between pH 

content, VFA, CO2 and CH4 concentrations among the treatments. 

  

Table 3.8. Effects of biostimulants on in vitro fermentation characteristics of maize silage using 

the Alltech IFM model 

Parameters Units Control IG SED P value 

pH  6.42 6.42 0.010 0.852 

Total VFAs mM 21.8 23.1 0.84 0.140 

Acetate mM 38.5 39.9 1.14 0.243 

Propionate mM 34.6 33.2 0.78 0.092 

Butyrate mM 20.7 20.6 0.50 0.920 

CO2 mL g -1 DM 65.0 69.5 2.51 0.083 

CH4 mL g -1 DM 23.0 25.5 1.36 0.086 
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Number of observations for the means = 8; mM, millimolar; mmol per L per 100 mg of initial 

DM sample; mL, milli-litre 

 

3.3.6 Biostimulant effects on costings of a typical UK maize farm 

 

     To further investigate any benefits of IG application on maize, a costing plan was conducted 

based on a typical maize farm in the UK. The total costings breakdown is presented in Table 

3.9 and is based on DM yield data from this study as well as the manual for growing and feeding 

maize silage for better returns which was published by agriculture and horticulture 

development board (AHDB) (AHDB, 2015). The net profit per tonne of DM treated with IG 

over the control was calculated at £ 2.63. Over the total 13 t ha -1 of DM that were produced in 

this experiment, the total net profit was £ 34.19 ha -1 over the control. 

 

Table 3.9. Total costing breakdown of maize silage with and without biostimulant treatment 

 FM and DM yield Maize silage treated with IG Maize silage without IG 

Yield of FM t ha -1 42.0 42.0 

DM content of crop 31.0 29.3 

Yield of DM t ha -1 13.0 12.3 

Establishment costs (£ ha -1) Maize silage treated with IG Maize silage without IG 

Ploughing 55 55 

Cultivations 70 70 

Sowing 45 45 

Seed 175 175 

Lime 60 60 

Fertiliser 209 209 

Sprays 45 45 

Fertiliser applications 20 20 

Spraying 24 24 

Additional annual costs (£ ha -1) Maize silage treated with IG Maize silage without IG 

IMPRO-GRAIN™ 29.75 0 

Spraying 0 0 

Harvest and sheets 170 170 

Rent 250 250 
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Total annual costs (£ ha -1) 1152.75 1123.00 

Cost per tonne of DM (£) 88.67 91.3 

Net profit per tonne of DM (£) 2.63 - 

Potential net profit per ha 34.19 - 

Fertiliser prices were based on: N = 85 p kg -1, P = 66 p kg -1, K = 45 p kg -1; IG prices were 

based on the product’s cost per ha of application at £ 29.75  L -1 ha -1; Reported costings and 

prices were based on AHDB report (AHDB, 2015); Yield of FM t ha -1 was the average of 

Rodriguez maize variety in UK which ranged from 35 to 49 t ha -1  

 

3.4 Discussion 

 

3.4.1 Biostimulant effects on chlorophyll indicators (SPAD), micronutrient content, 

chemical composition and microbial counts of pre-ensiled maize 

 

     The results of this study showed that the IG application, significantly improved the 

nutritional quality of both maize forage and silage (Tables 3.1, 3.3). Furthermore, the product 

affected specific microbial communities, improved the ensiling environment and resulted in 

better aerobic stability of the end-product (silage) (Tables 3.3, 3.5, 3.7). The photosynthetic 

rate of plants is mainly characterised by their chlorophyll content (Foyer et al., 1982). There is 

a correlation between chlorophyll content and crop productivity as DM yield (Osborne and 

Raven, 1986). In the present study, IG-treated maize had significantly increased predicted 

chlorophyll content (Table 3.1). The chlorophyll content was measured with a SPAD meter to 

avoid destructive sampling of the maize leaves. This non-destructive technique, predicts the 

chlorophyll content of maize by measuring the absorbance capabilities of the leaf and has been 

used in various studies (Richardson et al., 2002) (Piekkielek and Fox, 1992). It has been 

demonstrated that the relationship between SPAD results and chlorophyll concentration is 

nonlinear for rice, wheat and soybean (SPAD wavelength ranged from 650 to 940 mm) (Monje 

and Bugbee, 1992) and that SPAD meters calculate chlorophyll content accurately with proper 

calibration (Markwell et al., 1995). The results of this study are in accordance with another 

study, where foliar biostimulants sustained the chlorophyll content of maize crops under 

drought conditions and improved its photosynthetic pigments under well-watered conditions 

(Anjum et al., 2011). 
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     The pre-ensiled harvested maize chemical characteristics (Table 3.1) were in accordance 

with the latest forage maize descriptive list from National Institute of Agricultural Botany for 

the specific cultivar (Rodriguez) (NIAB, 2018). There were some small variations in terms of 

suggested ME and starch content. However, ME is a prediction based on suggested formulas. 

The definition of ME derives from the deduction of urine and methane energy (from rumen 

digestion) from digestible energy (DE) (Beever et al., 2000). The energy value of the animal 

feed is determined by three key substances: fat, non-fibre and fibre carbohydrate content along 

with the digestibility of the later (Robinson et al., 2004). In UK and in Europe in general, 

mathematical formulas are used to predict the ME content, based on the nutritional 

characteristics of each forage sample as well as the digestibility characteristics of ruminants 

(usually sheep). The relative accuracies of the various methodologies have been reviewed with 

respect to animal trial digestibility (Beever et al., 2000), and formulas to predict ME content 

for grass and maize forage and silage have been proposed (Givens et al., 1989). One problem 

that derives from this methodology is that these mathematical equations varied within each 

region (Menke, 1988) (Barber et al., 1990). A relatively new technology called near infrared 

reflectance spectroscopy (NIRS) have been used in evaluating the nutritional quality and 

chemical properties of maize forage and silage over the past years (De Boever et al., 1994) (De 

Boever et al., 1997). Although NIRS can result in good predictions of nutritional value, it is 

heavily related on complex equations that need to be updated regularly. Moreover, in UK, fresh 

(wet) samples are used for NIRS analysis in contrast with the dried samples that are used in 

Europe. Wet samples tend to give less accurate results in comparison with the dried ones 

(Sørensen, 2004). However, NIRS method is still preferred mainly due to it being less 

expensive and time-consuming in comparison to the laboratory analysis. In this study we used 

the formula based on mADF calculations, for the prediction of the ME, while NIAB used NIRS 

to predict ME content (Park et al., 1998).  

   The starch content differences can be explained due to weather climate changes and different 

harvest seasons which may vary between April-May and October-November. These two 

factors affect the plant size and cob diameter and length fullness which result in different grain 

content. Maize crops with bigger and more cobs tend to contain higher grain (Martin et al., 

2008). The observed differences in starch content demonstrated that treated crops were more 

mature than control. This is explained due to the fact that starch content is greater on more 

mature maize plants (Martin et al., 2008). The starch content of fresh crops in this study was 

lower than another study, which varied between 363 and 427 g/kg DM (Driehuis et al., 1999) 
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and similar to another report which varied between 68 and 278 g/kg DM (Wilkinson and 

Phipps, 1979).  

     Due to lack of published research on effect of biostimulants on specific nutritional qualities 

of maize, the results of this study were compared with similar studies on maize crops and silage. 

IG increased the starch content which had a consequential effect on decreasing the fibre and 

ash content of the fresh crops (Table 3.1). Thus, treated maize contained more OM and 

contained more predicted ME content. Lower fibre levels indicated less structural carbohydrate 

content (cellulose, lignin) and possibly greater forage intake (McDonald, 2002). The ash 

content of the treated crops was lower than other published work (Driehuis et al., 1999) (Filya, 

2003b) while the NDF content was higher (Driehuis et al., 1999) (Filya, 2003b) (Orosz et al., 

2013). However, all the studies above used different maize varieties and were based in different 

regions under different climate than this study which was based in UK. The different and 

sometimes extreme weather conditions can explain the observed differences.  

     This study demonstrated significant differences in DM content between the treatments. 

These results are in accordance with other biostimulants projects based on maize with similar 

findings in terms of DM. One study reported that the application of foliar biostimulant 

improved the dry weight of maize (Anjum et al., 2011) while another study reported that the 

application of biostimulant improved the maize crop dry weight by 190 % in comparison to 

control (Eyheraguibel et al., 2008). The combination of increased DM, starch and decreased 

fibre content, indicates that the treated maize was more mature than control. Thus, the 

application of the plant biostimulant decreased the time the maize crop needed to mature, taking 

into consideration that both treatments were sown and harvested at the same time.  

     IG did not affect the CP concentration of the crops, although the average CP of both 

treatments was higher than current literature references (Driehuis et al., 1999) (Filya, 2003b) 

(Orosz et al., 2013) (Zhou et al., 2016). The differences in the initial crop pH and LAB numbers 

(Table 3.1, 3.3) may be attributed to mineral differences because of biostimulant application. 

IG contained minor quantities of Mn and Zn cations which may have influenced the pH of the 

crop. However, the treated maize had lower ash concentration. The ash content of both 

treatment and control were within the expected limits (3-5 % of DM) (Hoffman, 2005), 

suggesting little soil contamination within the control that may have led to the increased ash 

differences in silage. The higher ash content of the treated maize contradicts its higher 

micronutrient concentration. However, the micronutrient analysis did not cover the whole 

range of available micronutrients of the crops. As stated in the materials and methods many 

micronutrients were below the detectable limit. If a total mineral content by summation would 
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be performed, this may clarify the different micronutrient content in comparison with the ash 

content.   

     One potential driver for the pH difference is the DM content. Decreased moisture content 

of maize crops was correlated with decreased pH (Habib and Zafar, 2002). In the current study, 

treated crops had increased DM content which resulted in a decreased moisture content and 

decreased pH (Table 3.1). Both treatments were grown and harvested similarly. Thus, the 

increased starting numbers of LAB and the increased DM content are attributed to the 

biostimulant presence. The LAB numbers on the pre-ensiled maize (6.08 and 6.18 log10 CFU 

g -1) were in accordance to similar report findings of 6.18 log10 CFU g -1 (Li and Nishino, 

2013b) and of a range from 4.5 to 6.8 log10 CFU g -1 (Driehuis et al., 1999) but different from 

other reports (3.8 log10 CFU g -1) (Cai et al., 1998), (5.3 log10 CFU g -1) (Filya, 2003b). This 

can be explained as the presence of LAB varies greatly on maize crops and it depends on 

cultivar, harvesting method, geographical coordinates, type of field, temperature, sunlight, 

stage of maturity, previous planted crops but probably most of all by humidity (Pahlow et al., 

2003). LAB content of crops mainly consist of epiphytic species which are mainly gathered on 

the leaves of the crops where sugars are available (Mercier and Lindow, 2000). On a fresh crop, 

not all LAB species can be cultured and enumerated as some of them are inactive due to 

excessive weather conditions or low availability of energy sources (Roszak and Colwell, 1987) 

(Müller and Seyfarth, 1997). After harvest, when damage to plant tissue occurs, the inactive 

LAB become culturable due to the increased availability of energy sources (carbohydrates) 

(Müller and Lier, 1994). Thus, to accurately enumerate LAB, harvested forages are 

recommended although there will be still many non-culturable species (Pahlow et al., 2003).  

     Differences in yeast numbers were also significant, with treated crops containing less CFU 

(Table 3.3). The pre-ensiled crops of this study contained higher number of yeasts than other 

fresh maize report findings (Cai et al., 1998) (Filya, 2003a) (Zhou et al., 2016) but similar to 

another report (Li and Nishino, 2013b). However, great variation among yeast numbers of fresh 

harvested maize crops has been reported (Pahlow, 1991). The differences of LAB and yeasts 

resulted in a more desirable ensiling microbial community and thus a more stable environment. 

Increased LAB numbers on fresh crops may result in higher production of lactic acid and 

greater inhibition of non-desirable microorganisms such as yeasts. However, there was no 

sequencing analysis to identify what LAB species were present on the crops. If the LAB species 

were all heterofermentative then they may have reduced the overall speed of lactic acid 

fermentation.  
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3.4.2 Biostimulant effects on chemical composition and microbial counts of maize silage 

 

     The maize silage for both treatments was characterised as well-preserved after an ensiling 

period of 90 d using mini-silos (Table 3.4). This assumption derived from the chemical and 

nutritional composition of the maize silage samples which was better than the standard (AHDB, 

2015) apart from the lactic: acetic acid ratio which was 2:1 instead of the 3:1 which is expected 

for a good silage preservation. Moreover, the treated silage had better nutritional quality than 

the control over the same ensiling period (Table 3.4). In general, a well-preserved maize silage 

is characterised by low pH (below 4.2), high lactic acid content (ca. 53 g kg -1 DM), absence 

or small traces of butyric acid and low ammonia content (below 100 g kg -1 TN) (Donaldson 

and Edwards, 1976) (McDonald, 2002). In addition, the chemical characteristics of the silage 

samples were similar to other reports which used mini-silos as an ensiling method (Cherney et 

al., 2004). All silage samples underwent the same fermentation process in terms of 

fermentation characteristics and time. This assumption was supported by the fermentation 

characteristics of both silage treatments, which had no significant differences. Both samples 

contained similar lactic, acetic and propionic acid content as well as ammonia, ethanol and 

propanol (Table 3.4). The ensiling process was successful also due to the absence of butyric 

acid, suggesting, that there was no clostridial fermentation in the silage (Driehuis and Elferink, 

2000) (Pahlow et al., 2003). The VFAs along with lactic acid and ethanol are important quality 

measurements of silage fermentation. These acids are derived from the fermentation of silage 

carbohydrates by LAB, ENB and clostridia. Some of the most important fermentation pathways 

are presented in flow diagrams in Figure 3.2. 
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Figure 3.2. Fermentation of carbohydrates during ensiling (McDonald et al., 1991). 

 

     Based on chemical and microbial composition along with the fermentation characteristics 

of the silage, this study suggested that the applied biostimulant was responsible for the 

occurrence of the different treatment changes pre- and post-ensiling. The silage DM content 

was lowered during ensiling (Table 3.4). This is expected due to oxidation and fermentation 

loses during ensiling. DM losses (Table 3.6) were lower than the expected 5 % losses 

(McDonald, 2002). Silage contained less WSC than the original forage crop. This is explained 

as WSC was one of the energy substrates to be fermented from LAB for lactic acid production 

during the ensiling. Increase of LAB lead to a decrease of WSC on the final product 

(McDonald, 1981) (Pahlow et al., 2003) (Muck, 2013). On the other hand, starch content was 

higher in the silage compared to the initial crop and significantly higher with the treatment 

application (Table 3.4). Starch content of maize silage can differ from the initial starch content 

of pre-ensiled maize. This is due to DM losses which mainly refer to WSC and protein content 

with a minimum loss of actual starch (Rooke and Hatfield, 2003). Thus, starch content 

expressed in g kg -1 as a portion of DM can be higher in silage. Treated maize had higher starch 

than control due to the biostimulant effect by reducing maturation time or better energy 

utilisation. The starch content of the silage originated from IG-treated maize (300 g kg -1 DM), 

was similar to other studies’ findings. Various studies have reported maize silage starch values 
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with a variation from 180 to 389 g kg -1 of DM (Johnson et al., 2002) and from 244 to 292 g 

kg -1 DM (Ranjit et al., 2002). 

     The fibre content of the silage followed the same trend found on the pre-ensiled crops. Both 

ADF and NDF were decreased during the ensiling process improving the silage digestibility, 

especially IG treatment. These results (Table 3.2, 3.4) were in accordance with other reports. 

A similar decrease in fibre content during ensiling has been reported. ADF and NDF values 

were reduced from 288 and 484 g kg -1 DM to 279 and 462 g kg -1 DM, respectively after 

ensiling (Filya, 2004). Maize crops contain increased hemicellulose content which is prone to 

hydrolysis in acidic environments (low pH) (Morrison, 1979). The low pH during ensiling 

explains the lower fibre content of maize silage in comparison to the one of fresh maize. The 

increased DM content along with the decreased fibre (ADF, NDF) can be explained by the 

connection between chemical composition and stage of maturity of maize silage. Maize silage 

is a mixture of stover and grain. Lignin and fibre content of stover usually increases with 

maturity. However, the grain that is generated from the maize plant after silking (emergence of 

the small fibres within the cobs), is rich in non-structural carbohydrates (starch) and decreases 

the lignin concentration of the mature stover. This results in small variation between maturity 

and digestibility of the maize crop (Martin et al., 2008). In this study the treated crops matured 

quicker with increased starch and decreased fibre content due to that specific correlation.  

     The same significant pre-ensiled differences in pH were observed in the silage (Table 3.4). 

The lower pH of the treated maize was due to better fermentation which is driven by numerous 

factors. One of which was the increased preferred microbial communities, i.e. more LAB and 

less yeast, on the starting crop (increased LAB and decreased yeast numbers). Silage, derived 

from treated crops, contained higher LAB numbers and as they fermented WSC to produce 

lactic acid, they dropped the pH lower than 4. This resulted in inhibition of Clostridium spp. 

and ENB at the current limit of detection and absence of butyric acid detection (Cai et al., 

1998) (Pahlow et al., 2003). The same trend was followed for the yeast numbers (Table 3.5). 

The difference in yeast counts of the pre-ensiled crops occurred also to the silage. Silage, 

derived from treated crops, contained lower CFUs. ENB counts were below the detectable limit 

in both silages and this fact was explained due to the low ethanol content in comparison to 

other studies (Li and Nishino, 2013b) (Orosz et al., 2013) (Zhou et al., 2016). 

 

3.4.3 Biostimulant effects on aerobic stability of maize silage 
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     The results of this study clearly demonstrated that the application of the biostimulant 

improved the aerobic stability of the maize silage. Crop treatment extended the time for the 

silage to deteriorate by approximately 125 h. Aerobic stability plays a key role in the 

preservation of silage nutrients to ensure that animals will get good quality and safe feed. The 

nutrient preservation commences on harvest of the crops and continues up until animal feeding. 

Moreover, the silage fermentation products depend on the initial chemical composition of the 

pre-ensiled crops (Buxton and O'Kiely, 2003). The aerobic deterioration of silages is shown in 

Figure 3.3. 

 

 

Figure 3.3. Initiation and occurrence of aerobic stability after the opening of the silo (Kung, 

2010). 

 

     Physical and fermentation factors affect the silage aerobic stability with DM content, yeast 

concentration and acetic acid being the most important of them (Wilkinson and Davies, 2013). 

After the opening of the silo, ingress of oxygen enables specific microbial communities to 

consume the silage nutrients using them as an energy substrate (Pahlow et al., 2003). As a 

result the initial nutritional quality of the crops is reduced (Honig et al., 1999). It is important 

to extend the aerobic stability of the silage long enough to ensure safer feed for the animals. 

Aerobic deterioration of silage is usually initiated by yeasts (Woolford, 1990). In our study, 

yeast counts on the treated silage were significant and lower than the control (p < 0.05). Another 

important factor for preventing aerobic deterioration by inhibiting yeast proliferation is acetic 
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acid content (Weinberg and Muck, 1996). However, in our study acetic acid was lower than 

other reports and similar between the silage treatments. Thus, acetic acid was not the main 

yeast inhibitor. This fact supported the hypothesis that the biostimulant application was 

responsible for decreasing yeast numbers on the initial crop and throughout ensiling to the final 

product. This evidence is in accordance with other studies which correlate  improved aerobic 

stability with decreased yeast numbers in the silage (Kung Jr et al., 2000) (Kleinschmit and 

Kung Jr, 2006). The results of this study found higher DM content in the more stable silage 

contrasting with existing published work. DM content has a negative correlation in regards to 

the aerobic stability, meaning that higher DM usually results in faster aerobic deterioration 

(Wilkinson and Davies, 2013). 

 

3.4.4 Biostimulant effects on in vitro fermentation characteristics of maize silage 

      

     There were no significant differences between the treatments in terms of the pH and VFA 

content originated from the IFM in vitro fermentation system (Table 3.8). These results agreed 

with the chemical analysis of maize silage.  The fermentation characteristics that were obtained 

from the IFM model were similar to other report findings (Schofield and Pell, 1995). Although 

the pH and total VFA content was similar, there were variations between the proportions of 

propionate, acetate and butyrate. The propionate and butyrate content from the current report 

(Table 3.8) were higher in comparison to other report findings  (12.3 mM and 3.3 mM) 

(Getachew et al., 2004). Lower propionate (15.2 mM) and butyrate (5.6 mM) content was also 

reported (Doane et al., 1997). This may be due to the usage of different mathematical formulas 

for the correction of pressure differences or due to the different chemical composition of the 

initial forages or rumen inoculum used, different maize varieties, weather and soil conditions. 

It could have been also due to the relative feeding proportion to rumen fluid inoculum. In vitro 

fermentation models can give an estimation of VFA content that is produced in the rumen. 

Obtaining accurate predictions can help farmers to identify and prevent possible problems 

correlated with feed efficiency. Moreover, some authors have suggested that the gas production 

could be corelated with increased feed intake and microbial protein synthesis (Krishnamoorthy 

et al., 1991) (Blu and Ørskov, 1993). 

 

3.4.5 Economic benefits due to biostimulant application 
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     In terms of the economic analysis of IG application (Table 3.9) there were also other 

parameters that could add to this net profit observed over control (based solely on DM yield 

difference) such as the increased starch content along with the prolonged aerobic stability 

period. The first increases the nutritional value of the maize silage used as feed and the latter 

prolongs the storage period without deterioration. However, these parameters cannot yet be 

quantified and contributed to the net profit, as there are no published data. Moreover, for this 

study the FM yield of both maize treatments was assumed equal. Thus, the economic benefits 

from biostimulant application on maize could be greater than the estimated £34.19 amount 

(Table 3.9). 

 

3.5 Conclusions 

 

     In summary, the application of IG on maize resulted in significant biochemical and 

microbiological parameters differences. These differences were also maintained through the 

ensiling process, resulting in improved aerobic stability of the treated maize. The quality of 

maize silage is defined by crop and fermentation related factors. The first category includes 

starch and fibre content which is used for predicting the fibre digestibility while the latter 

includes pH, VFA, lactic acid, ammonia and WSC content (Charmley, 2001). More research 

is required to further investigate the current findings, expanding to other silage crops such as 

ryegrass. Moreover, further research is required to assess any direct effect that this product may 

have on the specific microbial communities, including ENB, LAB and yeasts. Potential 

mechanisms for the IG have been investigated in Chapter 2 of this thesis. Further practical 

applications of IG on ryegrass crops and animal feed intake will be further addressed in the 

following Chapters (4, 5) of this thesis.       
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Chapter 4 Impact of biostimulants on pre-wilted and 

wilted ryegrass forage quality 

 

4.1 Introduction 

 

     Perennial ryegrass (Lolium perenne) (PRG) is one of the most common grasses used for 

temperate pastures and exists in abundance in UK and Republic of Ireland. (Gilliland et al., 

2011). The field production area for PRG seeds in UK was 4,668 ha during 2017 (ESCAA, 

2017). It is common for PRG to be mixed with other species such as Italian ryegrass (Lolium 

multiflorum), hybrid ryegrass, other non-ryegrass species and forage legumes to increase 

potential yield and forage quality through resilience to different climatic conditions and similar 

variation in heading dates to avoid differences in heading and digestibility (Culleton and 

Cullen, 1992).  

     Wilting or the aerobic field phase is the time between harvest and ensiling which can vary 

from 6 (short) to 72 (long) h. Wilting is affected by many environmental factors including 

rainfall, pressure, solar radiation and wind speed (McDonald et al., 1991). In optimal (dry) 

weather conditions, a short wilting is preferred to reduce loss of vital water-soluble 

carbohydrates (WSC) to initiate fermentation. It is common practise to use silage additives 

upon ensiling of the forages to enhance pH drop and aerobic stability (Yitbarek and Tamir, 

2014). However, more recently, research has looked at the ability to improve crop fitness in 

the field to promote good ensiling, fusing novel biological products also known as 

biostimulants. These products are applied on agricultural areas prior to seed sowing and during 

the growth of the crops in the field, with the goal of increasing the crops’ resistance to biotic 

and abiotic stresses (Brown and Saa, 2015). 

     The main objective of this study was to evaluate the effect of biostimulants on nutritional 

composition and natural microbiological populations, including Enterobacteriaceae spp. 

(ENB), lactic acid bacteria (LAB) and yeasts, of reseeded ryegrass pasture post-harvest and 

post-wilting. Moreover, this study evaluated the effect of wilting on the chemical and 

microbiological parameters of ryegrass forage that were mentioned above as well as any 

biostimulant and wilting interactions.              
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4.2 Materials and methods 

 

4.2.1 Field preparation 

 

     A 2.77-ha field located at Rothamsted Research, North Wyke (NW) (Whiddon Down, 

Devon, UK) was sprayed with a glyphosate systemic herbicide total weed killer (Rosate 36, 

MAPP:14459, R & D Laboratories Ltd., Antrim, Northern Ireland) at a rate of 6 L ha -1 mixed 

with 200 L of water on March 31st, 2017 and was left bare for a period of 5 d. It was applied 

as a medium spray at nozzle pressure not exceeding 2.5 bar. After 5 d, On April 5th, 2017, the 

field was ploughed and cultivated twice. The field was then rolled using a Cambridge roller 

(Farmet a. s., Ceska Skalice, Czech Republic). The field was split into 24 equally-sized plots 

(24*26 m each) with 1.5 m distance between each plot (Figure 4.1). The 24 plots were arranged 

as 6 blocks (Figure 4.3) to set up the experiment as a randomised block design. The area of 

each plot was determined and delineated by bamboo sticks which were placed at the edges of 

each plot (4 in each). An automatic Skye Mini-met weather station (Skye Instruments, Powys, 

UK) was set up in the field to collect environmental data including rainfall, ground and air 

temperature and solar radiation.  
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Figure 4.1. Panoramic map of the experimental field area. The field was split into 24 plots, 

24*26 m each. 

 

4.2.2 Soil sampling 

 

     Soil samples were collected for chemical and microbiological analysis on April 6th, 2017, 

where each plot was sampled in a W pattern (Figure 4.2). A total of 9 soil samples were 

collected from each plot (30 g fresh weight FW, each) using a soil auger (d = 2 cm, h = 15 cm) 

(Scientific Laboratory Supplies, Nottingham, UK). The corer was cleaned with industrial 

ethanol (80 %) and was left to air-dry for 1 min prior to each sampling. The top 4 cm of each 

soil sample were removed to reduce any possible microbial variation due to localised 

desiccation, UV exposure and other surface disturbances. The 9 soil samples from each plot 

were mixed together and placed in labelled 500-gauge polythene bags for a total of 24 bags, 

each representing one plot. From each of the pooled samples, 10 g FW were placed in new 

labelled polythene bags in a fridge overnight at 4 °C for future microbiological analysis. The 

rest of the samples were sent to NRM Laboratories (Cawood Scientific, Bracknell, UK) for 

chemical analysis including pH, potassium (K), magnesium (Mg) and phosphorus (P) indexes.  
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Figure 4.2. Soil sampling pattern for microbiological, pH, K, Mg and P indexes. One W-shaped 

path was created in each plot and 9 sampling spots were chosen along each path line. The same 

sampling pattern was followed for all the 24 plots. 

 

4.2.3 Fertiliser application and sowing 

 

     On April 11th 2017, based on soil chemical analysis and advice from NW’s FACTS qualified 

advisor (FE/5318), granulated calcium lime (700 kg ha -1) (Calcifert Lime, Calcifert, Somerset, 

UK) and inorganic fertiliser were applied on the field as per RB209 recommendations (Defra, 

2010). Nitrate (70 kg ha -1 N), phosphate (50 kg P2O5 ha -1) and potash (80 kg potash K2O ha -

1) were applied using Yara Bela Nitram (34.5 % N) ammonium nitrate, Yara Super PK (0-20-

30) and Muriate of Potash (60 % K2O) (Yara UK Ltd., Lincolnshire, UK) fertilisers 

respectively. A combination of perennial and hybrid ryegrass (Lolium x hybridum hausskn) 

under the name of ‘Hybrid Silage Ley 3-4 years’ (Cotswold Grass Seeds Direct, 

Gloucestershire, UK) was sown on April 11th, 2017 in the field at a density of 10,000,000 seeds 

ha -1. More specifically the seed mix consisted of 0.286 kg of certified AberEcho tetraploid 

hybrid ryegrass, 0.571 kg of certified AberEve tetraploid hybrid ryegrass and 0.143 kg of 

certified Foxtrot perennial ryegrass per kg -1 of seed.  The seeds were sown using an Einbock 

grass seeder (Terrington Machinery Ltd., Norfolk, UK). The seeder scattered the grass seeds 

on the surface and the tines scratched the seeds into the soil surface no more than 5 mm deep.  

The bamboo sticks were removed from each plot for the purposes of fertiliser application and 

sowing. Upon completion, the sticks were placed back to their initial position. 

 

4.2.4 Biostimulant application on soil and seed germination rates 

 

     A biostimulant product under the commercial name SOIL-SET™ Aid (SE) (Alltech Crop 

Science, KY, USA) was applied on 12 plots immediately after fertilizer application and sowing. 

(2 plots per block randomly assigned) as a spray at a rate of 2 L ha -1 mixed with 200 L of 

water. The application rate of the SE in each plot was calculated at 0.13 L mixed with 12.4 L 

of water. SOIL-SET™ Aid is a proprietary liquid product containing a mixture of spent 

Lactobacillus spp. culture media and aqueous yucca (Yucca spp.) extract surfactant, 

supplemented with sulphur (S), copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn). 
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     To assess germination in the 24-plot field, experimental treatments consisted of either soil 

plots treated with SE (n = 12) or untreated soil plots (control, n = 12). Control plots were 

sprayed with 12.5 L of water (Figure 4.3). 

 

Block 6 Control SE SE Control 

Block 5 Control Control SE SE 

Block 4 SE Control SE Control 

Block 3 SE Control Control SE 

Block 2 SE SE Control Control 

Block 1 Control SE SE Control 

Figure 4.3. Soil treatments within the 24 plots. Control soil plots are coloured in white; SE-

treated soil plots are coloured in blue. 

 

     On April 22nd, 2017, 11 d after the sowing, seed germination rates were recorded daily 

through observation. A wooden quadrat (0.1*0.1 m) was used and placed in 6 sampling spots 

in each plot following a sample collection pattern as shown in Figure 4.4. The observations of 

seed germination lasted for 40 days and were completed on June 2nd, 2017. 
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Figure 4.4. Ryegrass germination rates sampling pattern. Two paths were created in each plot 

and 3 sampling spots were chosen along each path line. The distance between each sampling 

spot was 6 m; the distance between each sampling line was 8 m. The same sampling pattern 

was followed for all 24 plots. 

 

4.2.5 Ryegrass 1st cut and biostimulant application on ryegrass 

 

     On July 4th, 2017, 3 months after the sowing, a commercial mower (GMT 3205 Flex P, K J 

Stoneman & Co., Devon, UK) was used to harvest the plots at a height of 10 cm from surface. 

The bamboo markers of each plot were removed for the harvest and were placed back in 

position upon completion. To minimise potential cross-contamination untreated plots (control) 

were harvested first and SE-treated plots were followed. Ryegrass swards from outside plot 

area were harvested in-between treatments. On July 11th, 2017 additional inorganic fertiliser 

was applied to the field. More specifically, N (nitrate form), P2O5 and K2O were applied at a 

rate of 80, 15 and 120 kg ha -1 respectively along with sulphur (25 kg SO3 ha -1) using Yara 

Mila Sulphur Cut (22-4-14+7) (Yara Ltd., UK) fertiliser. On July 13th, 2017 a plant 

biostimulant product under the commercial name IMPRO-GRAIN™ (IG) (Alltech Crops 

Science, KY, USA) was applied on 12 remaining ryegrass plots (2 in each block) (Figure 4.5) 

as a foliar spray at a rate of 1 L ha -1 mixed with 200 L of water. The application rate in each 
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plot was calculated at 0.06 L mixed with 12.4 L of water. IG is a proprietary liquid product 

containing a mixture of spent Lactobacillus spp. culture media and aqueous yucca (Yucca spp.) 

extract surfactant, supplemented with S, Mn and Zn. The rest of the ryegrass plots (n = 12) 

were sprayed with 12.4 L of water.  

     Following IG application this completed the complement of treatments within the 24-plot 

field, consisting of either untreated hybrid ryegrass control (n = 6); hybrid ryegrass treated with 

SE (n = 6); hybrid ryegrass treated with IG (n = 6); hybrid ryegrass treated with a combination 

of the two products (SE+IG, n = 6) (Figure 4.5). 

 

Block 6 Control SE+IG SE IG 

Block 5 Control IG SE+IG SE 

Block 4 SE IG SE+IG Control 

Block 3 SE+IG Control IG SE 

Block 2 SE+IG SE IG Control 

Block 1 Control SE+IG SE IG 

Figure 4.5. Ryegrass treatments within the 24 plots. Control plots are coloured in white; SE-

treated ryegrass plots are coloured in blue; IG-treated ryegrass plots are coloured in yellow; 

SE+IG-treated ryegrass plots are coloured in green. 

 

4.2.6 Chlorophyll measurement and sampling of pre-wilted ryegrass 

 

     On July 31st, 2017 ryegrass plots were sampled for chlorophyll indicators using a soil-plant 

analyses development (SPAD) meter (Konica Minolta, Warrington, UK). An average SPAD 

reading was taken from the middle spot of the 2nd leaf from the top of each ryegrass plant (n = 

40) per plot. The plants were chosen randomly within each plot. The total number of readings 

were 1200 (n = 300 for each treatment). The indicative chlorophyll values taken with the SPAD 

meter were expressed in arbitrary units and used to quantify the relative amount of chlorophyll 

present in each crop. The meter measured the absorbance of leaf at two wavelength regions, 

400-500 nm and 600-700 nm (Minolta, 2009).  

     On August 9th, 2017 ryegrass crops in the field were sampled for microbial and chemical 

analysis. The ryegrass was sampled across 10 sampling points across two straight lines 2.6 m 
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apart (Figure 4.6). The ryegrass samples from each plot were mixed well and placed in labelled 

polythene bags. Ryegrass subsamples (50 g FW each) were placed in new labelled polythene 

bags and placed in the fridge overnight at 4 °C for future microbial analysis. The rest of the 

samples were placed in the freezer at -20 °C for future chemical analysis.   

 

 

Figure 4.6. Ryegrass sampling pattern for microbiological and chemical analysis. The ryegrass 

samples were taken on two straight lines in each plot. The same sampling patter was followed 

for all 24 plots. 

 

4.2.7 Dry matter (DM) yield ha -1  

 

     On August 14th, 2017 the plots were harvested using a Haldrup F55 small plot grass 

harvester (HALDRUP GmbH, Lishofen, Germany). More specifically a small area in the centre 

of each plot was harvested and the FW of ryegrass was weighed. The amount of FW was 

converted to DM by mass difference, as described in the chemical analysis section below, and 

it was upscaled to yield ha -1. More specifically, the DM weight from each plot area was 

multiplied by 10,000 and divided by the square meters (sqm) of the plot cut area (1 ha = 10,000 

sqm). 
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4.2.8 Ryegrass 2nd cut and sampling of wilted ryegrass 

 

     On August 15th, 2017 a commercial mower (GMT 3205 Flex P, K J Stoneman & Co., 

Devon, UK) was used for the 2nd cut of the ryegrass plots at a height of 10 cm from surface. 

The control ryegrass plots were harvested first followed by SE-treated, IG-treated and SE+IG-

treated. The harvested ryegrass, immediately after mowing, was spread in each plot using a 

commercial tedder (Vicon Fanex 524, Blackwell Services Ltd., Devon, UK). A commercial 

raker (TS 426 DN, Fella-Werke GmbH, Germany) was used to gather the spread ryegrass in 

each plot where it was left to wilt for 24 h. 

     On August 16th, 2017 wilted ryegrass was sampled from each plot using the same sampling 

pattern that was described in Figure 4.6. The ryegrass samples from each plot were mixed well 

and placed in labelled polythene bags. Ryegrass subsamples (30 g FW each) were placed in 

new labelled polythene bags in the fridge overnight at 4 °C for future microbial analysis and 

pH determination. The rest of the samples were placed in the freezer at -20 °C for future 

chemical analysis. 

 

4.2.9 Microbial analysis 

 

     Soil microbial analysis was performed at two-time points: before sowing of the field (within 

24 h of sampling; April 7th, 2017) and 7 d after ryegrass harvest (within 24 h of sampling; 

August 22nd, 2017). Briefly, 10 g FW of soil sample was stored in a fridge at 4 °C overnight 

inside sealed polythene bags. The sample was suspended in 90 mL of sterile ¼ strength 

Ringer’s solution buffer (ThermoFisher, Basingstoke, UK) in plastic universal tubes and 

vortexed for 7 min. A serial 10-fold dilution of the aliquot was then prepared. 

     Ryegrass microbial analyses were performed at two-time points: before harvest (5 d and 

within 24 h of sampling; August 10th, 2017) and 1 d following the wilting (within 24 h of 

sampling; August 17th, 2018). The same methodology was followed for both pre- and wilted 

ryegrass samples. Briefly, 10 g FW was stored in a fridge at 4 °C overnight inside sealed 

polythene bags. The sample was suspended in 90 mL of sterile ¼ strength Ringer’s solution 

buffer (ThermoFisher, Basingstoke, UK) and mixed in a 400-stomacher circulator (Seward, 

Worthing, UK) for 2 min at 160 rpm. A serial 10-fold dilution of the aliquot was then prepared.  

     Microbial counts of colony forming units (CFU) of ENB, LAB and yeasts were obtained 

for ryegrass samples. Only ENB counts were determined for soil. Microbial colonies were 

obtained after agar plate incubation at 30 °C (ENB, LAB) for 1 d, and 23 °C (yeasts) for up to 
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5 d. Pour plates of violet red bile (ThermoFisher) and de Man, Rogosa, Sharpe (ThermoFisher) 

agars were used for ENB and LAB, respectively; while yeasts were grown on malt extract agar 

(Sigma Aldrich, Poole, UK) spread plates. Microbial counts were obtained from plates 

containing CFU between 30 and 300 plates. The average count was used to determine the total 

bacteria / yeast count of the specific sample in duplicate. 

 

4.2.10 Chemical analysis 

 

     The pH of both pre-wilted and wilted ryegrass was determined by mixing 10 g FW of each 

sample with 90 mL of deionised water, in a stomacher for 2 min at 160 rpm. A glass electrode 

of a calibrated pH meter was used to measure the pH of the mixed water extract (Jenway 3320, 

Jenway, Staffordshire, UK).  

     DM content for both pre- and wilted ryegrass was measured by mass difference following 

freeze drying. Frozen samples were placed in an Edward Pirani super module freeze-drier 

(Severn vacuum services, Gloucestershire, UK) for 10 d. Samples were weighed and ground 

in a cutting mill to 2-mm (Retch SM300, Retsch, Haan, Germany) and placed in labelled 

polythene bags. Freeze-dried samples were placed in an oven at 550 °C for ash and by mass 

difference, organic matter determination per standard procedures (Cunniff, 1996) at NW.  

     For the determination of WSC, dried samples were sent to the Institute of Biological, 

Environmental and Rural Sciences (IBERS) department of Aberystwyth University 

(Aberystwyth, Ceredigion, UK). The concentration of WSC was measured using an auto 

analyser [SEAL Analytical Ltd., Southampton, UK; (Arthur, 1977)]. Fibre content of the dried 

samples was determined by using a fully automated Fibertec™8000 crude and detergent fibre 

analyser (FOSS, Hillerød, Denmark) at NW laboratories. Fibre analysis included the 

determination of modified acid detergent fibre (mADF), acid detergent fibre (ADF) and neutral 

detergent fibre (NDF) (Van Soest et al., 1991). The mADF solution was obtained by mixing 

equal volumes of acid detergent solution (ADS) and 0.5 M (1N) of sulphuric acid (H2SO4). 

The metabolizable energy values of both forage samples were predicted based on mADF values 

using the mathematical formula: ME (MJ kg -1 DM) = 16.2 – 0.0185 * mADF (Givens et al., 

1989). The mADF values were measured as a portion of organic matter (OM). An additional 

transformation was made to express them as a portion of total DM content based on the OM 

content. Total nitrogen (TN) content was calculated by determination of stable isotopes by 

mass spectrometry using a hydra 20-20 mass spectrometer (Sercon, Cheshire, UK) linked to an 

N-protein Carlo Erba elemental analyser (NA2000, CE Instruments Ltd., Wigan, UK) at NW 
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laboratories. For the calculation of crude protein (CP), TN values were multiplied by 6.25 

(Osborne and Mendel, 1914). 

 

4.2.11 Statistical analysis 

 

     One-way analysis of variance (ANOVA) with blocks was used for the statistical analysis of 

the pre-sowing soil microbial data along with the germination rates of the ryegrass. Upon the 

application of the IG and onwards, one-way ANOVA with blocks was used for the statistical 

analysis of the data. The plot randomization of the 4 treatments combinations (C, SE, IG, 

SE+IG) was done as a randomized complete block design with 6 blocks and a 4 x 2 factorial 

treatments structure with 4 levels of the biostimulants and 2 levels of the wilting. The method 

of combining pairs of plots, as described above, allowed a connection between the experimental 

units of the current experiment and the future animal trial experiments where the bales would 

be fed to ensure animals on different treatments were fed silage from similar parts of the field 

at each timepoint (Chapter 5). Moreover, it would allow some of the inter plot variability from 

the field experiment to be maintained without excessive waste of silage. It would also ensure 

that if there was to be some variability between the blocks, then that would be confounded with 

variability between pairs of animals instead of with time during future feeding trials. For 

assessing interactions between biostimulants and wilting, a factorial [4 biostimulants * 2 

conditions (unwilted, wilted] ANOVA was used. Treatment structure was set as biostimulants 

* condition (wilting) and the block structure was set as blocks / plots. Big bales were chosen 

over clamp as they were ideal for harvesting the small areas (plots) of the current field. The 

statistical program GenStat Software (19th edition) (VSNI, 2017) was used for the data analysis 

(Lawes Agricultural Trust, Hertfordshire, UK). Significance level was set at 5 % (P ≤ 0.05) 

with trend indicated at 10 % (P < 0.1). If a significant difference between the means was found, 

a Tukey test was used as a post-hoc analysis. 

 

4.3 Results 

 

4.3.1 Biostimulant effects on final germination percentage of ryegrass seeds and ENB 

counts of soil 
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       The ryegrass seed germination % rates is presented in Table 4.1. There was a trend that SE 

treatment increased the germination rate of ryegrass over a period of 40 days. 

  

Table 4.1. Effects of biostimulants on final germination percentage of ryegrass seeds 

Parameters Units Control SE SED P value 

Seed germination rate % 47.7 50.0 1.15 0.059 

Number of observations for the means = 12; SED, standard error of the difference between the 

means 

 

     Germination rates, total rainfall and ground temperature over a 40-d period are presented in 

Figures 4.7, 4.8 and 4.9 respectively. There was limited rainfall with a maximum value of 0.85 

mm over a period of two days. The soil ground temperature varied between 8 and 20 °C over 

a 40-d period.  
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Figure 4.7. Cumulative germination rates of ryegrass. Daily ryegrass germination rates over a 

period of 40 days. The daily value for each treatment is the average values of the seed 

germination of 12 plots. 

 

 

Figure 4.8. Total rainfall during the germination rate observation period. Daily rainfall values 

over a 40-day period. 

 

 

Figure 4.9. Ground temperature during the germination rate observation period. Daily ground 

temperature values over a period of 40 days. 
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     The microbial counts of ENB of pre-sown soil and post ryegrass harvest are presented in 

Table 4.2. There were no differences in ENB population of pre-sown soil across the 24 plots. 

Post-harvest, each of the treated plots had significantly lower ENB numbers than the control. 

 

Table 4.2. ENB counts of soil pre-sown and effects of biostimulants on ENB counts of soil 

post-ryegrass harvest 

Parameters Units Control SE IG SE+IG SED P value 

ENB pre-sown Log10 CFU g -1 4.12 4.17 - - 0.030 0.107 

ENB post-harvest Log10 CFU g -1 4.06b 3.05a 2.90a 3.12a 0.299 0.006 

Number of observations for the means = 12 (pre-sown soil), 6 (post-harvest soil); Superscripts 

a and b indicate a significant difference between the means  

 

4.3.2 Biostimulant effects on DM yield of pre-wilted ryegrass 

 

     The DM yield ha -1 and chlorophyll indicators of pre-wilted ryegrass are presented in Table 

4.3. The DM yield of the IG and SE+IG treatments was significantly higher than the DM yield 

of control. The IG and SE+IG pre-wilted ryegrass treatments contained significantly higher 

predicted chlorophyll indicators (SPAD) in comparison to the control 

 

Table 4.3. Effects of biostimulants on DM yield and chlorophyll indicators (SPAD) of pre-

wilted ryegrass 

Parameters Units Control SE IG SE+IG SED P value 

DM yield Kg DM ha -1 3530a 3950ab 4291b 4056b 160.6 0.002 

DM yield  % increase with 

respect to control 

- 10.6 17.7 13.1 - - 

Chlorophyll 

indicators 

arbitrary 43.8a 45.4ab 46.7b 46.6b 0.77 0.007 

Number of observations for the means = 6; ha, hectare; g, gram; kg, kilogram; Superscripts a 

and b indicate a significant difference between the means; DM yield % increase is based on the 

control DM yield value  
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4.3.3 Biostimulant and wilting effects on chemical and microbiological parameters of 

ryegrass crops, interactions between biostimulants and wilting 

 

     Biostimulants effects on chemical parameters and microbial populations of ryegrass are 

presented in Table 4.4. SE, IG and SE+IG ryegrass treatments had significantly higher DM 

concentration in comparison to the control. Control treatment had the lowest predicted ME in 

comparison to the other treatments. The control treatment had the highest ADF and NDF 

concentration in comparison to the other treatments. There were no significant differences in 

terms of WSC, ash, OM and CP concentration among treatments. IG and SE+IG treatments 

had significantly lower pH in comparison to the control. Untreated ryegrass had the highest 

ENB and yeast populations in comparison to the other treatments. IG and SE+IG treatments 

contained significantly higher numbers of LAB colonies in comparison to SE and control.   

     Effects of wilting on chemical parameters and microbiological populations of ryegrass are 

presented in Table 4.5. Wilted ryegrass had significantly higher pH than the pre-wilted. The 

DM, WSC, ash, ADF and NDF concentration of wilted ryegrass was significantly higher than 

pre-wilted ryegrass. Pre-wilted ryegrass contained significantly higher OM, ME and CP kg 

DM than the wilted ryegrass. Pre-wilted ryegrass contained significantly higher ENB 

populations in comparison to wilted ryegrass. Yeast populations of wilted ryegrass were 

significantly higher than those of pre-wilted ryegrass. There were no significant differences 

between LAB populations. 

     No interactions between biostimulants and wilting were detected, except for WSC (P = 

0.008). In that case, the pattern of the biostimulants’ treatment was different between wilted 

and pre-wilted. For all other nutrients all parameters acted in the same was i.e. no interaction 

effect. There were no interactions between all treatments and wilting on the targeted 

microorganisms. 

 

Table 4.4. Effects of biostimulants on ryegrass forage 

Parameters Units Control SE IG SE+IG SED P 

pH  5.83b 5.70ab 5.58a 5.66a 0.055 0.003 

DM g kg -1 FM 191a 215b 222b 218b 7.4 0.003 

WSC g kg -1 DM 138 150 139 140 6.9 0.298 

Ash g kg -1 DM 92.5 90.6 86.5 90.6 2.23 0.091 

OM g kg -1 DM 908 909 914 909 2.2 0.091 
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ADF g kg -1 DM 275c 267b 255a 261ab 2.6 <0.001 

NDF g kg -1 DM 514d 494c 467a 480b 4.7 <0.001 

ME MJ kg -1 DM 12.1a 12.3b 12.4b 12.4b 0.06 <0.001 

TN g kg -1 DM 33.8 33.3 33.9 33.9 1.11 0.937 

CP g kg -1 DM 211 208 212 212 6.9 0.937 

ENB Log10 CFU g -1 4.41b 4.05a 3.86a 4.10a 0.110 <0.001 

LAB Log10 CFU g -1 3.83a 3.98a 4.40b 4.28b 0.086 <0.001 

Yeasts Log10 CFU g -1 6.39c 6.35b 6.28a 6.34b 0.007 <0.001 

Number of observations for the means = 6; Superscripts a, b and c indicate a significant 

difference between the means 

 

Table 4.5. Effects of wilting ryegrass forage 

Parameters Units Pre-wilted Wilted SED P 

pH  5.48 5.91 0.030 <0.001 

DM g kg -1 FM 152 271 6.77 <0.001 

WSC g kg -1 DM 129 155 2.2 <0.001 

Ash g kg -1 DM 89.1 91.0 0.61 0.006 

OM g kg -1 DM 911 909 0.6 0.006 

ADF g kg -1 DM 259 270 1.3 <0.001 

NDF g kg -1 DM 483 494 2.7 <0.001 

ME MJ kg -1 DM 12.4 12.2 0.03 <0.001 

TN g kg -1 DM 38.8 29.3 0.52 <0.001 

CP g kg -1 DM 238 183 3.2 <0.001 

ENB Log10 CFU g -1 4.27 3.94 0.110 0.007 

LAB Log10 CFU g -1 4.12 4.14 0.764 0.764 

Yeasts Log10 CFU g -1 6.24 6.44 0.005 <0.001 

Number of observations for the means = 24; Significant different means are in bold  

 

4.4 Discussion 

 

4.4.1 Biostimulant effects on germination rate of ryegrass seeds 

 



110 

 

     The results of the present study indicate only a trend towards increased ryegrass germination 

rates of soil plots treated with the SE product (Table 4.1), in contrast to the previous ryegrass 

germination study of this thesis (Chapter 2), where a significant difference was observed. A 

possible explanation could be attributed to the decreased ENB population of the treated soil 

after harvest which could increase the germination rate or the inherent greater variation within 

field studies. This reduction in soil ENB counts may be the product mediated response which 

explains increased germination (Chapter 2). However, there are numerous factors that can 

affect the germination rate of temperate grasses. The most important of them are associated 

with the soil and include temperature, moisture and pH as well as light, sowing depth and seed 

specifications (McWilliam et al., 1970). Ryegrass species tend to be more adaptable in 

comparison to the other pasture plants and still show high levels of germination even under 

abiotic stress conditions (temperature, moisture) (McWilliam et al., 1970). Although the 

average temperature of this study was ca. 13 °C, the germination rates were ca. 49 %, which 

was far below other reported findings. A study on the temperature effects on germination rates 

of pasture crops reported 96 and 94 % of perennial ryegrass germination rates at 10 °C  and 15 

°C,  respectively (Charlton et al., 1986). One possible explanation for the low germination rates 

can be attributed to the decreased rainfall, which may have decreased soil moisture. A study 

on soil moisture effects on germination rates, reported that decreased soil moisture resulted in 

decreased seed germination and emergence of various crops (Ayers, 1952). Another factor for 

low germination rates is the sowing depth of the ryegrass seeds. Research that took place in 

New Zealand, reported perennial ryegrass germination rates of 65 % at a sowing depth of 10 

mm over a period of 60 d (Porter et al., 1993). Moreover, another study reported ryegrass 

germination rate differences (30 %) between different sown depths (90.7 % at 5 mm > 64.6 % 

at 15 mm) (Peril et al., 2000). However, the sowing depth of the present study was optimal (5 

mm). Thus, the low soil moisture due to low rainfall may have resulted in the decreased 

ryegrass germination rates of this study. 

 

4.4.2 Biostimulant effects on DM yield of pre-wilted ryegrass 

 

     The IG and SE+IG ryegrass treatments had higher DM yield ha -1 than control in the current 

study (Table 4.3). The untreated ryegrass DM yield results of this study were similar to the 

untreated ones that have been reported by another study which assessed the effect of 

biostimulants on grass species. More specifically, the 3.5 tones (t) DM ha -1 of this study are 

comparable to the 3.6 t DM ha -1 for untreated ryegrass (Godlewska and Ciepiela, 2016). 
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Moreover, the increased DM yield due to biostimulant application in the present study was 

greater than what was reported by the previous work (13.8 % > 8.7 %) (Godlewska and 

Ciepiela, 2016). This difference may be attributed to the different composition of biostimulant 

products used between the two studies. There are many factors that can affect the DM yield of 

the crops. environment, soil composition and type, rainfall, available nutrients, temperature, 

defoliation, light exposure and photosynthetic capacity are only some of the most important 

ones (Brougham, 1957). In the present study there was no defoliation, the soil type and the 

environmental conditions were the same for all the ryegrass treatments and the only treatment 

differences was the biostimulant composition. Thus, the available nutrients along with the 

photosynthetic capacity due to biostimulant application were maybe the main factors that lead 

to the DM yield increase in the treated ryegrass. 

 

4.4.3 Effects of wilting on chemical parameters and microbial counts of ryegrass 

 

     This study also indicated the clear effects of wilting on ryegrass, which resulted in increased 

pH, DM, WSC, ash and fibre concentration (ADF, NDF), as well as decreased OM, ME, and 

CP concentration (Table 4.5). All the treatments were left to wilt for 24 h before ensiling. The 

nutritional concentration of the wilted ryegrass of this study was similar to that reported for 

wilted perennial ryegrass by another field plot study, with values of: DM 242 g kg -1 FM, WSC 

151 g kg -1 DM, ADF 264 g kg -1 DM, NDF 476 g kg -1 DM and CP 167 g kg -1 DM (Conaghan 

et al., 2010). Furthermore, the nutritional concentration of the current wilted ryegrass was 

similar with another study, which reported values of: DM 229 g kg -1 FM, WSC 166 g kg -1 

DM, ash 93.1 g kg -1 DM and pH 6.12 (Dawson et al., 1999). Wilting was expected to increase 

DM concentration due to water evaporation although the actual total DM losses (not 

determined in the present study) were expected to be ca. 13-15 % (Waldo, 1977). Respiration, 

proteolysis and limiting photosynthesis (Honig, 1980) are the main reasons for total loses 

during wilting (Muck et al., 2003). 

     The abundance of available carbohydrates (WSC) upon harvest and prior to ensiling is 

critical, as LAB lack the enzymes that hydrolyse complex carbohydrates (fibre). During 

growth, plants produce the monosaccharides glucose and fructose via photosynthesis, which 

can be stored as either fructan or starch. Upon harvest and wilting in the field, the 

photosynthetic capacity of the plant is dramatically reduced, so WSC production is curtailed. 

During wilting the moisture evaporation and thus, the increase of DM, was correlated with 

desirable weather conditions, occurrence of radiant light and proper harvest management (Rotz, 
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1995). During wilting and in the presence of oxygen plant respiration still occurs utilising WSC 

as follows: 'C6H12O6 + 6O2 = 6CO2 +6H2O + 0.69 Mcal mol -1 glucose’ (Rooke and Hatfield, 

2003). The respiration rate during wilting depends on temperature, pH and moisture content of 

the crops. With high temperatures, low (acidic) pH and high moisture content increasing the 

rate of respiration (Greenhill, 1959). Thus, a quick wilting period is preferred reducing the 

potential WSC loss. The wilting period of this study was 24 h and the ambient temperature was 

14.7 °C. In optimal wilting conditions there is an expected reduction of WSC concentration at 

a rate of ca. 9 g kg -1 DM d -1 (Spoelstra and Hindle, 1989). However, the WSC concentration 

of the wilted ryegrass of this study was increased (Table 4.5). A possible explanation of the 

WSC increase may be due to the increased DM during wilting. Nutritional content was reported 

on a DM basis. This implies that if WSC was not increased per se, another nutrient fraction of 

DM (protein) may be lost as explained below. Thus, the individual nutritional concentration 

may have shifted upwards or downwards while the actual WSC values were reduced.  

     During wilting, plant enzymes (proteases) are responsible for the breakdown of proteins to 

amino acids, a process called proteolysis (Kemble, 1956), and then to ammonia [non-protein 

nitrogen (NPN)] which is volatile (Brady, 1961). Thus, there is a reduction of TN through 

volatilisation (Rotz and Muck, 1994). This fact was indicated by the results of the present study 

where the TN content was reduced by 26 % (from 38 to 29 g kg -1 DM) (Table 4.5) during the 

24 h wilt. It has been reported that due to wilting the NPN content increased from ca. 15 % up 

to ca. 35 % of TN (Papadopoulos and McKersie, 1983). Thus, due to wilting the true protein 

of the crops is converted to soluble NPN which decreases its solubility (Rotz and Abrams, 

1988). Proteolysis depends on the present environmental conditions (temperature, humidity), 

forage type and pH as well as the duration of wilting. Short-time wilting period lead to 

decreased proteolysis rate under dry environmental conditions (Brady, 1960). Different type of 

crops had different proteolysis rate with legumes reportedly having higher rates than temperate 

grasses (Papadopoulos and McKersie, 1983). Moreover, proteolysis rate was increased along 

with increased temperature up to 50 °C (McKersie, 1981). 

     The results of the present study indicated that wilting affected the natural microbial 

populations of the ryegrass crops except for LAB (Table 4.5). The unaffected LAB populations 

of this study were in agreement with a similar study which also reported unchanged LAB 

numbers on grass after a 24-h wilting period (Fenton, 1987). LAB populations are positively 

correlated with increased temperature during wilting. Increased LAB numbers have been 

reported during Lucerne (Medicago sativa) wilting under increased air temperature (Muck, 

1989). In general LAB numbers on wilting crops do depend on: a) mowing and conditioning 
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of the crops and b) direct exposure to solar radiation (Muck et al., 2003). More specifically, 

the carbohydrates that are liberated due to mowing and conditioning enhance the bacterial 

growth on the plants. However, the direct solar radiation, especially on the upper parts of the 

crops, is responsible for bacterial death. Thus, the increase or decrease of LAB populations 

during wilting depends on environmental (temperature, sunlight) and the wilting duration 

(Ruser, 1989). 

     In terms of the decreased ENB numbers due to wilting, the results of the present study were 

contradictory towards the findings of other studies which reported increased ENB populations 

after wilting (1.21 log10 CFU g -1 d -1) (Muller et al., 1993) (0.23 log10 CFU g -1 d -1) (Spoelstra 

and Hindle, 1989). The increased yeast populations that were found in the present study post 

wilting agreed with other reports (Muller et al., 1993) (Jonsson and Pahlow, 1984). 

Biostimulant products, especially SE, may were responsible for the decreased ENB counts 

during wilting as discussed in Chapter 2 of this thesis. However, this was not depicted during 

the multifactorial ANOVA which showed no interaction between biostimulants and wilting on 

ENB populations. A possible explanation may include the multiple parameters that affect 

wilting which may have overcome the direct effect of biostimulants on SE (Chapter 2). It is 

suggested that any variations in both ENB and yeast populations due to wilting may not have 

a significant effect on subsequent silage quality (Muck et al., 2003).       

 

4.4.4 Biostimulant effects on chemical parameters and microbial counts of ryegrass 

 

     In the current study, application of the biostimulants, and especially the IG and SE+IG, 

improved the nutritional quality of post-harvest ryegrass (Table 4.4). The ryegrass results of 

the 2nd cut of this study were similar with another study which reported an average DM yield 

of 2.48 t DM ha -1, DM of 177 g kg -1 FM, WSC content of 179 g kg -1 DM and CP content of 

184 g kg -1 DM for 1st cut hybrid ryegrass (Burns et al., 2015). The relatively low DM content 

among all the ryegrass treatments can be attributed to hybrid ryegrasses tending to have low 

DM content during the 1st annual harvest and higher DM content during the 2nd and 3rd harvests 

(Burns et al., 2015) (Wilman and Gao, 1996). 

     The application of the tested products (SE, IG) affected specific natural microbial 

communities post-harvest including ENB, LAB and yeasts (Table 4.4). The possible 

mechanisms due to observed effects have been discussed in Chapter 2 of this thesis. More 

specifically, the IG product contained soluble Mn which may have affected LAB populations. 

All microorganisms require a minimum trace of micronutrients to perform their metabolic 
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functions (Archibald and Duong, 1984). LAB require several metal ions to activate their 

enzymes including magnesium (Mg ++), manganese (Mn 2+), iron (Fe 2+), calcium (Ca 2+), 

potassium (K +) and sodium (Na +) (Boyaval, 1989). Among several LAB species, L. plantarum 

contains increased levels of Mn in comparison to the other ions (Archibald and Fridovich, 

1981), which shows the importance of Mn abundance for LAB growth 

     Due to the significant differences in post-harvest specific natural microorganisms (Table 

4.4), it may be assumed that the product application was responsible for the significant 

differences post wilting. The wilting period of 24 h was the same for all treatments and under 

the same weather conditions. As it has been discussed in Chapter 1 of this thesis, these 

microorganisms are critical for creating desirable conditions for ensiling. The CFU numbers 

reported here are similar to other reports. Pre-ensiled wilted Italian ryegrass contained 4.26 

log10 CFU g -1 of ENB, lower than two log10 CFU g -1 of LAB and 6.57 log10 CFU g -1 of yeast 

(Li and Nishino, 2013a). In another study, fresh Italian ryegrass contained 5.2 log10 CFU g -1 

of ENB, 3.1 log10 CFU g -1 of LAB and 4.6 log10 CFU g -1 of yeast (Cai et al., 1999). Both 

nutritional and microbiological significant differences of the harvested ryegrass due to 

treatments application were maintained post wilting (Table 4.4). 

 

4.4.5 Interactions between biostimulants and wilting on chemical parameters and 

microbial counts of ryegrass 

 

     Biostimulant application significantly increased WSC concentration of fresh ryegrass 

during wilting. As far as the authors are concerned there are no other published research that 

assess any biostimulant effect on wilting. Thus, we will try to explain the observed results by 

combining possible biostimulants’ mechanisms (Chapter 2) and WSCs’ synthesis due to 

photosynthesis during wilting. As mentioned above, WSC concentration was increased during 

wilting. However, this increase was proportional due to rapid proteolysis (26 %) which shifted 

the balance towards WSC. The present study showed that biostimulant application significantly 

increased the chlorophyll content of the treated ryegrass (SPAD). Thus, treated ryegrass was 

expected to have increased WSC due to hexose synthesis during photosynthesis. Upon harvest 

and during wilting, small areas of the crop that are exposed to light are expected to continue 

photosynthesis (Rotz, 1995). Increased ryegrass chlorophyll content (SPAD) due to the 

biostimulants was likely to preserve during wilting and may have led to the significantly 

increased WSC concentration or even a greater protection of WSC.    
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4.5 Conclusions 

 

     The application of the two biostimulant products affected the microbial and nutritional 

quality of pre-ensiled ryegrass in a similar way to that of pre-ensiled maize forage as discussed 

in Chapter 3. Increased LAB, as well as decreased ENB and yeast numbers in the treated 

ryegrass, are generally associated with more favourable ensiling conditions. The next chapter 

will investigate further if the pre-ensiled treated ryegrass nutritional and microbial differences 

prevail during ensiling to be observed in the subsequent silage. Moreover, any effects of these 

products on aerobic stability and animal performance will be further investigated in Chapter 5 

of this thesis. 
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Chapter 5 Impact of plant biostimulants on ryegrass 

silage quality, aerobic stability and animal 

performance 

 

5.1 Introduction 

 

     Ryegrass (Lolium spp.) silage is one of the most common forms of ruminant feed within the 

UK and Ireland (Wilkinson, 2005). Grass forage is the main forage that is being ensiled in UK 

at ca. 80 % in comparison to other forage (Davies et al., 1998). Under anaerobic conditions, 

the readily available energy substrate of fresh ryegrass, especially the water-soluble 

carbohydrates (WSC), is fermented by the natural microflora to produce lactic and volatile fatty 

acids (VFAs). The main beneficial microorganisms responsible for the WSC fermentation are 

the lactic acid bacteria (LAB). The major responsible deleterious microorganisms for WSC 

fermentation are the Enterobacteriaceae spp. (ENB) and Clostridium spp. (McDonald et al., 

1991). The ensiling in big bales covered in polythene film and the ensiling of chopped forage 

stored in conventional silos are the two main ensiling methods today (O'Kiely et al., 2000). 

The ensiling conditions of baled silage, which accounts for ca. 25 % of the European silage 

production (Wilkinson, 2005), may differ from conventional clamp silo. Higher pH in baled 

silage may result in less desirable ensiling conditions and concentrations of fermentation 

parameters. Thus, there is a possible proliferation of deleterious microorganisms including 

yeasts, ENB and Clostridium spp. (McEniry et al., 2006).  

     Ryegrass forage is prone to fungal contamination during growth, harvest, wilting and 

ensiling (Skaar, 1996). Moreover, under abiotic (extreme weather conditions) and biotic 

(insects, pathogens) stresses, ryegrass could become susceptible to fungal attack (Fink-

Gremmels and Diaz, 2005). Species of Claviceps, Aspergillus and Fusarium contaminate the 

forage and are capable of producing mycotoxins which reduce the hygienic quality of the 

subsequent silage and may pose a danger to ruminant and human health (Scudamore and 

Livesey, 1998). During ensiling and storage under wet conditions (> 15 % of moisture) new 

fungal species (storage) could become active and replace the field species (Scudamore and 

Livesey, 1998). Silage with increased fungal contamination and inadequate anaerobic ensiling 

conditions is prone to have a short period of aerobic stability upon the opening of the silo (Kung 
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Jr, 2010). The number of hours needed for the silage temperature to rise 2 °C above ambient 

temperature is described as aerobic stability (Ranjit and Kung, 2000). Main factors that 

influence silage aerobic stability include yeasts, bacteria profile, dry matter (DM) and 

fermentation characteristics such as pH, lactic acid and acetic acid (Pahlow and Muck, 2009). 

Spoiled silage may cause financial loses to farms due to decreased nutritional quality, reduced 

DM intake (DMI), disease of ruminants and consequently reduced animal production. Spoiled 

silage may contain deleterious microorganisms and mycotoxins which are possible hazards for 

animal health (Wilkinson, 1999). Fungal populations are responsible for respiratory diseases 

in animals and especially in horses (Clarke, 1988). Moreover, fungal metabolites (mycotoxins) 

are well known for their detrimental effects on animal health for both monogastric and 

ruminants (Gallo et al., 2015). In addition, spoiled silage that contains increased ammonia 

concentrations may indirectly cause lameness and decreased nutrient absorption (Wilkinson, 

1999). 

     Biostimulants are a group of biological products, other than fertilizers which are 

predominately inorganic, that are applied in small quantities to plants and enhance their growth 

and nutrient uptake from soil (Zhang and Schmidt, 1999). The agricultural use and application 

of biostimulants as foliar sprays has been increased over the last two decades (Calvo et al., 

2014). However, to the best of authors’ knowledge, currently there is no published scientific 

research on any potential effect of biostimulants on silage quality. The objectives of the present 

study were to assess the effects of two commercial biostimulant products, provided by Alltech 

Crop Science (KY, USA), on the silage nutritional quality and aerobic stability as well as silage 

dry matter intake of sheep.      

 

5.2 Materials and methods 

 

5.2.1 Ensiling of hybrid ryegrass 

 

     Hybrid ryegrass (2nd cut, 40 d of regrowth) was sown as described in Chapter 4 and ensiled 

on August 16th, 2017 into 24 silage bales. A commercial baler (BR6090 New Holland, C R 

Willcocks & Co., Devon, UK) was used to bale wilted ryegrass into big bales. To provide 

enough material to make up bales, wilted ryegrass from pairs of plots which received the same 

treatment was combined. The total number of plots for baling was reduced to 12. The baler 

started with the control ryegrass plots and then continued with the SE, IG and SE+IG-treated 
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ryegrass plots. The baler was cleaned in-between of each treatment (six plots) by bailing some 

guard grass material from outside the field using untreated ryegrass. Immediately, after baling 

and before wrapping, the bales were weighed using a weigh scale (W210, Gallagher, Hamilton, 

New Zealand). The purpose of the weighing was to note the FW of each bale individually and 

calculate the actual DM concentration by mass difference based on the DM values that were 

calculated for each plot during the sampling and before the bailing (Chapter 4). A commercial 

round bale wrapper (991LBER, McHale, Ballinrobe, Republic of Ireland) was used to wrap the 

bales with 10 layers of high-quality film (55 to 70 % pre-stretching). The bales were stacked 

in two straight lines near the field where they were left for an ensiling period of 10 months. 

     Within the 24 big bales experimental treatments consisted of either untreated hybrid 

ryegrass (control, n = 6), hybrid ryegrass treated with SOIL-SET™ Aid (SE, n = 6), hybrid 

ryegrass treated with IMPRO-GRAIN™ (IG, n = 6) and hybrid ryegrass treated with a 

combination of the products (SE+IG, n = 6). SE is a proprietary liquid product containing a 

mixture of spent Lactobacillus spp. culture media and aqueous yucca (Yucca spp.) extract 

surfactant, supplemented with sulphur (S), copper (Cu), iron (Fe), manganese (Mn) and zinc 

(Zn). IG is a proprietary liquid product containing a mixture of spent Lactobacillus spp. culture 

media and aqueous yucca (Yucca spp.) extract surfactant, supplemented with S, Mn and Zn. 

Both products were used as plant biostimulants and were provided by Alltech Crop Science 

(KU, USA). The 24 bales were stored next to the field in two parallel straight lines and were 

left there for an ensiling period of 10 months.  

     The ryegrass bales were grouped into three blocks so that the bales in each block were 

similar in terms of the field blocks (Chapter 4). The bale composition of each block is shown 

in Table 5.1.       

 

Table 5.1. Allocation of numbered ryegrass bales into blocks 

Block number Control bales SE bales IG bales SE+IG bales 

1 6B, 6A 5B, 5A 12B, 12A 10B, 10A 

2 1B, 1A 2B, 2A 11B, 11A 9B, 9A 

3 7B, 7A 4B, 4A 8B, 8A 3B, 3A 

Bales in block 1 are made up of material from field blocks 1,2 & 3 and each contains material 

from either block 2 or 3 

Bales in block 2 are made up of material from field blocks 1,5 & 6 and each contains material 

from block 6 
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Bales in block 3 are made up of material from field blocks 2,3,4 & 5 and each contains material 

from block 4 

 

     After 10 months of ensiling the bales were used for an animal feeding trial. At the same 

time a silage aerobic stability test was performed along with silage microbial and chemical 

analysis.  

 

5.2.2 Animal trial preparation 

 

     Suffolk Cross-Charolaise female sheep (n=52) were obtained from the commercial flock at 

Rothamsted Research, North Wyke (NW) (Okehampton, Devon, UK). The 52 ewe lambs were 

circa four months of age and their weight range, as shown in Figure 5.1, was between 25.5 and 

36.6 kg. 

 

 

 

Figure 5.1. Weight range of the 54 ewe lambs. SD, standard deviation = 3.04; SED, standard 

error of the difference = 0.076. 

 

     The animals were penned individually in 6 x 4 ft. pens (using sawdust bedding) inside a 

sheep shed at NW premises on July 27th, 2018. The total duration of the feeding trial was set 

at 37 d, with an initial 7-d acclimatisation period and the remaining 30 d as the main feeding 

period during which, the ryegrass silage was fed to the sheep. For the 7-day acclimatisation 
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period, untreated ryegrass silage produced at NW was fed to sheep. More specifically, 4 kg of 

fresh weight (FW) ryegrass silage was offered daily to each individual animal with 2 kg FW at 

09.00 and 2 kg FW at 16.00. Upon the completion of the 7-d acclimatisation period, the sheep 

were weighed. 

     Sheep were allocated to the pens based on the current live weight after the 7-d 

acclimatisation period. Sheep were grouped according to LW and then randomly allocated to 

treatment from each block so that each treatment had the same total LW. Sheep (4) had to be 

removed as spare sheep before this grouping was decided. Spares were chosen because they 

were either outliers with very low / high LW (2) or had a problematic behaviour (2). These 

groups (4 groups, 12 sheep each) were allocated to the pens and then the four treatments were 

randomised to the sheep separately. There was a balance in terms of total body live weight 

between sheep groups. Treatments randomly allocated to pens across the shed as shown in 

Figure 5.3.   
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Figure 5.2. Allocation of sheep in pens. Control pens in white colour; SE pens in blue colour; 

IG pens in yellow colour; SE+IG pens in green colour. Sheep offered ryegrass from each 

treatment block. 

 

     On July 26th, 2018 all the ryegrass bales were moved from the field and stored outside the 

sheep shed at NW premises. Half of the bales were placed at the back and half of the bales at 

the front of the shed. During the feeding, bales from the same batch were used for each 

treatment. This ensured that the lambs on different treatments would receive similar silage in 

each period i.e. the differences between silage that was not due to the treatments applied were 

minimised and therefore had a better chance of saying that any differences were due to 

treatments and not due to the silage coming from different parts of the field. The order the 

batches were used was randomised. This means that the first bales for all treatments was taken 

from batch 1, the second bales for all treatments was taken from batch 2, the third from batch 

1, the fourth from batch 3, the fifth from batch 3 and the sixth from batch 1. 
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     The bales in each batch were randomised and 4 bales (one for each treatment) were offered 

to the sheep every 5-d starting on August 3rd, 2018. The bales were offered to the sheep in 

randomised batch order following batch 1, 2, 1, 3, 3 and 1 (Table 5.2). The way the treatments 

were allocated to animals did not take account of the physical layout of the pens. The data has 

been checked graphically (using the raw values and the residuals from each analysis) to look 

for any trends or differences in the responses due to the position of each sheep within the 

housing. No obvious trends or differences were seen so no spatial terms were included in the 

analyses. Before analysis, it was confirmed that the spread of baseline LW values was similar 

in each of the four treatment combinations. 

 

Table 5.2. Allocation of silage bales in randomised batches and date of opening 

Batch number Date Control bales SE bales IG bales SE+IG bales 

1st  03/08/2018 6B 5B 12B 10B  

2nd  08/08/2018 1A 2A 11A 9A 

1st  14/08/2018 6A 5A  12A 10A 

3rd  19/08/2018 7B 4B 8B 3B 

3rd  23/08/2018 7A 4A 8A 3A 

2nd  29/08/2018 1B 2B 11B 9B 

 

5.2.3 Bale sampling 

 

     The four bales, for each treatment, from each batch were sampled early in the morning prior 

to feeding. More specifically, each bale was core sampled using a metallic bale corer (diameter 

= 0.04 m, h = 0.7 m). The top middle line of each bale was split into four horizontal sampling 

points. Based on the horizontal sampling points, four more sampling points were set (two on 

each side of the bale) following a vertical line from the top (Figure 5.4). The total sampling 

points from each bale were 20 (n = 10 for the middle and n = 10 for the sides of each bale). 

The middle sampling points represented the inner layers of the bale, while the side sampling 

points represented the outer layers of the bale. The bale corer was placed in the first sampling 

point and all the way through the bale. The core sample (ca. 0.2 kg FW) of the first sampling 

point was placed in a labelled polythene bag. Then the bale corer was placed in the other 4 

vertical sampling points following a straight line from the top. Upon completion of each 

vertical line, all the core silage samples were placed in the same polythene bag and were mixed 
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well. The corer was cleaned with industrial methylated spirit (IMS) and left to air dry before 

the sampling of the vertical lines in each bale as well as between different bales. The sampling 

points on each bale were covered with plastic tape to minimise the ingress of oxygen prior to 

feeding. The inner and outer core samples were analysed for pH, DM, VFAs, lactate content, 

specific natural microbiological populations, and aerobic stability.  

 

 

Figure 5.3. Sampling points of each bale 1 d prior to feeding. There were 4 horizontal sampling 

lines (n = 2, right and left side; n = 2 right and left middle). There were 5 total vertical sampling 

points across each line (n = 1 top; n = 2 front side; n = 2 back side of the bale). The same 

sampling method was followed for each bale. 

 

5.2.4 Aerobic stability test 

 

     The 5 core samples from each vertical line were placed in a plastic polythene bags and were 

mixed well. Approximately 0.7 kg FW from each bag were weighed using a scientific balance 

and placed in plastic bucket (top diameter = 15 cm, h = 15 cm, internal volume = 6 L) with a 

plastic lid on top with a hole in the middle to allow the ingress of air. All buckets were placed 

in a block of polystyrene to provide insulation and thereafter in a climate chamber at 18 °C. 

However, only the samples of the 1st silage batch were pushed down in the holes of the 

polystyrene block. All the other silage samples from batches 2 to 6 were not pushed down into 

their thermal covers, due to experimental error. To avoid mixed results due to the inconsistency 

Inner Outer Outer Inner 
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between the batches (1 vs 2 to 6) it was decided not to include the aerobic stability results of 

the 1st batch within the statistical analysis. Core temperature of the silage was measured by heat 

sensors every 15 minutes using a DS1921G-F5 thermochron system (HomeChip Ltd., Milton 

Keynes, UK). One heat sensor was placed in a plastic bag in each bucket’s core. Two 

temperature sensors were placed on the top and bottom of the polystyrene block to determine 

an average ambient room temperature. Aerobic stability was determined as the number of hours 

needed for the silage temperature to rise 2 °C above ambient temperature (Honig, 1990). In the 

present study number of hours needed for the silage temperature to rise 3 °C above ambient 

temperature were also determined. The duration of the aerobic stability test was set at 10 d for 

each batch. 

 

5.2.5 Microbial analysis 

 

     Microbial analyses were performed on 6-time points: one day prior to the opening of each 

batch (Table 5.2) and within 4 h of sampling. Briefly, 10 g FW of core ryegrass silage sample 

was placed inside sealed polythene bags. The sample was suspended in 90 mL of sterile ¼ 

strength Ringer’s solution buffer (ThermoFisher, Basingstoke, UK) and mixed in a 400-

stomacher circulator (Seward, Worthing, UK) for 2 min at 160 rpm. A serial 10-fold dilution 

of the aliquot was prepared. Microbial counts of colony forming units (CFU) of ENB, LAB 

and yeasts were obtained after agar plate incubation at 30 °C (ENB, LAB) for 3 d, and 23 °C 

(yeasts) for up to 5 d. Pour plates of violet red bile (ThermoFisher) and de Man, Rogosa, Sharpe 

(ThermoFisher) agars were used for ENB and LAB respectively, while yeasts were grown on 

malt extract agar (Sigma Aldrich, Poole, UK) spread plates. Microbial counts were obtained 

from plates containing CFU between 30 and 300 per plate. The average count of 4 plates was 

used to determine the total bacteria / yeast count of the specific sample. 

 

5.2.6 Chemical analysis 

 

     The pH of core ryegrass silage samples was determined by mixing 10 g FW of each core 

sample with 90 mL of deionised water, in a stomacher for 2 min at 160 rpm. A glass electrode 

of a Jenway 3320 calibrated pH meter, was used to measure the pH of the mixed water extract 

(Jenway, Staffordshire, UK). VFAs, lactic acid, ethanol, propanol and NH3-N contents were 

determined from silage water extracts.  
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     Briefly, 30 g FW of silage was mixed with 150 mL of deionised water and stored in a 

refrigerator at 4 °C overnight (NW, Okehampton, UK). The next day, water extracts were 

filtered using a Whatman filter No. 4 (diameter = 45 mm, pore size 22 – 25 µm) (Ge Healthcare 

Life Sciences, Buckinghamshire, UK) and placed in plastic tubes (internal volume = 30 mL) 

with plastic lids (Fisher Scientific, Leicestershire, UK). Tubes were stored in the freezer at -20 

°C (NW, Devon, UK). Samples were sent for analysis, using gas chromatography for VFAs 

and alcohols and high-performance liquid chromatography (HPLC) for lactic acid, to Sciantec 

Analytical Services (Cawood Scientific, North Yorkshire, UK).  

 

5.2.7 Bale opening, cutting, sampling and feeding silage during animal trial. 

 

     Prior to opening, each bale was weighed using a weigh scale (W210, Gallagher, Hamilton, 

New Zealand) with the plastic wrap and net on. Upon the opening of the bale, the plastic wrap 

was weighed separately, and its weight was deduced from the total weight of the bale. The DM 

concentration of each bale was calculated by mass difference using the DM values that were 

measured from the bale samples as mentioned in the section below (oven drying, 100 oC). A 

feed mixer wagon was used for cutting and mixing the bales which were placed in plastic boxes 

and stored in the fridge at 2 °C prior to feeding. The mixed silage from each bale was allocated 

to 17 plastic boxes.  However, the processing of silage through the feed mixer wagon resulted 

in less palatable and heated (SE treatment) silage after the opening of the first batch. This was 

due to silage being very wet upon bale opening. Mixing wet silage resulted in a mash feed 

which heated rapidly even under cold storage. Thus, six plastic boxes of the SE-treatment were 

removed after the first day of storage. The rest of the batches (2, 3, 4, 5 and 6) were processed 

through a straw chopper and then placed in plastic boxes, which all maintained palatability 

without excessive heating for full period of feeding (5 d). Silage was offered to each sheep 

individually based on the treatment allocation and refusals were weighed every morning prior 

to offering new feed. Water was offered ad libitum. The sheep were weighed using a mobile 

scale at the shed premises on the day of each batch’s opening (Table 5.2). 

     Daily samples (0.5 kg FW) were taken from the individual feed offered to each sheep. Silage 

samples were placed in labelled polythene bags and were bulked upon the depletion of each 

bale. The ryegrass silage samples were stored in the freezer at -20 °C and were used for 

chemical analyses (ash, OM, WSC, ADF, NDF, ME, TN, NH3-N, mycotoxins). Each daily 

sample was subsampled into three technical replicates, which were placed in an oven at 100 °C 

overnight for DM determinations.        
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     Frozen bulked ryegrass silage samples were placed in an Edward Pirani super module 

freeze-drier (Severn vacuum services, Gloucestershire, UK) for 10 d. Samples were weighed 

and ground in a Retch SM300 cutting mill to 2-mm (Retsch, Haan, Germany) and placed in 

labelled polythene bags. Freeze-dried samples were placed in an oven at 550 °C for ash and 

OM determination by mass difference per standard procedures (Cunniff, 1996) at NW 

facilities.  

     For the determination of WSC concentration, dried and milled samples were sent to the 

Institute of Biological, Environmental and Rural Sciences (IBERS) department of Aberystwyth 

University (Aberystwyth, Ceredigion, UK). The concentration of WSC was measured using an 

auto analyser (SEAL Analytical Ltd., Southampton, UK) (Thomas, 1977). Fibre concentration 

of the dried samples was determined by using a fully automated Fibertec™8000 crude and 

detergent fibre analyser (FOSS, Hillerød, Denmark) at NW laboratories. 

     Fibre analysis, included the determination of modified acid detergent fibre (mADF), acid 

detergent fibre (ADF) and neutral detergent fibre (NDF) (Van Soest et al., 1991). The mADF 

solution was obtained by mixing equal volumes of acid detergent solution (ADS) and 0.5 M 

(1N) of sulphuric acid (H2SO4). The metabolizable energy values of silage samples were 

predicted based on mADF values using the mathematical formula [ME (MJ kg -1 DM) = 15.00 

– 0.014 * mADF] (Givens et al., 1989). The mADF values were measured as a portion of OM. 

An additional transformation was made to express them as a portion of total DM content based 

on the OM content. Total nitrogen (TN) content was calculated by determination of stable 

isotopes by mass spectrometry using a hydra 20-20 mass spectrometer (Sercon, Cheshire, UK) 

linked to an NA2000 N-protein Carlo Erba elemental analyser (CE Instruments Ltd., Wigan, 

UK). For the calculation of crude protein (CP), TN values were multiplied by 6.25 (Osborne 

and Mendel, 1914). 

     For the determination of the bale DM losses during ensiling the following process was used 

for each bale. The DM content of each bale upon opening was calculated based on the FW of 

the bale and the DM value of the forage. The DM content of each bale upon opening was 

calculated based on the FW of the bale and the DM value of the silage. DM losses were 

calculated as: DM % loss = 100 – DM post-ensiling / DM pre-ensiling * 100.   

 

5.2.8 Calculation of dry matter intake (DMI), live weight gain (LWG), NDF, CP and ME 

intakes 
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     The sheep live weight (LW) was measured at the start of the feeding trial and every 5 days 

prior to the feeding a new batch of bales using a digital lamb scale (Ritchie Agricultural, 

Scotland, UK) connected with an EziWight 7i Bluetooth reader (Richie Agricultural, Scotland, 

UK). The sheep live weight gain (LWG) was measured by deducing the old from the new sheep 

live weight values. The live weight measurements were taken every 5 days starting on August 

3rd, and continuing 8th, 13th, 18th, 23rd, 28th and September 3rd, 2018 when the trial ended. DMI 

was measured by weighing feed refusals (FW) daily using a weigh scale (W210, Gallagher, 

Hamilton, New Zealand). Using the DM values of each bale from the daily sampling the actual 

DM of the intake was calculated for each sheep. Based on the actual DMI values that were 

calculated from the daily refusals mentioned above the NDF, CP and ME intakes were 

calculated by extrapolating their concentrations to the actual DM that was consumed from each 

sheep individually. Thus, these parameters were expressed as g kg -1 of DM and MJ kg -1 of 

DM. Based on the average NDF and CP intake values, the % LW values of these parameters 

were calculated accordingly as a proportion of each individual’s sheep LW.           

 

5.2.9 Mycotoxin analysis 

 

     Freeze-dried and milled ryegrass silage samples were sent to Alltech Crop Science (KY, 

USA) for mycotoxin analysis. Ryegrass silage samples were analysed using ultra-performance 

liquid chromatography paired with electrospray ionization triple quadrupole detection and 

tandem mass spectrometry (UPLC/ESI-TQD/MS) (Jackson et al., 2012).  

 

5.2.10 Statistical analysis 

 

     The bales were grouped into three batches so that the bales in each batch were similar in 

terms of the blocks that the material came from in the field (Chapter 4). The bales from the 

same batch were used to ensure that the lambs on different block treatments would receive 

similar silage in each period. Any potential differences that were not due to the applied in-field 

treatments were, therefore, minimized. Total sheep LW between treatments did not differ at 

the start of the trial (Mean group LW = 30.1 kg, variance = 9.32). Due to the use of the feed 

mixer wagon for the first batch, the DMI of the sheep was affected as explained in the bale 

opening section above. Thus, the DMI data from the first batch were removed from the 

statistical analysis. Due to the inconsistency that was mentioned in the aerobic stability 

methodology section, the aerobic stability data from the first silage batch were also removed 
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from the statistical analysis. When the DMI and aerobic stability data were discussed in the 

results section, it was mandatory to compare them with the same chemical and microbial data 

of the silage. For this comparison the data of the 1st silage batch were also removed from the 

statistical analysis. Analysis of variance (ANOVA) using a randomised block design was used 

to statistically analyse the silage parameters. For assessing interactions between biostimulants 

and ensiling, a factorial [4 biostimulants * 2 conditions (pre-ensiled, ensiled)] ANOVA was 

used. Treatment structure was set as biostimulants * condition (ensiling) and the block structure 

was set as blocks / plots. For assessing interactions between biostimulant and sample position 

(inner vs outer), a factorial [4 biostimulants * 2 sampling positions (inner, outer)] ANOVA was 

used. Treatment structure was set as biostimulants * sample position and the block structure 

was set as batches (blocks) / bales. The statistical program GenStat Software (19th edition) 

(VSNI, 2017) was used for the data analysis. Significance level was set at 5 % (P ≤ 0.05) with 

trend indicated at 10 % (P < 0.1). If a significant difference between the means was found, a 

Tukey test was used as a post-hoc analysis. 

 

5.3 Results 

 

5.3.1 Biostimulant effects on DM losses, interactions between biostimulants and ensiling, 

effect of ensiling on DM losses 

 

     The actual DM and % DM losses during the ensiling process, along with biostimulant 

effects and interactions between biostimulants and ensiling are presented in Table 5.3. There 

was a significant decrease in the DM concentration (22.9 %) due to ensiling between all the 4 

treatments. There were no significant differences in DM reduction between all treatments as 

well as no interactions between biostimulants and ensiling on DM losses.  
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Table 5.3. Effects of biostimulants on DM losses, interactions between biostimulants and ensiling, effect of ensiling on DM losses 

Parameters Units Pre-ensiled Ensiled SED P value 

Control SE IG SE+IG Control SE IG SE+IG Bio I Ens 

DM g kg -1 FM 208 228 231 240 171 168 180 179 10.6 0.170 0.128 <0.001 

DM reduction % - - - - 17.8 26.3 22.1 25.4 - - -  

Number of observations for the means = 6; SED, standard error of the difference for the interaction effect on DM losses between treatments and 

ensiling; Bio, effect of biostimulants on DM losses; I, interaction – Ens * Bio; Ens, effect of ensiling 
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5.3.2 Biostimulant effects on chemical composition and mycotoxin content of ryegrass 

silage 

 

     The chemical parameters of ryegrass silage are shown in Table 5.4. IG silage had 

significantly higher WSC concentration than control and SE+IG treatments. Control silages 

contained significantly higher ADF than IG and SE+IG treatments. There was a trend for 

control silage to contain higher NDF than SE and IG treatments. SE+IG treatment significantly 

increased predicted ME compared with control. There were no significant differences in terms 

of ash, OM, CP and ammonia-N among all the treatments.  

 

Table 5.4. Effects of biostimulant on chemical parameters of ryegrass silage 

Parameters Units Control SE IG SE+IG SED P value 

WSC g kg -1 DM 17.9a 22.4ab 26.4b 17.9a 2.87 0.032 

Ash g kg -1 DM 112 108 108 108 2.7 0.362 

OM g kg -1 DM 888 892 892 892 2.7 0.362 

ADF g kg -1 DM 348c 331bc 311a 323ab 6.0 <0.001 

NDF g kg -1 DM 547 518 507 533 14.1 0.068 

ME MJ kg -1 DM 11.5a 11.7ab 11.8ab 11.9b 0.13 0.052 

TN g kg -1 DM 31.6 30.6 31.0 31.8 1.03 0.669 

CP g kg -1 DM 198 192 194 199 6.5 0.669 

NH3-N g kg -1 TN 93.1 97.6 85.3 96.1 10.01 0.623 

Number of observations for the means = 6; NH3-N, ammonia-nitrogen; g, gram; kg, kilogram; 

MJ, mega joules; Superscripts a, b and c indicate a significant difference between the means 

 

     Mycotoxin content of ryegrass silage is summarised in Table 5.5. SE and IG silages 

contained higher aflatoxin B2 concentration in comparison to the SE+IG which had zero 

content. SE+IG treatment had significantly higher deoxynivalenol (DON) content in 

comparison to SE and IG treatments. There were no significant differences in the fusaric and 

cyclopiazonic acid and neosolaniol content among all the four treatments. 

 

Table 5.5. Effects of biostimulants on mycotoxin content of ryegrass silage 

Parameters Units Control SE IG SE+IG SED P value 
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Aflatoxin B2 μg kg -1 DM 50.8ab 99.1b 76.5b 0.00a 20.00 0.002 

DON μg kg -1 DM 76.4ab 0.00a 0.00a 120b 37.80 0.019 

Fusaric Acid μg kg -1 DM 149 146 123 104 22.1 0.198 

Cyclopiazonic 

Acid  

μg kg -1 DM 10.2 0.00 0.00 0.00 5.79 0.252 

Neosolaniol μg kg -1 DM 16.5 0.00 0.00 0.00 11.64 0.426 

Number of observations for the means = 6; Superscripts a and b indicate a significant difference 

between the means 

 

5.3.3 Biostimulant effects on DMI, LWG, NDF (intake and % of LW), CP (intake and % 

of LW) and ME (intake) of ryegrass silage 

 

     The DMI data of the ryegrass silage are presented in Table 5.6. There were no significant 

differences in the DMI and LWG between all the treatments. Sheep that were fed IG-treated 

ryegrass silage had significantly increased NDF, CP and ME intake and % of LW than sheep 

that were fed untreated and SE-treated ryegrass silage. Sheep that were fed IG-treated ryegrass 

silage had the highest daily intake of ME among the other treatments.  

  

Table 5.6. Effects of biostimulants on DMI, LWG, NDF (intake and % of LW), CP (intake and 

% of LW) and ME (intake and % of LW) of ryegrass silage 

Parameters Units Control SE IG SE+IG SED P value 

DMI kg d -1 0.69 0.75 0.82 0.70 0.072 0.253 

LWG kg d -1 0.025 0.060 0.060 0.075 0.1868 0.506 

NDF intake kg d -1 0.375a 0.385a 0.432b 0.392a 0.0106 <0.001 

NDF % LW 1.13a 1.15a 1.26b 1.20ab 0.034 0.015 

CP intake kg d -1 0.136a 0.142a 0.166b 0.142ab 0.0072 0.007 

CP % LW 0.41a 0.42ab 0.48b 0.45ab 0.022 0.027 

ME intake MJ d -1 7.86a 8.66b 10.1c 8.73b 0.254 <0.001 

ME % LW 23.7a 25.9b 29.2c 26.7b 0.72 <0.001 

Number of observations for the means = 12; Superscripts a, b and c indicate a significant 

difference between the means 
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5.3.4 Biostimulant and sampling position (inner vs outer) effects on chemical and 

fermentation parameters, microbial counts and aerobic stability of baled ryegrass silage, 

interactions between biostimulants and sampling position (inner vs outer) on baled 

ryegrass silage  

 

     Biostimulant effects on chemical and fermentation parameters, microbial counts and aerobic 

stability of baled ryegrass silage are presented in Table 5.7. IG and SE+IG treatments had 

significantly lower pH than SE and control. Untreated silage had significantly lower DM 

concentration than IG-treated bale silage. There were no significant differences in terms of 

lactic acid, acetic acid, n-butyric acid, iso-butyric acid, propane 1,2 diol, ethanol, lactic: acetic 

+ butyric ratio and lactic: VFAs + alcohols ratio among all the treatments. There were no 

significant differences in the LAB and yeast counts between all treatments. ENB colonies were 

not detected in any silage sample. However, these were end-point estimations and ENB may 

have been present during ensiling stages. IG treatment showed a trend for a longer aerobic 

stability at 2 °C in comparison to the other treatments. There were no significant differences in 

aerobic stability at 3 °C among all treatments. 

     Sampling position effects on chemical and fermentation parameters, microbial counts and 

aerobic stability of baled ryegrass silage are presented in Table 5.8. Ryegrass silage that was 

originated from the inner area of the bale had significantly higher aerobic stability than the 

silage originated from the outer sampling point of the bale. The inner area of the ryegrass bale 

contained significantly higher DM than the outer area. The outer area of the ryegrass bale has 

significantly higher pH and ethanol than the inner area. LAB populations of the inner sampling 

point of the ryegrass bale were significantly higher in comparison to the outer sampling point. 

The outer area of the ryegrass bales contained significantly higher yeast numbers than the inner 

area. There were no significant differences in the lactic, acetic, N and Iso-butyric acid, propane 

1, 2 diol and ethanol concentration as well as in the lactic: acetic +butyric and lactic: VFAs + 

alcohols ratios between inner and outer bale areas. 

     There were no interactions between biostimulants and sampling position (inner vs outer 

layers) on baled ryegrass silage, except for DM concentration (P = 0.004) and pH (P = 0.005). 

All treatments (SE, IG, SE+IG) significantly increased DM concentration of the inner part of 

the bale in comparison with control. IG and SE+IG treatments significantly decreased pH of 

the inner part of the bale in comparison to SE and untreated silages. There were no significant 

differences between treatments and control regarding the rest of bale silage parameters. 
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Table 5.7. Effects of biostimulants on baled ryegrass silage 

Parameters Units Control SE IG SE+IG SED P 

2 above ambient o C 95.0 116 138 111 15.31 0.092 

3 above ambient o C 109 128 150 125 14.9 0.107 

DM g kg -1 FM 210a 220ab 231b 220ab 5.6 0.022 

pH  3.98b 3.97b 3.89a 3.91a 0.019 0.002 

Lactic Acid g kg -1 DM 83.0 74.4 75.5 84.9 6.29 0.288 

Acetic Acid g kg -1 DM 21.2 22.6 19.3 20.0 2.22 0.494 

N-Butyric Acid g kg -1 DM 1.47 4.96 1.81 1.69 2.062 0.321 

Iso-Butyric Acid g kg -1 DM 0.09 0.11 0.07 0.05 0.077 0.851 

Propane 1, 2 diol g kg -1 DM 0.44 1.24 0.74 0.30 0.478 0.262 

Ethanol g kg -1 DM 3.44 3.34 3.23 3.76 0.573 0.814 

Lactic: Acetic + 

Butyric 

 3.86 3.25 3.93 4.08 0.494 0.387 

Lactic: VFAs + 

Alcohols 

 0.230 0.158 0.195 0.177 0.0517 0.564 

ENB Log10 CFU 

g -1 

ND ND ND ND - - 

LAB Log10 CFU 

g -1 

6.05 6.39 6.89 6.41 0.314 0.116 

Yeast Log10 CFU 

g -1 

2.17 2.16 1.63 2.13 0.680 0.828 

Number of observations for the means = 6; Superscripts a and b indicate a significant difference 

between the means 

 

Table 5.8. Effects of sampling position (inner vs outer layers) on baled ryegrass silage 

Parameters Units Inner Outer SED P 

2 above ambient o C 127 103 2.1 <0.001 

3 above ambient o C 139 117 3.1 <0.001 

DM g kg -1 FM 226 215 0.5 <0.001 

pH  3.89 3.98 0.009 <0.001 
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Lactic Acid g kg -1 DM 79.0 79.9 2.68 0.753 

Acetic Acid g kg -1 DM 19.99 21.56 1.140 0.174 

N-Butyric Acid g kg -1 DM 1.85 3.12 1.140 0.270 

Iso-Butyric Acid g kg -1 DM 0.079 0.077 0.0378 0.975 

Propane 1, 2 diol g kg -1 DM 0.75 0.60 0.230 0.498 

Ethanol g kg -1 DM 3.21 3.68 0.159 0.004 

Lactic: Acetic + Butyric  3.95 3.61 0.229 0.151 

Lactic: VFAs + Alcohols  0.20 0.18 0.018 0.175 

ENB Log10 CFU g -1 ND ND - - 

LAB Log10 CFU g -1 6.91 5.96 0.084 <0.001 

Yeast Log10 CFU g -1 1.28 1.63 0.29 <0.001 

Number of observations for the means = 12; Significant different means are in bold 

 

5.4 Discussion 

 

5.4.1 Biostimulant effects on DM losses, interactions between biostimulants and ensiling, 

effect of ensiling on DM losses 

 

     According to the results of the present study there were significant DM loses during ensiling 

(Table 5.3). However, there were no significant differences among all the 4 treatments (Table 

5.3). The average 22.9 % DM losses due to ensiling were higher than the DM losses that have 

been reported by other studies for big baled Italian ryegrass (Lolium multiflorum) and PRG 

silage. More specifically, DM losses of baled PRG silage of the other studies were 4 % and 8.8 

% over an ensiling period of three and eight months, respectively (Han et al., 2006) (McEniry 

et al., 2008b). Another study reported 7.5 % DM losses of baled annual ryegrass silage over a 

6-month ensiling period (Han et al., 2014). The initial DM concentration of the pre-ensiled 

ryegrass of the referenced studies was 303 (70 % moisture), 645 (35 % moisture) and 383 (62 

% moisture) g kg -1 FM, respectively. All the referenced pre-ensiled DM contents were higher 

than the pre-ensiled content of the present study (Table 5.3). The main reasons for DM losses 

during ensiling are the in-silo respiration, the silage density, the increased effluent and the 

fermentation process (Muck et al., 2003). 
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     One of the main reasons why in general bales have lower DM losses than clamps is because 

the initial aerobic processes in the bale are shorter than the clamp (Muck et al., 2003). During 

the first days of ensiling, especially in a clamp, plant respiration is still active and is responsible 

for the removal of trapped oxygen (Pitt et al., 1985). This is due to the continuous metabolism 

of the plant parts (leaves, stems) which is associated with increased moisture content post-

harvest. It was reported that the post-harvest respiration rates of the plants tend to decline 

linearly along with decreasing moisture (Wood and Parker, 1971). This respiration process, 

which involves the oxidation of carbohydrates, results in transformation of plant nutrients to 

water, ammonia, carbon dioxide (CO2) and heat (McAllister and Hristov, 2000). Heat produced 

from plant respiration may increase the silage temperature. Consequently, the temperature 

increase will enhance the DM losses during ensiling. Low-DM content crops tend to have 

increased respiration losses at the beginning of ensiling and thus, increased temperature during 

ensiling (Muck et al., 2003). Thus, the DM content of the subsequent silage would be decreased 

in comparison to the initial forage. Moreover, the conversion of true protein to amino acids, 

ammonia and peptides (proteolysis) persists during the initial days of the ensiling process 

(Muck, 1987). Both the above processes (respiration, proteolysis) are responsible for a portion 

of DM loss during the initial stages of ensiling. Proteolysis is also affected positively from 

increased moisture content of the crops. In alfalfa (Medicago sativa), higher moisture content 

(80 %) was responsible for increased proteolysis at a rate of 0.9 mg N g -1 DM h -1 in comparison 

to crops with lower moisture content (Muck, 1987). The higher pre-ensiled moisture content 

of the current study (73 %) may partly reflect the high DM % losses observed.  

     Following in-silo respiration and proteolysis, plant cell lysis begins and is responsible for 

the loss of effluent, especially in crops with higher moisture content. Silage effluent is the 

‘plant juices’ that are produced from the lysis of plant cells and contains OM, such as WSC 

and N fractions (McDonald et al., 1991).  The production of silage effluent is mainly affected 

by the moisture content of the forage. High water content affect the effluent by: i) increasing 

the total effluent production rate over the ensiling process and ii) increasing the total amount 

of effluent (Muck et al., 2003). Silage, originated from ryegrass with high moisture content (80 

%), had ca. 40 g DM kg -1 losses due to effluent (Rotz and Muck, 1994). In the present study, 

during the opening of the ryegrass silage bales there was a lot of effluent flowing out of the 

bales, especially during the mixing/cutting of the bales. The exudation of effluent was due to 

the reduced pressure upon the opening of the bales (reduced compaction) (Muck et al., 2003). 

The silage effluent losses can be reduced to a minimum, and even prevented, at a DM content 
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greater than 35 % (Savoie and Jofriet, 2003). However, the average pre-ensiled ryegrass DM 

content in this study was 27.1 % (Chapter 4), which also contributed greatly to increased DM 

losses. 

     Another source of DM loss during ensiling is microbial fermentation. LAB, ENB, 

Clostridium spp. and yeasts are the major natural microorganisms involved in ensiling process 

(Pahlow et al., 2003). Microbial fermentation was responsible for up to 4 % of maximum DM 

loses due to CO2 production (Zimmer, 1980). However, many factors affect the fermentation 

DM losses, including the available energy substrates and the amount and type of the present 

natural silage microorganisms. Homofermentative LAB ferment glucose and fructose to 

produce exclusively lactate. Heterofermentative LAB ferment glucose to produce lactate, 

acetate, ethanol and CO2. This leads to 24 % of substrate DM losses through CO2 production. 

Furthermore, the fermentation pathways of ENB, clostridia and yeasts also lead to 17, 51.1 and 

48.9 % of substrate DM loses (McDonald et al., 1991). However, the small concentration of 

butyric acid in this study was an indicator that there was little to no clostridial fermentation. 

PRG contains a high portion of disaccharides (sucrose) (Rooke and Hatfield, 2003). Thus, the 

main fermentative losses may have been due to the hexose sugar fermentation from 

heterofermentative LAB, ENB and yeasts. In conclusion, there may be a combination of factors 

that were responsible for the high DM losses during ensiling in the present study. These 

included effluent, fermentation and aerobic respiration losses, which were increased due to the 

high moisture content of the pre-ensiled ryegrass. During the 9-month ensiling process the 

bales were stacked in an open environment. There was a possibility that rainwater could have 

entered through the bale layers increasing the silage moisture content. Furthermore, the stretch 

film on top of the bale layers may had been loosened. This may have resulted in a slight shape 

distortion. These two external factors might have been also responsible to the DM 

concentration losses during ensiling (Keles et al., 2009).     

 

5.4.2 Biostimulant effects on nutritional content and microbial counts of ryegrass silage 

 

     There is a lack of published research that assesses the effect of biostimulants on silage 

nutritional and microbial quality. For this reason and to effectively compare any effects due to 

the biostimulant application on ryegrass, the results of the present study were compared with 

other studies based on untreated ryegrass silage. The results of this study indicated significantly 

improved nutritional quality (Tables 5.4 and 5.7) of the IG silage. More specifically, IG silage 
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had significantly higher DM, WSC concentrations and ME as well as decreased pH and fibre 

concentrations. Moreover, the improved chemical characteristics of the IG treatment were in 

accordance with the pre-ensiled characteristics that were discussed in Chapter 4. 

     The ryegrass silage among all treatments in the present study was characterised as well 

preserved over a period of ca. 300 d using big bales. The bales among all treatments were 

stored under the same conditions and underwent the same fermentation process. This fact can 

be supported by the similar fermentation characteristics which were not significantly different 

among all four treatments (Table 5.7). Thus, it may be assumed that the nutritional and 

microbiological differences can be attributed to the application of biostimulants as they follow 

the same significant trend with the pre-ensiled ryegrass (Chapter 4). 

     The application of biostimulant (IG) significantly increased the DM content of the silage 

(inner, outer) (Table 5.7). These findings were in accordance with similar DM increases in 

maize silage that were discussed in a previous experiment of the present study (Chapter 3). 

Although the DM concentration was increased due to the treatment, it was still lower than 291 

g kg -1 DM, which was the expected DM of baled ryegrass silage (originated from a 24-h wilted 

ryegrass) (McEniry et al., 2008b). However, due to the reasons explained above, the DM 

content of the baled ryegrass of this study was not within the target range. 

     The biostimulant application (IG) significantly increased the WSC concentration of the 

ryegrass silage (Table 5.4). Similar WSC concentration (26 g kg -1 DM) was reported for baled 

ryegrass silage (McEniry et al., 2008a). The reduced WSC concentration of silage in 

comparison to the initial forage (Chapter 4) can be explained due to continuous plant 

respiration during the initial aerobic stage of ensiling as well as due to the microbial 

fermentation during the 2nd anaerobic stage of ensiling (Rooke and Hatfield, 2003). Glucose 

and fructose were used as main fermentation substrates from homo and heterofermentative 

LAB as well as ENB during the anaerobic phase. 

     The ash content of the ryegrass silage (Table 5.4) was similar to another wilted ryegrass 

report (132 g kg -1 DM) (Harrington et al., 2006). However, the ash content was higher than 

the expected 80 g kg -1 DM as stated by National Research Council (NRC, 2001). The increased 

ash content may have resulted from soil contamination during the harvest of the crops (Chapter 

4). There were no significant differences between the treatments, so it is likely that there was 

no significant soil contamination across the treatments. The application of biostimulants did 

not affect the CP content of the ryegrass silage (Table 5.4), which was similar to another report 
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at 208 g kg -1 DM (for untreated ryegrass) (McEniry et al., 2014). Another report stated CP 

values for untreated baled ryegrass silage of 193 g kg -1 DM (Anderson, 1985). 

     The results of the present study indicated that the application of biostimulant (IG) may have 

resulted in decreased silage fibre content (ADF, NDF) (Table 5.4). These results were in 

accordance with the lower fibre content of pre-ensiled ryegrass (Chapter 4), as well as with the 

lower fibre content that was found in a similar maize experiment (Chapter 3). Decreased fibre 

content due to biostimulant application may indicate that IG silage was less mature than the 

control although its growth stage was not assessed. However, another important factor that 

influences digestibility in grasses is the leaf/stem ratio (Terry and Tilley, 1964). Leaves on 

grasses tend to have higher nutritive value than stems. Moreover, their digestibility declines at 

a lower rate with maturity in comparison to stem (Hides et al., 1983). Thus, biostimulant 

application may have resulted in an increased leaf/stem ratio than control, which was 

responsible for a lower fibre content although both treatments were at the same stage of 

maturity. Similar reports presented similar ADF and NDF content for baled ryegrass silage in 

two experiments with values of 302 and 519 g kg -1 DM of ADF and NDF (McEniry et al., 

2008b) as well as, 314 and 539 g kg -1 DM of ADF and NDF, respectively (McEniry et al., 

2007). The fibre content of ryegrass silage was higher than that of the pre-ensiled ryegrass 

(Chapter 4). This finding agreed with another experiment, which reported increased fibre 

(lignin, cellulose and hemicellulose) concentrations during ensiling of ryegrass without 

additives (Morrison, 1979). 

     IG and SE+IG-treated silage had a lower pH (inner and outer) (Table 5.7) compared with 

the control silage. Although the pH difference was small (0.1) it was significant and was 

possibly due to increased LAB numbers in the starting crop (Chapter 4). Moreover, the 

increased LAB numbers may have resulted from the increased micronutrient content of the 

treated ryegrass, especially Mn, due to the product application. The micronutrient analysis, as 

well as the effect of Mn on LAB, have been discussed extensively in Chapter 2. Taking into 

consideration the low butyric acid, it can be assumed that there was no or minimal clostridial 

fermentation during the ensiling process. Moreover, the low numbers of ENB (inner, outer) 

(Table 5.7) on the silage and the increased lactic acid may indicate that the LAB were the 

dominant microflora upon opening of the bales. Thus, there was an interaction between 

increased LAB numbers (pre-ensiled), production of lactate, decrease in pH and inhibition of 

clostridia and ENB (McDonald et al., 1991). The small amounts of ethanol in the final silages 

may be attributed to either heterofermentative LAB or the small yeast counts that were present 
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among all the treatments (Pahlow et al., 2003). Similar LAB and yeast counts, as well as ENB 

below the detection limit, were reported in another baled ryegrass silage experiment with 

microbial counts of 5.9 and 2.3 Log10 CFU g -1 for LAB and yeasts respectively (McEniry et 

al., 2008a). ENB below the detection limit along with LAB > 7 Log10 CFU g -1 were also 

reported in a high WSC PRG silage (Davies et al., 1998). 

 

5.4.3 Biostimulant effects on mycotoxin content of ryegrass silage 

 

     The results of the present study indicate that the application of the combined biostimulant 

products had a positive effect on Aflatoxin B2 (AFB2) while the separate application (SE, IG) 

had a positive effect on DON (Table 5.5). A baled ryegrass silage experiment reported an 

average 21.2, 471 and 398 mg kg -1 DM of AFL, DON and ZEN, respectively over a sample 

of 12 ryegrass bales (Baliukonienė et al., 2012). Although the DON content of this study was 

lower than the one reported, the AFL content was higher. As there was no further analysis of 

the fungal population in the baled ryegrass silage, it may be assumed that the increased AFL 

as well as the fusaric acid concentration, originated either from the soil contamination during 

harvest, or from the natural presence of fungal populations in the forage. SE-treated silage had 

the highest content of AFL. This may have resulted from increased fungal population in the 

SE-treated silage. DON and fusaric acid are typically produced from Fusarium spp. which has 

an optimal growth under cool and wet conditions (Munkvold, 2003). The positive effect that 

the biostimulant products had on the mycotoxin content could be correlated with the increased 

plant hormone content that was found in the treated ryegrass and was discussed in Chapter 2. 

More specifically, potential pathogen and insect attacks may cause crop damage and could 

create a possibility of fungal infection (Teller et al., 2012). Increased plant hormones in the 

treated ryegrass activated the defensive mechanisms. Thus, the increased defence responses of 

the treated plants may have reduced the fungal and furthermore the mycotoxin content of the 

subsequent silage.        

 

5.4.4 Biostimulant effects on the aerobic stability of ryegrass silage and on the DM, LWG, 

NDF, CP and ME intake of sheep 

 

     The results of the present study showed a trend towards improved aerobic stability (2 oC) 

due to the application of a biostimulant product (IG) (Table 5.7). This result is in accordance 
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with the maize experiment, previously reported, where the same trend in aerobic stability (2 

oC) was observed due to the application of the same product on maize silage (Chapter 3). IG 

silage had significantly higher DM and WSC concentrations, as well as significantly lower pH 

and ADF in comparison to all other treatments. However, the fermentation characteristics along 

with the microbial content were similar to the other treatments. During the aerobic stability 

test, aerobic deterioration was initiated upon the ingress of air to the silage samples. The lactic 

acid and WSC concentrations of the silage were the main energy substrates for fermentation 

by the silage microflora to produce heat and CO2 (Ranjit and Kung Jr, 2000) (Pahlow et al., 

2003). As a result, the core temperature of the silage samples increased.  

     The most critical factors responsible for the rise of silage temperature during exposure to 

air include DM, acetic acid, butyric acid concentrations and yeast populations (Ohyama et al., 

1980). Increased DM concentration and yeast populations were associated with decreased 

silage aerobic stability while increased acetic and butyric acid concentration were associated 

with increased silage aerobic stability (Wilkinson and Davies, 2013). Moreover, increased DM 

concentration may lead to increased WSC concentration due to reduced fermentation 

(McDonald, 1976) (Wilkinson and Davies, 2013). This fact agrees with the findings of the 

present study where IG treated silage had significantly higher DM and WSC concentrations. 

However, increased WSC concentration of the IG-treated silage may have not affected the 

aerobic stability as according to reports WSC concentration and aerobic stability are not 

correlated (Pahlow et al., 2005) (O’Kiely and O’Brien, 2007).  

     The feeding trial results of the present study indicated that there was no difference in the 

DMI and LWG among all four treatments (Table 5.6). Ryegrass silage DMI is affected by the 

lactic acid content as a percentage of the total acids, total N and DM concentrations of the crops 

(Wilkins et al., 1971) as well as potential mycotoxin contamination of silages (Gallo et al., 

2015). Ammonia N is also correlated with reduced silage intake (Charmley, 2001). However, 

other studies suggest that the correlation between NH3-N and reduced DMI intake is not a direct 

effect. Instead it correlates to other end products, derived from amino-acid degradation and 

proteolysis (Huhtanen et al., 2002) (Hetta et al., 2007). Moreover, recent studies have reported 

that CP and fibre concentrations affect the silage digestibility in cattle and thus they are also 

important factors for DMI (Rook et al., 1991) (Steen et al., 1998). In the present study, fibre 

concentration of the biostimulant-treated silage was significantly lower than control while 

lactic acid and TN and CP content were not different between the treatments. (Table 5.5). TN 

and CP content (CP derived from TN values of silage) may result in lower cell-wall content 
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which results in higher DM intake. Sheep that were fed IG-treated silage had the higher fibre 

(NDF) and CP intake than control (Table 5.6). This is evident from their NDF and CP LW % 

which are also significantly higher in comparison to the other treatments (Table 5.6). This was 

due to the increased DM content of the IG-treated silage, thus the NDF and CP intakes were 

increased proportionally. The potentially positive correlation (to DMI) of increased CP intake 

was neutralised by the negative correlation (to DMI) of increased fibre intake. Thus, that was 

a potential reason that the sheep that were fed IG-treated silage had not significantly higher 

DMI in comparison to the sheep that were fed the other silage treatments although the DM 

content of the silage was significantly higher.       

     Fermentation characteristics of silages also affect DMI although in a lesser degree than 

digestibility factors (Charmley, 2001). Silages with increased acetic acid concentration have 

reportedly reduced DMI (Wilkins et al., 1971). All silage treatments in the present study had 

similar fermentation characteristics. High DM concentration may affect DMI indirectly, due to 

the fact that high DM silages tend to have better fermentation characteristics (Wilkins et al., 

1971). In the present study DM concentration of biostimulant-treated silage was significantly 

higher than control (Table 5.7). Furthermore, IG-treated silage had a higher WSC for the same 

CP (Table 5.4) which would suggest that pH dropped more quickly preserving WSC. IG-treated 

silage had also lower silage ammonia numerically, a trend for more digestible fibre and greater 

ME (Table 5.4). This also suggests (similarly to higher WSC) that there was a quicker drop in 

pH and therefore more protein protected and not lost at ammonia. All these parameters would 

indicate a greater DMI potential although numerically, DMI is higher on IG but not statistically 

(Table 5.6). 

     Mycotoxin contamination in silages have been reportedly reduced the DMI of lambs 

especially Aflatoxin B1 (AFB1) at dosages that varied between 2.5 and 23.5 μg kg -1 DM 

(Edrington et al., 1994) (Tripathi et al., 2008). DON contaminated silage (720 μg kg -1 DM) 

has also been responsible for reduced DMI on lactating dairy cows (Kiyothong et al., 2012). 

In the present study all there were Aflatoxin B2 (Control, SE, IG) and DON (Control, SE+IG) 

concentrations among all treatments (Table 5.5). Thus, the mycotoxin presence might have 

influenced negative the DMI among all treatments.  

     Sheep under IG treatment had significantly higher ME and CP intake in comparison to the 

other treatments. These results are in accordance with the predicted ME content of IG-treated 

silage (Table 5.4). Required DM, ME and metabolizable protein (MP) intakes for the growth 

of housed female lambs are reported by the advisory manual for the energy and protein 
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requirements of ruminants (Alderman & Cottrill, 1996). The present study measured CP intake 

instead of MP. According to a latest National Research Council (NRC) report, CP protein can 

be extrapolated based on predicted MP using the following equation: ‘CP = MP / [64 + (0.16 

* % UIP) / 100’ (NRC, 2007). Where UIP is the undegradable intake protein or the ‘bypass’ 

protein that is degradable in the small intestine instead of the rumen. Based on that inferred 

transformation, MP varies between 64 and 80 % of CP (NRC, 2007). This variance was used 

to extrapolate the suggested CP intake, based on the MP values (referenced by the AFRC) 

(Alderman & Cottrill, 1996) (NRC, 2007).  

     AFRC recommended DMI, ME and CP intakes for the growth (50 g d -1) of housed female 

lambs (ca. 30 kg) were 0.9 kg, 8.6 MJ and 82.5 to 103.1 g d -1 accordingly. Ewes that were fed 

IG-treated silage had higher ME and CP intake and lower DMI (Table 5.6) in comparison to 

the AFRC recommendations. This resulted in higher growth (60 g d -1) (numerically). Ewes 

that were fed untreated silage had higher CP intake and lower ME and DM intake in comparison 

with the AFRC recommendations. This resulted in lower growth (25 g d -1) (numerically). Ewes 

that were fed SE and SE+IG treated silages had higher CP and lower DM intake in comparison 

to the AFRC recommendations. However, they had similar ME intakes (Table 5.6). This 

resulted in higher growth rate (60 and 75 g d -1 accordingly) (numerically). The comparisons 

above indicate that ME intake may have favoured increased LWG although numerically but 

not statistically. CP and ME intakes of the present study are in accordance with the energy and 

protein requirements as summarised in a report (Ledin et al., 2005). More specifically, the 

required ME intakes for a 30 kg growing lamb (similar with this study) vary between 10.13 to 

13.69 MJ d -1, while the required CP intakes vary between 154 and 204 g DM d -1.  

 

5.4.5 Sampling position (inner vs outer) effects and interactions with biostimulants on 

chemical and fermentation parameters, microbial counts and aerobic stability of baled 

ryegrass silage 

 

     The results of the present study indicated that the inner area of the bale was more aerobically 

stable and had lower pH, ethanol and yeasts (Table 5.8). Moreover, the LAB numbers along 

with the DM concentration were higher (Table 5.8). The significant differences in terms of pH 

and DM concentration between the inner and outer bale areas, were different from the findings 

of a similar study which reported no area differences in the nutritional content of the bale 

(McEniry et al., 2006). The differences between the yeast numbers within each area (inner < 
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outer) agreed with the referenced study above. However, the present study reported increased 

LAB numbers and decreased ethanol concentration within the inner layer of the bale, in contrast 

to the other study (LAB, inner < outer, ethanol, inner > outer). 

     The fermentation patterns between the inner and outer areas of the bale were similar. The 

increased LAB numbers in the inner bale area may be attributed to the better anaerobic 

conditions in comparison to the outer area. In general, anaerobic conditions are not well 

established towards the surface of the bale and near the plastic film (McEniry et al., 2006). As 

a result, the slight presence of oxygen in that area may act as a partial inhibitor for some LAB 

species (Condon, 1987). The increased yeast numbers in the outer layer of the bale indicated 

that there was increased respiration in comparison to the inner layer, where the conditions were 

more anaerobic. However, the increased ethanol content of the outer layers was contradictory. 

As conditions in the outer layers of the bales were supposedly less anaerobic, then the ethanol 

content that was derived from yeasts should have been lower. Ethanol is a yeast fermentation 

product under anaerobic conditions (Pahlow et al., 2003). However, ethanol is also produced 

due to glucose fermentation from heterofermentative LAB and ENB (McDonald et al., 1991). 

The small but significant increase in ethanol content within the outer layers of the bale, may be 

due to the microbial fermentation process from the referenced microbial populations. The 

increased aerobic stability of the inner bale layers may be attributed to the decreased yeast 

numbers within that layer. It has been reported that the higher the yeast populations are the 

shorter the time of silage aerobic stability is (Wilkinson and Davies, 2013). Moreover, higher 

temperatures have been reported in the outer layers of the maize silage stored in bunkers 

(Borreani and Tabacco, 2010). Thus, increased temperatures of the outer bale layer may have 

also been responsible for the reduced aerobic stability. 

     The results of the present study between inner and outer sampling locations indicated that 

there was a significant interaction between biostimulant and sampling position towards 

increased DM concentration and decreased pH in the inner parts of the bale. The DM 

concentration differences due to biostimulant application may be attributed to respiration losses 

in the outer layers of the bale. These were quality and quantity losses which may have resulted 

from Maillard reaction due to increased moisture content of the outer layers (Muck et al., 2003). 

Although it has been proven that tested biostimulant products have a direct effect on microbial 

communities, plant hormones and nutrient content (Chapter 2), it remains unclear how the 

specific products interacted within different layers of the bale and led to an increased DM 

concentration in the inner part. Decreased pH in the inner part due to biostimulants could be 
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attributed to the increased LAB populations in that part of the bale. Tested products affected 

LAB growth directly as well as increased nutrient concentrations in forage (especially Zn, Mn) 

(Chapter 2). 

 

5.5 Conclusions 

     

     In conclusion, the improvement of the nutritional and microbiological parameters due to   

biostimulant application (mainly of IG) pre-ensiling (Chapter 4) were also maintained in the 

resultant ryegrass silage. However, the products did not affect significantly the aerobic stability 

or silage DMI. This result was maybe influenced due to the experimental error which resulted 

in excluding data from the 1st batch. There were also some notable differences between the 

inner and outer areas of the baled silages which resulted in increased DM concentration and 

LAB counts as well as decreased pH, ethanol concentration and yeast counts in the inner parts 

of the bale. Inner vs outer sampling position had more of an effect than control vs SE, IG, 

SE+IG with only pH and DM concentration showing an interaction. Further research is 

required in a larger scale animal trial to assess if the silage nutritional improvements due to 

biostimulant application can affect the animal performance, increasing the financial benefits of 

their application.               
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Chapter 6 General Discussion 

 

6.1 Introduction 

 

     A need for a more sustainable approach to agriculture has emerged in the last decades as a 

means to tackling climate change (Clapp et al., 2018).  During the past 10 years, scientific, 

private industry and farming communities have become interested in plant biostimulants 

(Rouphael and Colla, 2018). Biostimulants are commercial products of biological origin with 

a focus on helping crops to mitigate the effects of biotic and abiotic stress as well as enabling 

them to increase the nutrient uptake, nutrient efficiency, yield and overall nutrient quality 

(Caradonia et al., 2018).  The biostimulant market is growing rapidly and is projected to reach 

$ 3.29 billion over a 5-year period (2017-2022), which translates into 10.4 % of compound 

annual growth rate (MarketsAndMarkets, 2017). Europe accounts for 40 % while North 

America, South America and Asia account for 25, 22 and 13 %, respectively, of the global 

biostimulants market (MarketsAndMarkets, 2017). The European Commission has created a 

new category for biostimulants under the Regulation (EC) No. 2003/2003 (Commission, 2016).  

     Due to their complexity of origin, it is often difficult to describe how biostimulants work 

(Yakhin et al., 2017). Therefore, focus shifted towards a demonstrated biostimulants’ observed 

effect during their assessment on various crops (Yakhin et al., 2017). As far as the authors are 

aware, the present literature focuses on biostimulants’ effects on horticultural or/and arable 

crops including cucumber (Cucumis sativus), grape (Vitis vinifera), tomato (Solanum 

lycopersicum), maize (Zea mays), ryegrass (Lolium perenne), wheat (Triticum aestivum), 

potato (Solanum tuberosum), pepper (Capsicum) and rice (Oryza sativa) (Calvo et al., 2014). 

Biostimulants’ effects on these crops reportedly increased root growth, yield, nutrient uptake, 

fresh weight (FW), SPAD reading (predicted chlorophyll content) and plant height (Calvo et 

al., 2014). 

     The aim of the present thesis was to assess and evaluate effects of biostimulants on forages 

and, more specifically, ryegrass and maize forage in field, and to determine if those potential 

benefits were carried through to the ensiling process. The assumption at the start of the present 

study was that the application of the tested products would improve the germination rates, 

nutritional quality and specific natural microorganism populations of maize and ryegrass forage 

as well as their subsequent silage quality, aerobic stability and subsequent animal performance 
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(Figure 6.1). Moreover, based on the observed biostimulants’ effect, possible mechanisms were 

established. 

 

 

Figure 6.1. Effect of biostimulants on specific parameters. 

 

     Biostimulant products were provided from Alltech Crop Science (KY, USA) for testing. 

SOIL-SET™ Aid (SE) is a proprietary liquid product containing a mixture of spent 

Lactobacillus spp. culture media and an aqueous yucca (Yucca spp.) extract surfactant, 

supplemented with soluble sulphur (S) 4.0 %, copper (Cu) 2.0 %, iron (Fe) 1.6 %, manganese 

(Mn) 0.8 % and zinc (Zn) 3.2 %. IMPRO-GRAIN™ (IG) is a proprietary liquid product 

containing a mixture of spent Lactobacillus spp. culture media and an aqueous yucca (Yucca 

spp.) extract surfactant, supplemented with soluble S 1.1 %, Mn 0.8 % and Zn 1.2 %. Both Cu, 

Mn and Zn are in sulphate form and final concentrations differ between products. In this chapter 

the main findings of the present research will be discussed, as well as different approaches that 

could have been taken along with proposals for future research.  
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6.2 Biostimulants’ effects on germination and chlorophyll (SPAD) 

of maize and ryegrass forage 

 

     The application of SE significantly increased germination of ryegrass during glasshouse 

trials (Chapter 2) and there was a trend towards significance in field trials (Chapter 4). 

However, it did not affect maize germination during glasshouse trials, significantly (Chapter 

2). This was maybe due to the lower number of maize seeds in comparison to the ryegrass that 

were planted in the pots. Each maize pot had a total of 3 seeds planted in comparison to the 

ryegrass pots which had 55 (Chapter 2). The observed effects of increased ryegrass germination 

in the present study may be attributed to the decreased Enterobacteriaceae spp. (ENB) counts 

that were present in the rhizosphere of the treated crops (Chapters 2, 4). Some species of ENB 

belong to deleterious rhizobacteria (DRB) which are responsible for decreased germination 

rates by releasing toxic metabolites (Fredrickson and Elliott, 1985). Similar effects have been 

reported for ryegrass (Sarathchandra et al., 1996). Application of SE decreased ENB counts on 

soil by 0.27 (ryegrass) and 0.24 (maize) Log10 CFU g -1 respectively (Chapter 2). During 

ryegrass field trial, SE application decreased ENB count by 1.01 Log10 CFU g -1 (Chapter 4). 

There was a trend towards improved ryegrass germination in that study. This smaller response 

in the field may be attributed to the fact that during the field trial there were other factors such 

as temperature (Charlton et al., 1986), sowing depth (Porter et al., 1993) and rainfall (Ayers, 

1952) that affected germination apart from biostimulant application. 

     IG application significantly improved maize chlorophyll by 7.4 arbitrary units (12 % 

increase, Chapter 3) and ryegrass chlorophyll by 2.9 arbitrary units (7 % increase, Chapter 4), 

as predicted by SPAD. Chlorophyll content can be predicted accurately using non-destructive 

methods like SPAD (Markwell et al., 1995). Reported chlorophyll improvements of IG-treated 

maize of the present study were similar to another report, which assessed biostimulants’ effects 

(different product) on chlorophyll content of maize (Anjum et al., 2011). Similarly, SPAD 

improvements due to IG application on ryegrass were comparable to another study, which 

reported increased chlorophyll content (SPAD readings) for soybean (Glycine max) due to a 

further biostimulant (humic substances) treatment (Chen et al., 2004). The above results 

indicated that IG application enhanced chlorophyll synthesis in both maize and ryegrass. Zn 

and Fe are involved in the biosynthesis of chlorophyll (Chen et al., 2004). Tested products 

contained minor micronutrient quantities as described above and were applied on to the soil 
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after the sowing of crop seeds. Biostimulant-treated soils contained significantly increased 

magnesium (Mg) and manganese (Mn) than control soils (Chapter 2). The addition of the 

products increased soil nutrient content and may have also enhanced the mineralization of 

current soil nutrients even further and thus, enhanced their absorption from the crops. This 

assumption was in agreement with a recent study, which reported that specific molecules of 

biostimulants are attached to metal ions to increase their solubility (Halpern et al., 2015). 

Moreover, the decreased ENB counts in soils due to biostimulants may have resulted in 

increased available soluble organic nutrients, which were acquired easily by plant roots 

(García-Martínez et al., 2010). 

     Similarly, with nutrient observations on soils, biostimulant application significantly 

increased micronutrient content of ryegrass (Chapter 2), as well as the micronutrient content of 

maize (Chapter 3). More specifically, for ryegrass Mn and calcium (Ca) were increased by 20 

and 486 mg kg -1 DM, respectively, for maize Ca, Mg and Mn were increased by 326, 170 and 

3.2 mg kg -1 DM, respectively, in comparison to control. There was also a trend towards 

increased Zn content in both biostimulant-treated crops (ryegrass, maize) (Chapters 2, 3). These 

findings were similar with another biostimulant study (different products) which reported 

increased copper (Cu), Mn and phosphorus (P) uptake in barley (Hordeum vulgare) (Ayuso et 

al., 1996). Thus, the increased micronutrient content of biostimulant-treated crops may have 

resulted in the observed increased photosynthesis (SPAD). 

 

6.3 Biostimulants’ effects on natural microbial populations of 

maize and ryegrass forage and silage 

 

     The experimental results of this study suggested that the application of biostimulants 

increased LAB populations while decreasing ENB and yeast populations on ryegrass forage 

(Chapters 2, 4). More specifically, for the two ryegrass experiments, IG consistently decreased 

ENB and yeast counts by ca. 0.57 and ca. 0.21 Log10 CFU g -1, respectively. Moreover, IG 

consistently increased ryegrass LAB numbers by approximately 0.58 Log10 CFU g -1. In a 

similar manner, SE+IG application reduced yeast and increased LAB counts while SE 

application alone decreased yeast counts significantly. It was evident that sole application of 

IG had the greatest effect on the targeted crop microbes. Another notable finding was that there 

were no significant interactions between biostimulants and wilting on the specific microbes. In 
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terms of maize forage, biostimulant application showed similar results to ryegrass on the 

targeted microorganisms (Chapters 2, 3). SE+IG application to maize was the most effective 

as it decreased ENB counts by 0.33 Log10 CFU g -1. In terms of LAB both IG and SE+IG 

applications increased counts by 0.45 Log10 CFU g -1. SE application was the most efficient at 

decreasing yeast counts by 0.23 Log10 CFU g -1. IG application was also effective when applied 

to maize during a field trial (Chapter 3). It resulted in significantly increasing LAB counts by 

0.10 and decreasing yeast counts by 0.19 Log10 CFU g -1. The results of the present study 

indicated significant effects of biostimulants on the targeted microbial populations of maize 

silage which were similar with the observations on the maize forage (Chapter 3). More 

specifically, IG application significantly increased LAB counts by 0.18 Log10 CFU g -1 and 

decreased yeast counts by 0.24 Log10 CFU g -1 on maize silage. 

     During the experimental trials of the present study, all crop treatments were grown and 

harvested under the same environmental conditions. The only difference was the biostimulant 

application which is likely to be responsible for the observed significant microbial differences. 

Thus, both products were investigated for having a possible direct effect on natural microbial 

populations. Tested products (SE, IG) were applied on ryegrass-isolated LAB and yeast 

colonies in growth mediums. As a result, SE application completely inhibited LAB growth and 

slowed growth of isolated yeast colonies. In addition, IG application enhanced growth of 

isolated LAB colonies while it had no effect on the growth of isolated yeast colonies (Chapter 

2). IG application enhanced the exponential phase of LAB in comparison to control as 

explained in Chapter 2. One possible explanation for LAB growth enhancement may be linked 

with the mineral requirements of the microorganism. Mn is crucial for LAB growth as it is 

involved with RNA polymerase, manganese superoxide and NADH oxidase activities 

(Archibald, 1986). SE and IG biostimulants contain traces of Mn so this may explain the 

positive effect on LAB. However, SE completely inhibited LAB growth. This observation can 

be explained via Cu, which is contained in SE and not in IG. Cu is well known for its toxic 

action on LAB  and especially on L. casei, L. bulgaricus (Pamir, 1963) and S. thermophilus 

(Kiermeier et al., 1961). Decreased yeast growth due to SE application may be attributed to 

increased Zn content of SE product. Excess Zn may be responsible for slower growth rate of 

yeasts due to their biochemistry (Cook, 1958). Increased Zn amounts are toxic for the yeast 

cells as they decrease glutathione and intracellular Fe contents (Pagani et al., 2007). Inhibitory 

and slow microbial growth effects of SE may have been responsible for the observed decreased 
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ENB counts in soils (Chapter 2, 4). However, the product was not assessed on isolated ENB 

colonies. 

     Biostimulants affected similarly the microbial communities of ryegrass and maize. 

However, the small differences between crop types may be associated with different sugar 

levels of each crop. It has been reported that natural LAB species have higher concentrations 

on the crops’ leaves due to greater water soluble carbohydrate (WSC) availability (Mercier and 

Lindow, 2000). Increased LAB and decreased ENB and yeast counts are considered a desirable 

crop microbial composition for further ensiling. LAB are important during ensiling as they 

ferment WSC to produce lactic acid. The constant increase of lactic acid leads to a reduction 

in pH (Pahlow et al., 2003). This is desirable due to inhibition of the proliferation of undesirable 

microorganisms such as clostridia and ENB (McDonald et al., 1991). Decreased yeast counts 

are also desirable during ensiling. They are responsible for WSC fermentation and the 

production of CO2 and ethanol under anaerobic conditions resulting in reducing the available 

fermentable substrate for LAB (Driehuis and van Wikselaar, 2000). In a similar manner, 

reduced ENB counts are also desirable during ensiling as they are LAB’s main antagonists for 

crops’ energy sources (WSC) (Pahlow et al., 2003). 

     The microbial differences of maize silage were likely due to the biostimulant application to 

maize forage and they were preserved through the ensiling process. Despite the increased 

microbes, no real differences were seen in the fermentation products of silage. This may have 

occurred due to the significant but small (from a biological perspective) differences in forage 

and silage microbial populations. A notable observation was that the same significant 

differences did not occur in ryegrass silage (Chapter 5). A possible explanation may be due to 

the different crop type along with the different ensiling method that was used. Ryegrass was 

ensiled in big bales and was stored in an open environment while maize was ensiled in Kilner 

glass jars (mini-silos) (internal volume = 3 L, internal diameter = 11 cm, height = 26 cm) fitted 

with a clip top (Kilner®, Liverpool, UK) and was stored in plant growth cabinets (Panasonic, 

Leicestershire, UK) under constant temperature. Big bale silage is prone to aerobic spoilage in 

its surface due to large ratio of surface to volume (Muck and Shinners, 2001). Thus, this might 

have resulted in a loss of the significant microbial differences pre-ensiling. In conclusion, 

biostimulant products did not affect directly the ensiling process of the crops. Instead they had 

a direct effect on natural microbial populations of fresh forage which were responsible for a 

more desirable ensiling environment. 
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     Having observed significant biostimulant effects on specific microbes in maize forage / 

silage and ryegrass forage, the authors were encouraged to further assess any potential effects 

of the biostimulants on forage / silage nutritional quality, silage aerobic stability and animal 

performance. 

 

6.4 Biostimulants’ effects on nutritional value of maize and 

ryegrass forage and silage  

 

     The research within this thesis suggested IG improves both nutritional quality of maize 

forage (Chapters 2, 3) and subsequent silage (Chapter 3). During a field trial, IG application 

significantly increased maize forage’s dry matter (DM) and starch concentrations by 16 g kg -

1 FM and 38 g kg -1 DM respectively, while significantly decreased fibre (ADF, NDF) 

concentration by 23 and 29 g kg -1 DM respectively (Chapter 3). During a glasshouse trial, IG 

application decreased ADF concentration of maize forage by 32 g kg -1 DM (Chapter 2). Similar 

results were observed during ryegrass forage glasshouse and field trials (Chapters 2, 4). During 

glasshouse trial, SE+IG application significantly increased DM concentration of ryegrass 

forage by 33 g kg -1 FM (Chapter 2). Moreover, during field trial, IG and SE+IG applications 

increased DM and decreased fibre (ADF, NDF) concentrations of pre-wilted ryegrass forage 

by ca. 15 g kg -1 FM, 17 and 46 g kg -1 DM respectively (Chapter 4). In addition, IG and SE+IG 

applications had similar results on DM and fibre concentrations on ryegrass forage post-wilting 

(ca. 44 g kg -1 FM increased DM, ca. 18 and 36 g kg -1 DM decreased ADF and NDF 

respectively) (Chapter 4). Biostimulant products reduced losses during the wilting process by 

significantly increasing WSC concentration by an average of 30 g kg -1 DM in comparison to 

16 g kg -1 DM for the control (Chapter 4). 

     Maize and ryegrass silage nutritional content was improved according to the results of the 

present study (Chapters 3, 5). IG application improved DM, starch and OM concentrations of, 

maize silage by 17 g kg -1 FM, 32 and 3 g kg -1 DM. In addition, IG application reduced 

significantly ADF and NDF concentration of maize silage by 21 and 14 g kg -1 DM respectively 

(Chapter 3). Similar observations were reported on ryegrass silage. More specifically, IG 

application improved DM and WSC concentration of ryegrass silage by 21 g kg -1 FM and 8.5 

g kg -1 DM respectively. Furthermore, it reduced fibre concentration (ADF, NDF) by 37 and 

40 g kg -1 DM respectively (Chapter 5). Fermentation characteristics of both maize and ryegrass 
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silages, including lactate, volatile fatty acids (VFAs) and ethanol were similar among all 

treatments (Chapters 3, 5). 

     DM improvements in maize due to biostimulants in the present study were in accordance 

with other reports on different biostimulants’ effects on maize (Anjum et al., 2011) 

(Eyheraguibel et al., 2008). Increased DM and starch concentrations in IG-treated maize may 

have indicated increased crop maturity over control (Martin et al., 2008). This observation was 

supported by the fact that both maize treatments (Control, IG) were sown at the same time-

point and were grown under the same environmental conditions (field) with only difference 

being the application of IG (Chapter 3). Decreased fibre concentration on maize may also 

indicated lower cellulose and lignin concentrations and thus a possible increased forage intake 

(McDonald, 2002). Improvements on nutritional content of maize silage followed the same 

trends with maize forage (Chapter 3). 

     Due to absence of published biostimulant studies on ryegrass nutritional content, the 

observed nutritional improvements of the present study (Chapter 4) were compared with the 

nutritional content of untreated ryegrass forage. To that end, the nutritional content of IG-

treated ryegrass, and more specifically DM, WSC and CP concentration, was similar to other 

reports (Burns et al., 2015). Observed low DM concentration of IG-treated ryegrass may be 

attributed to a generally low DM concentration of hybrid ryegrass during the 1st harvest 

(Wilman and Gao, 1996). Nutritional improvements of ryegrass forage due to biostimulant 

application were observed also in the subsequent silage (Chapter 5). However, the overall DM 

concentration of ryegrass silage was lower than expected for baled silage due to increased 

moisture content in the bale (McEniry et al., 2008b). IG application improved WSC 

concentration of ryegrass silage in comparison to the untreated ryegrass of another study 

(McEniry et al., 2008a). This was due to significantly increased the chlorophyll content of the 

IG-treated ryegrass (SPAD). Thus, treated ryegrass was expected to have increased WSC due 

to hexose synthesis during photosynthesis 

     In the present study biostimulant application significantly increased specific plant hormones 

of ryegrass crops. SE+IG and SE-treated ryegrass had significantly higher abscisic (ABA) and 

salicylic (SA) acid respectively (Chapter 2). Increased plant hormones may have also resulted 

towards increased nutrient content of biostimulant-treated crops (mentioned above) as they are 

reportedly responsible for increased nutrient availability (Rubio et al., 2009). Moreover, 

increased plant hormone production on crops may be stimulated by the addition of extracts that 

already contain a significant amount of phytohormones. Some yucca species contain ca. 0.32 
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nmol g -1 FM ABA hormone (Weiler, 1979), which as part of the product may have stimulated 

additional plant hormone production. SA is responsible for increased yield of many crop 

species including mung bean (Vigna radiata) (Singh and Kaur, 1980), barley (Pancheva et al., 

1996) and soybean (Gutiérrez-Coronado et al., 1998). Moreover, SA affects photosynthesis 

and homeostasis (redox) of plants (Mateo et al., 2006). SA application to maize and soybean 

reportedly increased photosynthetic activity (Fariduddin et al., 2003) (Khan et al., 2003). Thus, 

the increased DM concentration of IG-treated crops maybe attributed to SA presence while the 

increased WSC concentration may be attributed to increased photosynthesis due to SA, as well 

as increased nutrient concentration that was mentioned above.      

 

6.5 Biostimulants’ effects on aerobic stability of maize and ryegrass 

silage and animal performance 

 

     The aerobic stability of silages, assessed in the present study was improved (significant, P 

= 0.050, maize, Chapter 3) (trend, P = 0.092, ryegrass, Chapter 5). More specifically, IG-treated 

maize silage was more aerobically stable than control by 125 h until its core temperature 

reached 3 ° above ambient (Chapter 3). IG-treated ryegrass silage showed a trend towards 

improved aerobic stability by 43 h (Chapter 5). The longer the silage remains aerobically stable, 

the longer its nutrients will be preserved and the longer it remains palatable. Aerobic stability 

is affected by many factors (physical, fermentation). However, the most important include DM, 

acetic acid concentrations and silage yeast populations (Wilkinson and Davies, 2013). As 

mentioned above, tested biostimulant products improved DM concentration and decreased 

natural yeast populations of fresh maize and ryegrass forage. In addition, tested biostimulants 

did not affect silage fermentation products (including acetic acid) (Chapters 3, 4, 5). As acetic 

acid was the same among all treatments, DM concentration and yeast populations were possibly 

the main parameters that affected the silage aerobic stability in the current study. IG-treated 

silage (maize, ryegrass) had higher DM concentrations than control possibly due to increased 

SA content. However, this finding did not agree with current published work, where higher 

DM concentrations may result in less aerobically stable silages (Wilkinson and Davies, 2013). 

In terms of yeast populations, IG application significantly decreased yeast counts on maize and 

ryegrass forage as well as on maize silage (Chapters 2, 3, 4). Yeasts are responsible for 

initiation of aerobic deterioration in silages (Woolford, 1990) and the results of the present 
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study are in agreement with similar findings that correlated lower yeast counts to improved 

aerobic stability (Kung Jr et al., 2000) (Kleinschmit and Kung Jr, 2006). The fact that IG-

treated ryegrass silage had a trend towards lower yeast count than control may explain the trend 

towards that silage’s improved aerobic stability (Chapter 5). 

     Due to the production of baled ryegrass silage, the current experiment also offered the 

opportunity to assess any differences between the side and middle parts of baled silage, as well 

as any interactions between treatment and sampling position of the bale (Chapter 5). Previous 

work has reported nutritional and microbiological differences within parts of baled silage 

(McEniry et al., 2006). The results of the present study indicated significant differences 

between the inner and outer parts of the baled ryegrass silage. More specifically, the inner parts 

of the bales had significantly greater aerobic stability (24 h at 2 °C and 22 h at 3 °C), DM 

concentration (11 g kg -1 FM) and LAB counts (0.95 Log10 CFU g -1). In addition, outer parts 

of the bale had significantly higher pH (0.09), ethanol concentration (0.47 g kg -1 DM) and 

yeast counts (1.49 Log10 CFU g -1) (Chapter 5). Biostimulant application affected positively 

the increase in DM concentration (SE, IG, SE+IG) possibly through increased plant hormone 

content and the decrease in pH (IG, SE+IG) through a direct positive effect on LAB populations 

between inner and outer parts of the bale (Chapter 5). Decreased LAB numbers (typically 

microaerophilic) in the outer area of the bale may be explained due to presence of oxygen (O2) 

(Condon, 1987), as anaerobic conditions are not well established towards bale’s surface 

(McEniry et al., 2006). Presence of O2 in the outer layer of the bale may have been responsible 

for the increased yeast counts due to increased respiration. Increased yeast counts were likely 

responsible for decreased aerobic stability in the outer layers as there is a negative correlation 

between these parameters (Wilkinson and Davies, 2013). 

     IG-treated ryegrass silage did not improve daily dry matter intake (DMI) of sheep although 

its nutritional quality was better than the control (Chapter 5). DMI of IG-treated silage was 

expected to be significantly higher than the control due to increased DM and decreased fibre 

concentration and lower silage ammonia numerically, also a trend for mire digestible fibre and 

greater ME. Moreover, IG-treated silage had higher WSC for the same CP which would suggest 

higher microbial protein formation in the rumen, lower ruminal ammonia release, lower blood 

urea and hence lower satiety. IG-treated silage had also. IG affected positively DM 

concentration by increasing hormone content of the crop and its subsequent silage. However, 

IG did not affect other important nutritional forage / silage parameters that interact with DMI. 

These parameters include lactic acid, total nitrogen (TN), acetic acid and NH3-N. More 
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specifically, increased DM, lactic acid and TN concentrations lead to an increased DMI, while 

increased acetic acid and NH3-N lead to decreased DMI (Wilkins et al., 1971). IG-treated silage 

had similar lactate, TN, ammonia and acetic acid concentrations (Chapter 5).  

 

6.6 Different approaches of the current study 

 

     The present research project was a learning and experimental process due to the relatively 

new area of the assessed biostimulants. Upon the completion of the project and based on the 

learning outcomes, different and more effective approaches could have been taken to further 

strengthen the results of this study.  

     The maize experiment (Chapter 3) was set up specifically for assessing any possible 

biostimulant effects under real farm conditions particularly given the applied / commercial 

focus of the research. To achieve this situation, certain assumptions have been taken into 

consideration. Upon completion, the experimental results were significant under these 

assumptions. Based on these results, a stronger statistical approach could have been taken 

similar to the statistical set up of the ryegrass field experiment (Chapter 4). This would have 

included the setup of a randomized complete block design. This statistical methodology would 

have ensured the variability between the treatments within each block. Thus, the statistical 

strength of the experiment would have been increased. However, the proposed optimal 

situation (from a statistics point of view) would not have depicted the actual farming situations. 

Although a strong statistical experimental setup is preferred, sometimes the application of the 

product under farm conditions is further away from this approach. Farmers will scarcely reduce 

field productivity by setting up separate blocks to get a strong statistical design. This situation 

is ideal, and it usually happens in agricultural research institutes or specific experimental farms. 

     All experimental batches (1-6) should have been pushed down into their polystyrene thermal 

covers instead of batch 1 only. This would lead to no exclusion of batches due to error in the 

execution of the experiment, which would have improved the statistical outcome. Moreover, 

some testing of baled-silage processing could have been done prior to the experiment to test 

for any vulnerabilities during the processing of the feed. The 1st silage batch was processed 

through a feed mixer wagon and resulted in less palatable feed. This resulted in the exclusion 

of the 1st batch from the results. Both these experimental errors resulted in data loss. Thus, the 

inclusion of the lost data could have further increased the initial assumptions.  
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     The method of combining pairs of plots from the ryegrass field trial (Chapter 4) allowed a 

connection between the experimental units of that experiment and the animal trial (Chapter 5). 

The bales that were fed to animals, ensured that different treatment groups were fed silage from 

similar parts of the field at each timepoint (Chapter 5). Moreover, it allowed some of the inter 

plot variability from the field experiment to be maintained without excessive waste of silage. 

It also ensured that if there was to be some variability between the blocks, then that would be 

confounded with variability between pairs of animals instead of with time during future feeding 

trials. As an alternative, experimental design of the ryegrass field trial (Chapter 4) could have 

introduced bigger plots per treatment. This would have resulted in producing 1 silage bale per 

plot which could have been used for the sheep feeding trial instead of mixing two plots to 

produce two silage bales. Thus, the connection between single plots, bales and animals would 

indicate a more direct effect of the product from field to feeding.     

 

6.7 Future research 

 

     Upon the completion of the current study, interesting elements were found such as 

nutritional improvements, enhancement of desirable microbial populations and silage aerobic 

stability improvements. If more time and resources were provided, the experimental work of 

the present study could have been taken forward by conducting different experiments and / or 

researching different parameters. Based on the observations of the current study, a list of future 

experiments is suggested below. 

     Research, which focuses on potential improvement of root length and elongation of maize 

and ryegrass crops due to biostimulant application can be introduced. This may explain the 

possible increased nutrient uptake from soil which contributed to the increased nutrient content 

of crops. Previous studies have assessed similar effects of various different biostimulants on 

roots (Harper et al., 1995) (Canellas et al., 2009). Moreover, measurement of chlorophyll 

content may be researched to assess any improvements due to biostimulants in addition to the 

current improvements on SPAD readings. To better clarify plant hormone content 

improvements, tested products may be assessed for any plant hormone traces in their 

composition. In this scope, tested products may also be analysed thoroughly determining what 

the active ingredients are. Moreover, biostimulant products can be assessed for specific 

molecules which may be attached to metal ions. However, there may be commercial issues 

from this approach due to intellectual property rights.  



156 

 

 

     Biostimulant products can be tested on ENB isolated colonies for any possible effects. ENB 

counts of ryegrass and maize silage were below the detectable limit. It would be interesting to 

assess if biostimulant effects on ENB counts would be comparable to the reported biostimulant 

effects on isolated yeast and LAB counts. Cu content of biostimulants (SE) can be further 

assessed to investigate the observed inhibitory effects on LAB. Furthermore, using polymerase 

chain reaction (PCR) and next generation sequencing for the identification of isolated LAB and 

yeast species as well as other bacterial and fungal species may be interesting and will reveal 

more information about microbial population shifts. Possible effects of the tested products may 

emerge on specific LAB (homofermentative, heterofermentative) and yeast species. The same 

LAB identification may also be useful to explain observed silage improvements in terms of 

microbial populations, nutrient composition and aerobic stability. In addition, further 

assessment of possible biostimulant effects on fungal populations may be carried out. This 

would shed more light on the observed aerobic stability improvements and / or any mycotoxin 

pressures. Filamentous fungi are usually present on the surface of silages due to ingress of air 

and they increase further due to aerobic deterioration (Woolford, 1990). 

     Future experiments that assess biostimulant effects on silage of other crops could be 

introduced. Specific examples include whole crop wheat, barley and Italian ryegrass (Lolium 

multiflorum). Moreover, multiple and bigger-scale field experiments can be organised to 

further assess observed biostimulant effects. In terms of assessing any potential effects of 

biostimulants on animal performance with focus on DMI, large-scale and longer animal feeding 

trials can be set up, including open-field and penned experiments. More ruminant species may 

be used for testing biostimulant-treated silage effects, including dairy cows and goats. 

 

6.8 Conclusions 

 

     Application of the tested biostimulant products (SE, IG) affected the nutritional quality and 

specific natural microbes of both maize and ryegrass forage. In addition, the observed changes 

were maintained through the ensiling process and were observed on subsequent maize and 

ryegrass silage. Changes in specific microbial communities resulted in increased LAB and 

decreased ENB and yeasts counts in subsequent silage. Silage microorganisms created a more 

desirable ensiling environment which resulted in improved aerobic stability. Improved 

nutritional quality and aerobic stability of treated silage did not affect significantly ruminants’ 

DMI and LWG when used as feed. Based on the observed improvements of the current study, 
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three potential mechanisms were established for the tested products. SE and IG; i) have a direct 

effect (positive, negative) on microorganisms (LAB, yeasts), ii) increase nutrient content of 

soil and crops, iii) increase production of plant hormones on the crop. Due to the complexity 

of origin of the current biostimulant products, no definite biological mechanisms were 

identified. Instead, it is most likely a combined effect of the mentioned mechanisms. Overall, 

the observed positive results on forage and silage quality in the present study, can serve as a 

basis for continuous future research to further investigate potential agricultural uses of 

biostimulants.     
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