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Abstract 

 

Organic viticulture challenges growers to think and act sustainably when managing 

variables such as weeds, pests, and overall crop production. Ongoing climate change is adding to 

this challenge with projected increases in extreme weather events such as heavy rainfall and 

drought. Cover crops can be considered as an ecosystem-based adaptation measure when chosen 

carefully. They can help growers mitigate effects of climate change as well as increase vineyards 

biodiversity. Despite their common use, local knowledge of which species work best in what 

conditions is lacking. Furthermore, species are seldom tested for response to drought and flood 

conditions in both controlled and operational settings.  

The first objective of this project was to evaluate the responses of nine different cover crop 

species to simulated drought and flood conditions under greenhouse-controlled conditions. Of the 

nine species, Pennisetum glaucum (pearl millet) and Melilotus officinalis (yellow clover) were the 

only two species to withstand both extreme conditions without being significantly affected. 

Trifolium alexandrinum (berseem clover), Vicia villosa (hairy vetch), and Trifolium incarnatum 

(crimson clover) produced higher biomass in saturated condition, while Festuca rubra (red 

fescue), and Thinopyrum intermedium (pubescent wheatgrass) survived the drought without visual 

clear symptoms except for puny plants.  

The second objective was to screen 13 cover crop species in two vineyards under 

operational settings, where weed pressure, local weather and management may influence species 

establishment. After the two screening years, Pennisetum glaucum, Trifolium incarnatum, 

Trifolium repens, Trifolium pratense, Vicia villosa, and Medicago sativa showed promising results 

in terms of establishment despite facing weather challenges.  



In vineyard 1, we had a good establishment of Pennisetum glaucum with fairly to poor 

establishment of Trifolium incarnatum and Vicia villosa. During the first year (wet and rainy) in 

vineyard 2, Trifolium incarnatum established fast and was the only species to outcompete weeds 

in term of biomass. During the second year (hot and dry), in vineyard 2, only Medicago sativa, 

Trifolium pratense, Lolium perenne and Melilotus officinalis reappeared from the previous year 

with Medicago sativa the highest producing cover crop.  

Key words: Climate change, Cover crops, Extreme weather events, Climate change adaptation, 

Vineyards  
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Chapter 1. General introduction 
 

The Niagara region has a distinct continental mild climate with an long growing season 

favourable for cultivation of wine grapes (Shaw, 2005). Located between Lake Erie to the south 

and Lake Ontario to the north, and with the presence of the Niagara Escarpment, vineyards have a 

microclimate with favorable summer temperatures and moderate winter conditions (Shaw, 2005; 

Shaw, 2017). In recent years, grape growing within the Niagara region has thrived and gained 

national and international recognition as a high-quality wine producer (Carew and Florkowski, 

2012). The Niagara region has 90% of Ontario’s grapes and 80 percent of total Canadian premium 

wine production (Rimerman and Eyler, 2017). With $522 million of taxes revenue generated and 

more than 18 000 direct and indirect jobs, wine growing contributed $4.4 billion to Ontario’s 

economy (Rimerman and Eyler, 2017; GGO, 2020).  

Climate change is an increasing concern for grape growers, due to rising temperatures, shifting 

rainfall patterns, and greater unpredictability in weather conditions (Penney, 2012). An increase in 

extended dry periods, heat waves, and heavy rainfall events may result in damage to crops and 

reduced production (IPCC, 2007; Nel et al., 2014; Ruml et al., 2016). Ecosystem functions and 

services such as weed and pest management, erosion control, biodiversity, water supply and 

nutrients recycling may be impacted as well further reducing productivity (Garcia et al., 2018).  

Canadian agriculture and farming communities are not immune to these extreme climatic 

variations resulting from climate change (Lemieux and Scott, 2011; Wheaton et al., 2013; Shaw, 

2017).  By 2050, Ontario’s temperature is projected to rise by 2.5 to 3.7 °C (Zhang et al., 2019). 

Precipitations patterns are projected to greatly vary. They may increase to 20% annually with more 

frequent heavy rainfall events (McDermid et al., 2015)  

Niagara region is also affected by climate change (Penney, 2012).  Average annual temperature 

is estimated to increase 7°C by 2100 (McDermid et al. 2015). The region is experiencing more 

heat waves of more than 3 consecutive hot days (+30°C) ( Climate change discussion paper, 2019). 

It is also projected to have up to 91 hot days in the summer by 2100 (Penney, 2012).  
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Climate change may have an impact on the hydrological cycle and consequently, soil moisture. 

Prolonged dry periods, with high temperatures, may result not only in a limited nutrient uptake by 

plants, but also in a decrease in soil microbial activity (Borken and Matzner, 2009). A weak soil 

microbial metabolism can have consequences on mineral nutrient supplies due to a low 

mineralization rate and reduce nutrient decomposition and cycling (Manzoni et al., 2012; Heidari 

and Karami, 2014).  

It has been considered that the distribution of nutrients in dry fields is highly heterogeneous, 

and their availability may influence the biomass and activity of soil microbes (Geng et al., 2014). 

Low soil moisture affects the kinetics of nutrients uptake by roots because of a decrease in cell 

membrane permeability (Sharma and Gobi, 2016). It has been also shown that concentrations of 

nitrogen (N) and phosphorus (P) in plant tissues are depleted when exposed to drought stress (Bista 

et al., 2018). Higher temperatures increase evaporation not only of water but also volatilisation of 

nutrients, leading to this depletion  (Bista et al., 2018). Extended dry periods influence soluble salt 

concentrations and hence, create a problem of sodicity and toxicity, resulting in nutrients blockage 

and decrease of microbial biomass (Geng et al., 2014; (Chrysargyris et al., 2020). On top of 

functions and productivity, soil structure is also greatly affected by extreme drought (Geng et al., 

2014).  Micropores have greater cohesion than macropores, since small capillary stress diminish 

the contraction of soil particles, organic matter, and aggregates (Borken and Matzner, 2009). Under 

dry condition, soil structure is affected, and soil surface become hydrophobic. An increase in soil 

crusting, fracturing and deterioration of soil aggregates have been also reported as a result, soil 

become very prone to erosion (Borken and Matzner, 2009). As roots bridge pores and cracks within 

soil, it has been noticed that they get snapped as the cracks get expanded under drought effect, 

hence affects plants growth via hindering roots development (Whitmore and Whalley, 2009; Al-

Kaisi et al., 2013). 

When exposed to drought stress, vines’ metabolism (photosynthesis, respiration, and 

transpiration) and gas exchange are negatively affected (Chrysargyris et al., 2020). Furthermore, 

drought stress may lead to reactive oxygen species production which causes an oxidative damage, 

and a series of antioxidant enzymatic and non-enzymatic responses in the vines. Berry’s quality is 

also negatively affected not only because of a lack of nutrient uptake which leads to a canopy 
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reduction and a subsequent decrease of leaves support for fruit ripening, but also due to the direct 

exposure of berries to sunlight (Chrysargyris et al., 2020).  

Excessive rainfalls may also have negative impacts. During flood events, nutrients can be lost 

through leaching or runoff, causing nutrient deficiency to plants (Díez et al., 1997; Causapé et al., 

2004; Smith and Jacinthe 2014; Daryanto et al., 2018). Under persistently saturated soils, root’s 

ability to absorb nutrients is hampered due to suffocation, resulting in plants death and crop failure 

(Rajanna et al., 2018). Under persistent saturation, anaerobic respiration takes place, nitrite, iron 

(Fe2+) and manganese (Mn2+) may accumulate to toxic levels (Bedard-Haughn, 2009). Under these 

circumstances, lack of O2 inhibits roots respiration and growth, and decrease their hydraulic 

conductivity, thus, resulting in stomatal closure, reduced transpiration and water absorption 

leading to a subsequent wilting (Bedard-Haughn, 2009). When exposed to saturation, roots become 

more susceptible to soil-borne diseases such as fungi, bacteria, nematodes and even viruses 

(Bedard-Haughn, 2009). Vineyards are characterized by inter-row space between the vine rows. 

This space is prone to floods, erosion and deterioration of arable soil layers (Vukicevich et al., 

2019). During heavy rainfalls, raindrops splashing breakup soil aggregates forming a structural 

crust. Crusting will result in an increase of runoffs and surface ponding, reducing seedlings 

emergence (Ramos et al., 2003). Aggregates breakdown to smaller soil particles that form a 

continuous structure resulting in a surface seal, reduce water infiltration and exacerbates erosion 

(Ramos et al., 2003). Moreover, excess of water may contribute to field compaction and 

trafficability problems, hence inability to access the field in time of harvest, sowing, or pruning 

(Bedard-Haughn, 2009; Vukicevich et al., 2019). 

As Niagara region continues experiencing climate change consequences gradually threatening 

grape production, testing adaptation measures to ensure the sustainability of grape industry and 

their resilience face to climate change become necessary (Shaw, 2017; Keesstra et al., 2018).  

Additional concerns resulting from climate change, include changes in pest, weed and 

pathogen distributions and abundances (Martensson, 2007; Daugherty et al., 2009; Penney, 2012). 

Warmer temperatures and fluctuations of precipitation patterns are more likely to increase diseases 

(e.g., fungal) pressure on vineyards agroecosystems (Ashenfelter and Storchmann, 2016). White 

et al. (2006) have predicted that cost of pest management may increase and require more efforts. 

Overall, climate change impacts on agriculture will ultimately depend on regional variation, 
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seasonality, extent of drought or flooding events and plant phenological requirements (Downing 

et al., 2000).  

Wine industry is highly dependent on climatic conditions (Ashenfelter and Storchmann, 2016; 

Oczkowski, 2016). With increasing temperatures, wine quality may be negatively affected (Jones 

et al., 2005; Van Leeuwen and Darriet, 2016). Higher temperatures, especially in the spring, may 

advance vine phenology and shift the ripening phase toward warmer and dryer periods (Penney, 

2012; van Leeuwen and Darriet, 2016, Irimia et al., 2019). Rising temperatures can affect grape 

yield in at least three direct ways: 1) An early initiation of spring vegetative growth (Duchêne et 

al., 2010); 2) Extended heat periods causing premature veraison, abscission of the berries and 

partial or total failure of flavor ripening (Duchêne et al., 2010), and 3) during maturation, extreme 

heat waves accelerating ripening, inducing lower acidity and higher sugar and alcohol content in 

grapes (Duchêne et al., 2010). Warmer temperatures impede accumulation of metabolites and 

colour compounds (i.e., the formation of anthocyanin), which can result in organoleptic 

degradation and wine spoilage (Schultze and Sabbatini, 2019). Beside wine’s quality, vine water 

stress can result into yield loss (Penney, 2012; Fasullo et al., 2018).  

  Cover crops as a potential strategy for climate change adaptation 
 

Agriculture must find ways to adapt to climate change in order to ensure food production 

sustainability (Burke and Emerick, 2016; Irimia et al., 2019; Schultze and Sabbatini, 2019). 

Adaptation in the context of climate change is defined as “the process of adjustment to actual or 

expected climate and its effects” (IPCC, 2014). Climate change adaptation for agroecosystems can 

take many forms including ecosystem-based adaptation (EbA) approaches (Munang et al., 2013; 

Vignola et al., 2015).  

Nel et al. (2014) suggest EbA strategies as an alternative to technological and engineering 

approaches, because they are more cost effective, self-resilient, and flexible in the long-term. EbA 

refers to all management practices that aim to conserve, maintain, and restore biodiversity and 

ecological processes, to help increase the resilience of the agricultural sector to the impacts of 

climate change (Vignola et al., 2015; SCBD, 2009). Cover crops can be implemented within 

agroecosystems as an EbA as part of an integrated adaptation strategy in face of climate change 

(Vignola et al., 2015; Melece and Shena, 2020).  
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Cover crops have become increasingly integrated into organic viticulture and are an effective 

strategy for water management, soil conservation, ecosystem rehabilitation and climate change 

adaptation (Olmstead et al., 2001; Laughlin, 2014). Vineyard soil can be prone to erosion, organic 

matter and fertility loss, compaction, low water infiltration and a reservoir for disease causing 

pathogens (García-Ruiz, 2010; Penney, 2012). Cover crops address these problems by offering a 

large range of ecosystem services in a variety of soils and climatic conditions (Quader et al., 2001; 

Baumgartner et al., 2008; Ruiz-Colmenero et al., 2013). Cover crops also help control weeds 

(Thorup-Kristensen et al., 2003; Baumgartner et al., 2008; Winter et al., 2018), enhance soil 

fertility and support an optimal vine growth (Miglécz et al., 2015; Vukicevich et al., 2019).  

Rahman et al. (2009) showed that cover crops improved biodiversity and promoted  ecosystem 

services such as pest and weed management, nutrient cycling and improved water status within 

soils (Batáry et al, 2010; Christ and Burritt, 2013).      

Beyond the multiple ecosystem services that cover crops can offer within an agroecosystem, 

cover cropping can also contribute to climate change adaptation and mitigation  (Kaye and 

Quemada, 2017; Tribouillois et al., 2018).  IPCC (2007) has claimed that mitigation of climate 

change is based on reducing human activities’ footprint on climate. Thus, for agricultural systems, 

typical mitigation approaches include reducing direct greenhouse gases emission from soil to the 

atmosphere, in the meantime increase sinks for greenhouse gases into the soil (Tribouillois et al., 

2018). Cover cropping may also mitigate climate change through C and N sequestration, that 

otherwise if not stored within soil will emitted into the atmosphere as CO2 and N2O. Novara et al. 

(2018) have demonstrated that cover cropping in vineyards contributes to increase the level of 

carbon within soil leading to carbon sequestration. In addition, cover crops contribute to a 

reduction of GHG issued by fertilizers production industry. In fact, using cover crops help to 

promote fertility within soil, reducing the need of fertilizers and their manufacturing (Camargo et 

al., 2013).  

Cover crops can be used as a potential adaptation strategy for extreme weather conditions 

(Kaye and Quemada, 2017). During heavy rainfall, a saturated soil with a low hydraulic 

conductivity is more prone to surface runoffs resulting to an intense erosion (Garcia et al., 2018). 

Under this condition, nutrients, mainly N, tend to leach deep in soil profile (Borken and Matzner, 

2009). However, it is well documented that in presence of cover crops, soil aggregates are more 
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stable, water infiltration is improved, erosion is highly prevented, and nutrients are retained 

(Novara et al., 2018). This is due to the ability of cover crops to reduce runoffs speed, limit the 

kinetic energy of raindrops and extend residence time of water at soil surface (Dabney et al., 2001; 

Joyce et al., 2002; Wassenaar et al., 2005). Hartwig and Ammon (2002) state that cover crops can 

reduce water runoffs, and nutrients loss by up to 95% compared to a bare soil in vineyards. In 

addition, inter-row cover cropping increases soil resistance to compaction and enhances its bearing 

capacity (Garcia et al., 2018). Consequently, vineyards trafficability can be improved (Ferrero et 

al., 2005; Polge de Combret-Champart et al., 2013). Cover crops can be used as an adaptation 

strategy where high precipitation tends to occur over a short period of time (Thorup-Kristensen et 

al., 2003; Strock et al., 2004; Celette et al., 2008; Novara et al., 2018).  

Beside heavy rainfall events, extended dry periods are expected to increase in the region of 

Niagara (McDermid et al., 2015). Cover crops can be considered as a potential drought adaptation 

strategy as they can improve soil water storage capacity and rooting depth (Kaye and Quemada, 

2017). During dry periods where temperatures are high, cover crops are expected to limit soil 

evapotranspiration, hence, keep soil top layer moist (Hartwig and Ammon, 2002; Alonso-Ayuso 

et al., 2014). A study in Australian vineyards showed that, during extreme heat waves, cover crops 

reduce soil heat reflection, and protect grapes from desiccation (Webb et al., 2010). Cover crops 

are also known to reduce dust and improve air quality during heat waves, which helps decrease 

mites infestations (Kaye and Quemada, 2017). 

Another interesting ecosystem service that can be offered by cover crops is their role in pest 

management. They can be used as part of an integrated biological pest management strategy 

(Marshall et al., 2005, Fiedler et al., 2008). According to many researchers, integrating cover crops 

within vineyards can promote biodiversity and attract many natural enemies, by creating shelters 

and food sources (Silverman et al., 2005; Woltz et al., 2012; Muscas et al., 2017; Garcia et al., 

2018). They can also help in weed management through competition against weeds, thus 

controlling invasiveness (Baraibar et al., 2018; Mennan et al., 2020). 

Cover crops are generally implemented in agroecosystems as monocrops (Garcia et al., 2018). 

However, in recent years, farmers have been increasingly interested in planting mixtures of cover 

crops after showing promising results (Pou et al., 2011; Olmstead et al., 2001; Miglécz et al., 

2015). A diverse mixture constitutes a more resilient system, with higher biomass productivity, 
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weed suppression, and an enhanced stimulation to soil biota ( Baraibar et al., 2018; Wendling et 

al., 2019; Chapagain et al., 2020). Within a mixture, the advantage of each species can be 

maximized due to the principle of niche complementarity and facilitation improving resources use 

efficiency (Tilman, 2001; Mason et al., 2005). From an agronomic point of view, plant mixtures 

are more stable than monocrops and the idea is, if one species fails, another may be able to 

compensate for it within the mixture (Creissen et al., 2016; Wendling et al., 2019).    

Adapting agroecosystems can be only realized by implementing approaches that make the 

system resilient to climate change and even more, take advantage of these changes (IPCC, 2007).  

Brand and Jax (2007) claimed that adapting systems means increasing their capacity to absorb 

exogenous disturbance without qualitatively changing the principal interactions that characterize 

the system. Cover cropping is thus a strategy that grape growers can use to contribute to climate 

change adaptation and mitigation (Camargo et al., 2013 ; Schipanski et al., 2014 ; Kaye and 

Quemada, 2017; Tribouillois et al., 2018).  

  Species selected for this study  
 

1.2.1 Crimson clover (Trifolium incarnatum) 

Crimson clover is a self-reseeding annual plant from the legume family (Fabaceae). 

Typically grown as winter cover crop, it can also be used as a summer annual (Young-Mathews, 

2013). During spring, crimson clover has a fast growth rate and produces flowers attractive to 

insects (Young-Mathews, 2013). An ideal soil for crimson clover is well drained, fertile, and loamy 

soil, but it can also grow in a slightly sandy to clay soil with moderate acidity (pH 5.5 to 7.0) 

(Clark, 2012). It will not grow well in a poorly drained soil. Crimson clover has been used in 

vineyards as an inter-row cover crop where it offers several ecosystem services (Young-Mathews, 

2013). It is an effective weed suppresser as it forms a thick mulch. It is often used for erosion 

control, soil stabilization, organic matter enrichment and finally its good nitrogen fixation ability 
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(Clark, 2012). Crimson clover can fix up to 170 kg of N by hectare. It can be planted alone or in 

mixture of other plants (Clark, 2012).  

1.2.2 Berseem clover (Trifolium alexandrinum) 

Trifolium alexandrinum can be used as a winter or summer annual legume. It grows best 

in moist and hot conditions and prefers loam and silty soil (Clark, 2012). Berseem clover is tolerant 

of saturated soil, has high-water retention capacity, and can be used to reduce soil moisture (Dost 

et al., 2013). However, it is not drought tolerant (Dost et al., 2013). During extended periods of 

drought, yields can drop drastically, as it has a shallow root system (Lazaridou and Koutroubas, 

2004). Berseem clover improves orchard soils by building soil organic matter, preventing wind 

and water erosion, and fixing atmospheric nitrogen (297-400 kg /ha) (Dost et al., 2013). It can also 

help control weed via the thick mulch and can attract beneficial insects (Clark, 2012). 

1.2.3 Red clover (Trifolium pratense) 

Trifolium pratense is a short-lived perennial legume that persists for three years (Clark, 

2012). It is important as livestock fodder in moist, cool climates but can also be used as a cover 

crop (Clark, 2012). It is adapted to a wide range of soil types (Striker and Colmer, 2017). The 

planting period extends from late summer to early autumn. Red clover is poorly adapted to dry 

conditions but, it can survive short periods of flooding even though it is not considered  tolerant 

of saturated soils (Striker and Colmer, 2017(Sheaffer et al., 2018).). During its first year of growth, 

it can fix 90 kg of nitrogen per hectare but can go up over 100 kg in the second year (Clark, 2012). 

Red clover is considered a soil conditioner as its tap root system can break the topsoil improving 

aeration and water infiltration, while ameliorating soil compaction (Clark, 2012). When grown in 

optimal conditions, red clover can produce high biomass and help suppress weeds. In addition, it 

contributes to improving soil organic matter and during flowering it attracted insects (Clark, 2012).  
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1.2.4 Yellow sweet clover (Melilotus officinalis) 

Melilotus officinalis is a biennial winter hardy legume forage that can be also used as a 

cover crop (Brandsæter et al., 2008). It is commonly used in western Canada organic cropping 

systems as a green manure (Blackshaw et al., 2010). During the first year, yellow clover grows 

vegetatively, and in the second year, it grows aggressively and produces high biomass able of 

smothering weeds (Brandsæter et al., 2008; Sheaffer et al., 2018). M. officinalis is considered as 

the most drought tolerant legume cover crop and an excellent choice for cover cropping during the 

warmest months of the year. This is due to its deep taproot system (Clark, 2012). Yellow sweet 

clover helps rebuild soil as it fixes  230kg of nitrogen  per hectare, reduces soil compaction, 

enhances water infiltration, increases organic matter, scavenges nutrients, and attracts insects 

(Clark, 2012).   

1.2.5 Hairy vetch (Vicia villosa) 

Vicia villosa is a summer or winter annual legume. Hairy vetch is considered as a 

cosmopolitan species due to its high capacity to adapt to various conditions (Renzi et al., 2020). It 

gives optimal results in a well-drained, sandy soil, with an almost neutral pH, it can also tolerate 

excess nutrients (Sattell et al., 1998). As long as this legume establishes well in late summer - early 

fall, it can survive winter and produce a vigorous growth in the next spring (Clark, 2012). Hairy 

vetch can be considered a flood tolerant species, but is fairly to poorly drought tolerant, still the 

best drought tolerant among vetches (Clark, 2012). Due to its numerous ecosystem services, hairy 

vetch has been always a good choice as a cover crop (Renzi et al., 2020). In addition, the shallow 

interlaced root system allows to hold soil aggregates, reduce runoffs, increase capillarity, hence 

protect soil from erosion and improve its tilth (Frasier et al., 2017). Furthermore, V. villosa help 

provide weed control. Indeed, during spring the strong stand tends to smother weeds efficiently, 
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thus limiting herbicides applications (Renzi et al., 2020). One of many interesting features of hairy 

vetch is its role as a biodiversity component. This plant is a good source for nectar and pollen for 

honeybees and a favourable host for numerous beneficial organisms, contributing thereby to pest 

management and enhancing biodiversity (Clark, 2012). Hairy vetch is commonly used as cover 

crop in vineyards as part of mixture where it can perform well (Sattell et al., 1998; Renzi et al., 

2020). 

1.2.6 Alfalfa (Medicago sativa) 

Medicago sativa is a perennial legume (Denbela, 2015). It is also the most planted forage 

legumes in north central region (Sheaffer et al., 2018). Alfalfa thrives in well-drained soil with a 

neutral pH, and it can establish in most types of soil (Striker and Colmer, 2017; El-Ramady, 2020). 

Due to its deep penetrating root system, it withstands dry periods (Denbela, 2015). However, it 

cannot tolerate frequent soil flooding. In orchards, alfalfa was used as a green manure (Sheaffer et 

al., 2018). It can fix 230kg of nitrogen per hectare per year and builds soil organic matter (El-

Ramady et al, 2020). It can contribute to soil decompaction, improving water infiltration during 

heavy rainfalls (Sheaffer et al., 2018).   

1.2.7 Red fescue (Festuca rubra) 

Festuca rubra is a perennial low growing, fine leafed cool season grass native to the 

northern hemisphere. Red fescue grows well in a range of soil types and textures and can tolerate 

high salinity (St John, 2012). Red fescue is an excellent choice for erosion control and it is often 

used to stabilize waterways, slopes and erosion prone fields (St John, 2012). It is commonly used 

in orchards as a cover crop for its partial shading tolerance and low stature (St John, 2012). F. 

rubra can tolerate flooding and heavy traffic conditions, and it is well suited for poorly drained 

soil (Hodgson et al., 1978). Braun et al. (2020) found that red fescue was unable to survive severe 
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heat stress, although White et al. (1992) reported the opposite, red fescue can withstand drought 

stress. Due to its deep, extensive root system, red fescue can accumulate elements such as 

manganese, zinc, and copper, and can filter groundwater (Padmavathiamma and Li, 2009).  

1.2.8 Pearl Millet (Pennisetum glaucum) 

Pennisetum glaucum is an annual summer crop from the southern Sahara region of Africa. 

It is a drought tolerant grass (Iijima et al., 2016). However, growth may be limited by prolonged 

flooding conditions (Zegada-Lizarazu and Iijima, 2005). Optimal growth occurs at 21 to 35°C. It 

can perform well on marginal sandy-loam acidic soil (Sheahan, 2014). In addition, pearl millet can 

thrive well in low fertile soils without or with little inputs (Kumar 1989). Farmers’ interest in using 

pearl millet as a cover crop is due to its ability to suppress soil-borne diseases such as nematodes 

and its contribution to improve soil organic matter (Sheahan, 2014). It is also well suited to aerate 

soil and improve water infiltration by breaking up compactness due to its fast-growing and fibrous 

root system (Sheahan, 2014). Its deep system helps scavenge residual nitrogen, which can become 

available for the vines. Decomposed pearl millet litter can retain up to 80% of potassium, thus also 

contributing to soil fertilization. Since this grass can produce up to 15 tons per hectare, it represents 

a good weed competitor for nutrients and light, especially as a mulch (Sheahan, 2014). However, 

pearl millet can be sensitive to weeds competition during the beginning of its establishment. A 

weeding plan must be applied prior to seeding. Pearl millet can work in a mixture with other 

legume plants increasing the benefit to the system (Zegada-Lizarazu and Iijima, 2005).  

1.2.9 Pubescent wheatgrass (Thinopyrum intermedium spp. barbulatum) 

Thinopyrum intermedium spp. barbulatum is a long lived cool season perennial grass 

originating from Russia (Wills et al., 1998). Pubescent wheatgrass grows best on loamy to sandy 

soil (Hybner, 2012). Its tolerance of high soil moisture makes it a good choice for finer textured 
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soils. Pubescent wheatgrass is winter hardy and tolerates drought, water logging, salinity, 

alkalinity and low fertility (Ogle et al., 2011). Pubescent wheatgrass can remain green during 

summer months, even during droughts, which make it an ideal choice as a cover crop during hot 

periods. Its developed root system is well adapted to disturbed soils, and can stabilize aggregates 

and improve soil water infiltration, and hence reduce erosion (Wills et al., 1998). Pubescent 

wheatgrass tends is competitive with weeds and native plants for water and nutrient resources, 

making it one of the cover crops often used for weed control in vineyards (Olmstead et al., 2001). 

When mixed with legumes, this grass can produce high biomass, and therefore it is a good choice 

for cover crop mixtures ( Ogle et al., 201). 

1.2.10 Perennial ryegrass (Lolium perenne) 

Lolium perenne as indicated by its name, it is a perennial turfgrass adapted to temperate 

climate where winters are snowy and cold. Optimal temperatures for perennial ryegrass are 20-

25°C. Perennial ryegrass established faster in fertile wet soils where it competed with weeds by 

forming a thick dense cover (Hulke et al., 2008). Its fibrous root system helps improve soil 

structure, holds aggregates, and prevents erosion (Ghariani et al., 2004). It also tolerates heavy 

field traffic once established (Hulke et al., 2008). L. perenne is one of the most commonly used 

grass as a cover crop in Ontario due to its adaptability to the province’s climate (OMAFRA, 2020). 

It can tolerate a fair amount of moisture; however, it is not drought tolerant (Stier et Fei, 2007). 

1.2.11 Buckwheat (Fagopyrum esculentum) 

Buckwheat is a fast-developing summer annual Polygonaceae plant (Clark, 2012). When 

compared to other cereal grains, buckwheat grows better on soils with poor organic matter and 

fertility (Clark, 2012). However, extremely dry or wet and compacted soil will limit its 

establishment (Clark, 2012). Buckwheat prefers cool and moist conditions, but it will not withstand 
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frost (Clark, 2012). As a cover crop buckwheat is used to out suppress weeds by its fast growth 

and allelopathic action Second, it is a host for many arthropods that contribute to pest control 

(Clark, 2012; Björkman and Shail, 2013). Fast growth, resistance to diseases, weeding capacity 

and its low cost make buckwheat an ideal choice as a cover crop in orchards when properly 

managed (Björkman and Shail, 2013). 

1.2.12 White clover (Trifolium repens) 

White clover is considered as a perennial or winter annual legume plant (short lived 

perennial) (Brandsæter et al., 2002). It is adapted to a large range of climatic conditions, from the 

Mediterranean subtropicals to the arctic and temperate regions of North America and Europe 

(Vaseva et al., 2013). This species thrives better under cool moist heavy soils, can tolerate shading 

and heavy field traffic. It can also establish under poor condition better than other clovers (Clark, 

2012). When established well, White clover produce a thick biomass cover that protects soil from 

erosion and supress weeds (Clark, 2012). As a cover crop, White clover is one of the best 

performing clovers when used in grass mixtures (Vaseva et al., 2013).  

1.2.13 Green lentil (Lens culinaris spp.) 

Lentils are cool season annual legumes widely cultivated (Pavek et al., 2016). They are 

drought tolerant crops, grown often in semi-arid regions. In cool and temperate climates, green 

lentils are commonly planted in spring where they can tolerate frost (Pavek et al., 2016). They can 

be grown in various types of soils if they are well drained, that’s why a deep sandy loam soil is 

perfect to plant lentils. They can also be used as a cover crop or green manure due to their nitrogen 

fixation, fast decomposition into soil and their heat tolerance (Allen et al., 2011). However, they 

are a poor competitor to weeds, and therefore green lentils must be established on a weed free field 

(Pavek et al., 2016). 



 

14 
 

My research thesis aimed to determine which cover crop species can be suitable for Niagara 

region’s microclimate. The first objective was to evaluate the performance of nine cover crops 

exposed to either drought or water saturation under controlled greenhouse conditions. All species 

were chosen basically for their adaptability either to drought or to saturation or both. The second 

objective was to screen in two operational vineyard 13 cover crop species planted in the alleys 

(between rows) to determine their potential to grow and withstand various challenges (e.g., 

Weather, weeds, management…). The species in this part of our experiments were chosen because 

they were tried before, or we suspect that they can establish well. Among the tested species, some 

were already used in Ontario and Niagara region such as pearl millet, crimson clover, perennial 

ryegrass, hairy vetch, alfalfa, red clover, white clover, and yellow sweet clover, our experiments 

aimed to prove their adaptation to the local climate. However, green lentil, buckwheat, pubescent 

wheatgrass, berseem clover and red clover they are not proved yet to be well adapted. 
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Chapter 2. Response of cover crops to watering regimes in a 

controlled environment 

  Abstract 

Climate change has led to changes in occurrences of extreme climatic events such as extended dry 

periods and heavy rainfall, often in the same area. These acute changes are threatening 

agroecosystems including vineyards. Cover crops have become increasingly integrated into 

organic vineyards and can be an effective strategy for water management, soil conservation, 

ecosystem rehabilitation, and climate change adaptation. Selecting which cover crops species can 

establish well under extreme events requires to be investigated. In a greenhouse experiment, we 

investigated the effect of drought and saturation on nine cover crop species. Six legumes and three 

grasses were subjected to the following three treatments: (1) saturation at 100% field capacity 

every day, (2) control at 60-70% field capacity every other day, and (3) drought at 15-20% field 

capacity once a week for 53 growing days since plant emergence. Results indicated that dry 

biomass of all species significantly decreased under drought conditions. However, pubescent 

wheatgrass (Thinopyrum intermedium) and red fescue (Festuca rubra) survived without serious 

stress symptoms. Under saturation, except alfalfa (Medicago sativa), species gave good 

performance, with slight yellowing for crimson clover (Trifolium incarnatum) and hairy vetch 

(Vicia villosa). Pearl millet (Pennisetum glaucum) and yellow sweet clover (Melilotus officinalis) 

were the best performing species in both extreme conditions without being significantly affected 

or showing acute symptoms. To use cover cropping as an adaptation strategy in the face of climate 

change, it is essential to choose plants that can withstand climatic variability and thrive under 

extreme conditions. This study gave us a clear idea on how tolerant the tested species to these 

natural hazardous which will help farmers to base their choice based on our results and the weather 

within Niagara region. 

Key words: Climate change, extreme condition, cover crops, legumes, grasses 
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  Introduction 
 
 

The ongoing global climate change has resulted in increasing temperatures and changes in 

rainfall patterns (IPCC, 2014). However, climate change is not only reflected by a gradual change 

of temperature and precipitation. Extreme weather events, such as extended dry periods, heat 

waves, and heavy rainfall are more likely to occur (IPCC 2007, 2014). In Canada, impacts of 

climate change and extreme weather hazards (flooding, heat waves, hail…) have occurred in most 

agricultural regions, and may increase in intensity and/or frequency (Gelfand et al., 2018). Several 

Canadian farming communities are already suffering the impacts of these severe natural hazardous. 

Impacts such as yield losses, higher usage of water, an increase of production costs due to higher 

diseases incidence… (Daugherty et al., 2009; Wheaton et al., 2013; Shaw, 2017). 

Niagara’s climate is also affected by climate change, which may pose a threat on grape 

growing sector (Penney, 2012). Natural hazards and extreme weather events are more likely to 

occur. Average annual temperature is estimated to increase in the upcoming years and the region 

is also expecting more frequent heat waves for longer days (Penney, 2012; McDermid et al. 2015; 

Climate change discussion paper, 2019). In addition, frequent occurrence of heavy rainfall events, 

altered precipitations patterns and greater weather unpredictability (Penney, 2012; Gelfand et al., 

2018; Wuebbles et al., 2019). These perturbation in climate are making agricultural practices 

overall and growing vines more challenging.  

In organic grape production, developing sustainable farming strategies to support 

ecosystem services and adapt to climate change is essential (Miglécz et al., 2015; Burke and 

Emerick, 2016). In last decades, several adaptation strategies have emerged, and Ecosystem-Based 

Adaptation (EbA) approach is among them (Munang et al., 2013; Vignola et al., 2015). EbA refers 

to all practices that have for objective increasing biodiversity, enhance ecosystem services within 

an agroecosystem and improve their resilience toward climate change (Vignola et al., 2015; SCBD, 

2009). Cover cropping is considered a viable EbA approach because it promotes biodiversity, soil 

fertility, and weed and pest control  (Miglécz et al., 2015; Reeve et al., 2016;  Mendonça et al., 

2017; Winter et al., 2018; Vukicevich et al., 2019). Cover cropping is also effective for soil 

conservation, water management and climate change adaptation (Temmerman et al., 2013; Nel et 

al., 2014; Tribouillois et al., 2018). However, to get the maximum profit and optimal performance 

from cover crop species, they must successfully establish and withstand climatic hazards and 
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weather unpredictability (Hatfield and Prueger, 2015). Under the ongoing climate change, plants, 

grapes, and cover crops, are more likely to experience intense fluctuations in environmental 

conditions which will highly affect their survival and performance (De Orduña, 2010; Niu et al., 

2014; Provost and Pedeault, 2016). Plant’s ability to overcome water stress varies among species 

(Hatfield and Prueger, 2015). The selection of cover crop species should consider their ability to 

withstand high climatic variability and survive extremes without being highly affected. When 

heavy rainfalls occur, a good cover crop will maintain its growth but also provide mitigation effect 

such as stabilising soil aggregates from breakdown, improve water infiltration through maintaining 

a favourable soil structure and porosity, hence enhancing reserve refilling during floods (Garcia et 

al., 2018). Cover crops can also prevent erosion and nutrients loss via runoffs and leaching, in 

addition to increasing soil resistance to compaction and improve its bearing capacity. Depending 

on the cover crop species and the architecture of their rooting systems, cover crops can restore 

compacted soils (Blanco-Canqui et al., 2015). In the other hand, under extended drought, adapted 

cover crops that can withstand heatwaves and water limiting condition are the preferable ones. By 

covering soil, cover crops decrease soil evaporation via their canopy (Garcia et al., 2018). 

Moreover, cover crops may reduce mitigate soil heat reflection, thus, reducing possible damage to 

grapes during ripening (Webb et al., 2010). It has been also reported that cover crop species that 

improve soil water infiltration, are potential drought adaptation approach (Kaye and Quemada, 

2017). 

To assess the response of selected cover crop species to soil moisture levels, we conducted 

this experiment. Our aim was to evaluate, under greenhouse conditions, the performance of nine 

cover crops species subjected to two contrasting severe watering conditions to determine which 

plants could better perform under these extreme conditions. To achieve this goal, we focused on 

how growth parameters of the 9 chosen cover species get affected by watering condition. Our 

ultimate goal is to select cover crops that can respond well to both wet and dry soil for Niagara 

vineyards. The selected species are the following: Six legumes – Trifolium incarnatum, Trifolium 

alexandrinum, Melilotus officinalis, Trifolium pratense, Medicago sativa, Vicia villosa – and three 

grass species – Pennisetum glaucum, Thinopyrum intermedium, and Festuca rubra. 
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  Materials and methods  
 

 Species selection 

 

Nine cover crop species were selected based on their drought or water saturation tolerance, 

their adaptability to Niagara local climate, but also their capacity to produce high biomass, along 

with other criteria such as weeding capacity, improving soil profile and nitrogen fixation in case 

of legumes. Some of our chosen species are also selected because they were used in Niagara 

region and had promising results (pearl millet, crimson clover, perennial ryegrass, hairy vetch, 

alfalfa, red clover, white clover, and yellow sweet clover). Six species were legumes. Crimson 

clover (Trifolium incarnatum) can thrive in poorly drained soil, has been successfully used in 

vineyards as an inter-row cover crop, and can produce a high biomass cover (Young-Mathews, 

2013). Berseem clover (Trifolium alexandrinum) can thrive well in saturated hot conditions where 

it can produce a decent amount of biomass and nitrogen (Dost et al., 2013; Legend et al., 2018). 

Yellow sweet clover (Melilotus officinalis) is known for its aggressive biomass production that 

can overgrow weeds (Brandsæter et al., 2008; Ehlke et al., 2018). It is also considered as the most 

drought tolerant legumes cover crop and one of the best choices for warm climates (Clark, 2012). 

Red clover (Trifolium pratense) can support short periods of saturated soil and produce high 

biomass cover helps in weeds management if well established (Clark, 2012; Striker and Colmer, 

2017). Alfalfa (Medicago sativa) can tolerate frequent drought periods. In orchards, it can be used 

as an excellent green manure when buried into soil (Sheaffer et al., 2018). Hairy vetch (Vicia 

villosa) can be considered as a water saturation tolerant legume. Once established, it produces a 

thick biomass cover that prevents runoffs, thus controlling erosion (Clark, 2012).  

Three grass species were also selected for this experiment. Pearl millet (Pennisetum 

glaucum) was chosen for its drought tolerance and high biomass production. It is a good weed 

suppressor when established (Sheahan, 2014; Ijima et al., 2016). Pubescent wheatgrass 

(Thinopyrum intermedium) is a good choice for heavy and not well drained soils as it can 

withstand water saturation, while also tolerating droughts (Ogle et al., 2011). Pubescent 

wheatgrass can remain green during summer hot weather and is highly competitive to weeds 

(Wills et al., 1998). Finally, red fescue (Festuca rubra) is effective for erosion control, it tolerates 

shading in orchards, and can withstand high field traffic and saturated soils ( Hodgson et al., 1978; 
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St John, 2012). Red fescue can also tolerate heat stress (Braun et al., 2020). In total, we are testing 

six legumes’ species and three grasses.  

  Experimental design 

 

The experiment was conducted in the Cairns building greenhouse at Brock University (43° 

07' 8.40" N, -79° 14' 56.40" W). Three watering treatments were tested: 1) saturation (Sat)  where 

water was applied to the pots every day at 100% field capacity (FC) (2.2L); 2) Control (Con) 

treatment where plants were watered every other day to 60-70% FC (1.3L), but they were also 

checked on a regular basis and watered at the first sign of soil surface dryness, and; 3) Drought 

(Dry) treatment, where plants received 15% - 20% FC (0.3L) once a week in order to simulate dry 

conditions (Samarah, 2005; Jaiphong et al., 2016). Tap water used for watering, spend an overnight 

(20 hours) in a big plastic container to be at room temperature (greenhouse’s temperature). Nine 

replicates were used per species and treatment for a total number of 243 pots.  

Prior to sowing, pot field capacity (FC) was determined by saturating the soil until water 

excess starts to drain from the bottom holes of the pot. Then, pots were covered with a plastic 

tarpaulin to avoid evaporation and left to drain for two days. Soil moisture at field capacity was 

calculated as the difference between the soil weight after drainage and soil weight after oven dried 

for 105°C for 24 h (Samarah, 2005). Pots used for this experiment were 8.52 L plastic pots (25 cm 

x 20 cm). Plants were grown in a medium mixture composed of  soil collected from Niagara Region 

organic vineyards (supplied by “Rice Road Greenhouse”) amended with SunGro Sunshine® Mix 

1 under a ratio of 4: 1 (V/V). The SunGro Sunshine® Mix 1 was used to avoid clumping as Niagara 

soils have high clay content. The mixed soil was generally clay to loamy with high content of 

organic matter. During the substrate mixing, impurities (e.g., roots, pebbles, twigs) were removed. 

To prevent pests and disease emergence, soil was autoclaved at 121°C for 20 minutes. In addition, 

all pots were sprayed with 1% VIRKON sterilizer before filling them with autoclaved soil to kill 

every existent germ and to lessen diseases manifestations. There were nine replicates of each cover 

crop and watering regime combination, with pots arranged in a complete randomized design within 

the greenhouse.  
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The greenhouse contained 6 benches, each one’s capacity is 27 pots (organized by 3 x 9 

pots), with 30 cm between two pots. Due to space limitation, the experiment was completed in two 

experimental cohorts.  The first experimental cohort started on the 6th of February 2020 early and 

was harvested 30th of March 2020, only 3 replicates were used in this first cohort. The second 

cohort started December 3rd, 2020 and harvested the 25th of January 2021, it contained 6 

replications. The long-time lapse between the two cohorts is due to university closure during 

COVID-19 pandemic. Pots were rotated within greenhouse once a week to minimize effect of 

varying temperature and light and to avoid border effects. The greenhouse was at 24°C/20°C, 

day/night with a photoperiod of 14hours suing with 5000-10000 lux light intensity and 65% 

relative humidity. 

Each pot was fully filled with the autoclaved soil and slightly tapped to ensure 

homogeneous soil bulk density. It was then watered to its FC and spent an overnight in the 

greenhouse to ensure water draining. Plant seeds were over-sown in the pre-moistened soil.  

Number of seeds per pot was determined according to their density rate when used in the field 

(Table 2.1). After plant emergence, all pots were checked, and extra plants were eliminated to get 

the required commercial density.  Nutrients were supplied with 20-20-20 commercial all purpose 

fertilizer (Plant Pro Ultimate® water soluble powder) added a week after emergence, and then 

every two weeks according to the supplier recommendations (0.33g/0.2L water/ pot). 

Supplementing plants with nutrients was necessary to ensure that growth of stressed plants was 

affected only by water status (Chahal et al., 2018). Pots were inspected daily for any sign of stress 

(e.g., chlorosis, wilting, senescence). 

Plants were harvested after 53 growing days. All individuals were partitioned into roots 

and shoots and soil was washed from the roots by dumping roots into a bucket full of water until 

all dirt is washed away.  Afterword, roots were dried with paper towels. Number of plants per each 

pot were recorded to be able to calculate the average weight in each pot. Fresh roots and shoots in 

each pot were immediately weighed to get fresh weight and then put in a paper bags to be oven 

dried at 60°C until constant weight (up to 48 hours)  (Rauf and Sadaqat, 2007).  
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 Measurements  

At the end of growing period all plants were harvested, and the following parameters were 

measured:  

Mean shoot dry mass: All shoots collected from an individual pot were oven dried, weighted in 

grams and then divided by the number of plants in that specific pot. Mean shoot dry mass refers to 

mean individual shoot dry mass. 

 

Mean root dry mass: Same method used for shoot mass measurement was also used with roots. 

Mean root dry mass refers to mean individual root dry mass in gram. 

 

Mean total dry mass: Data from mean shoot dry mass and mean root dry mass  were summed up 

to get the individual mean total dry mass. 

 

Root to shoot ratio: Obtained by dividing mean root dry mass  by mean shoot dry mass . It refers 

to mean individual root to shoot ratio. 

Root percentage: To determine root percentage, mean root dry mass  was divided by mean total 

dry mass and multiplied by 100. Hence, it refers to the mean individual roots proportion. 

Shoot water content: Determined by using the following formula:  

𝑀𝑒𝑎𝑛 𝑡𝑜𝑡𝑎𝑙 𝑓𝑟𝑒𝑠ℎ 𝑚𝑎𝑠𝑠 − 𝑀𝑒𝑎𝑛 𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠

𝑀𝑒𝑎𝑛 𝑡𝑜𝑡𝑎𝑙 𝑓𝑟𝑒𝑠ℎ 𝑚𝑎𝑠𝑠
∗ 100 

Where mean total fresh mass is the mean individual total fresh mass, which is the sum of 

mean individual mass of roots and shoots right after harvest, displayed in gram. 
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Table 2.1. List of cover crops species used, their field sowing rates, and seeds providers 

Species 
Scientific 

name 

Variety Field sowing rate 

(kg/ha) 

Plant/ 

pot 

Provider 

Pearl millet 
Pennisetum 

glaucum 

Common No.1 25 7 Courtney Grain 

and Seed Ltd 

Crimson 

clover 

Trifolium 

incarnatum 
Common No.1 25 8 

Courtney Grain 

and Seed Ltd 

Berseem 

clover 

Trifolium 

alexandrinum 
Common No.1 20 7 

Courtney Grain 

and Seed Ltd 

Yellow sweet 

clover 

Melilotus 

officinalis 
Common No.1 10-20 6 

Courtney Grain 

and Seed Ltd 

Red clover 
Trifolium 

pratense 
Common No.1 25-30 8 

Courtney Grain 

and Seed Ltd 

Hairy vetch Vicia villosa Common No.1 25 7 
Courtney Grain 

and Seed Ltd 

Alfalfa 
Medicago 

sativa 
Performer 15 7 

Courtney Grain 

and Seed Ltd 

Red fescue Festuca rubra Common No.1 6 8 
Mums Sprouting 

Seeds 

Pubescent 

wheatgrass 

Thinopyrum 

intermedium 
Common No.1 40-60 8 

Golden acre 

seeds 

 

2.3.4 Data analyses 

 

Data sets of the two experimental runs were first compared using an analysis of variance 

(general linear model) where experimental run was a random variable to determine whether there 

was any difference between them, i.e., an effect of experimental run. As no significant differences 

were found, the data were combined. Before running any analysis, data were also tested for 

homogeneity of error variance and normality using Levene’s test and Shapiro-Wilk goodness of 
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fit test, respectively. Normality and homogeneity of variance assumptions were met and, no data 

transformation was needed. A series of one-way ANOVA was used to compare the three 

treatments for the various parameters that were measured, for each species individually. Where the 

F-value in the ANOVA was statistically significant (P < 0.01), means were compared using 

Fisher’s Least Significant Difference (LSD). All statistical data analyses were performed using 

IBM SPSS Statistics version 25.0.  

 

2.4 Results  
 

 Drought caused a significant decrease of mean total dry mass for all species when 

compared to the control (Figure S3 and Table 2.2). However, pearl millet and yellow clover were 

the only species that had a non-significant drop of mean total dry mass (P= 0.054, P = 0.033, 

respectively) (Figure S3 and Table 2.2). Under saturated soil conditions, alfalfa had significantly 

less mean total dry mass than in control (Figure S3, Table 2.2). The mean total dry mass of berseem 

clover, crimson clover and hairy vetch were significantly (P< 0.01) higher than the control while 

red clover, pearl millet, wheatgrass and yellow clover did not differ from the control (Figure S3 

and Table 2.2). Pearl millet had the highest mean total dry mass while alfalfa had the lowest value. 

Pearl millet and yellow clover were the only species that did not significantly have a 

difference in mean shoot dry mass when exposed to extreme drought, with P-values of 0.78 and 

0.26, respectively (Table 2.2 and Figure S4). Pearl millet was the plant with highest biomass 

production while red clover had the lowest biomass production.  However, under saturation alfalfa 

had the lowest mean shoot dry mass (Table 2.2 and Figure S4). Berseem clover and hairy vetch 

were the only two species with a significantly higher mean shoot dry mass compared to the control 

(Figure S4 and Table 2.2).  The mean shoot dry mass of the other species didn’t significantly differ 

when compared to the control (Table 2.2).  

Results from mean root dry mass under dry treatment revealed that pearl millet, yellow 

clover and wheatgrass were the only three species to show a non-significant drop of mean root dry 

mass when compared to control with a P-value of 0.26, 0.127 and 0.194, respectively (Figure S5 

and table 2.2). In the other hand, when subjected to saturation, alfalfa, red clover, red fescue, pearl 

millet and yellow clover did not significantly differ from the control (Table 2.2). Berseem clover, 
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crimson clover, hairy vetch, and wheatgrass had significantly higher mean root dry mass values 

than the control (Figure S5 and Table 2.2). 

Under dry conditions, results from root to shoot ratio showed crimson clover, red clover, 

wheatgrass, and yellow clover, significantly increased their root to shoot ratio (Figure S6 and Table 

2.2). However, hairy vetch was the only species that had a significant decrease of root to shoot 

ratio (P <0.01) (Table 2.2 and Figure S6). Wheatgrass and red clover had the highest values of root 

to shoot, 0.63 and 0.61, respectively. Whereas hairy vetch had the lowest value of root to shoot 

ratio with 0.19 (Table 2.2). The root to shoot ratio under saturated soil showed that only crimson 

clover and wheatgrass displayed greater values than the control (Table 2.2 and Figure S6). 

Wheatgrass had the highest value of root to shoot ratio (0.562, Table 2.2) among all species. All 

other species did not significantly differ from the control (Table 2.2). 

Crimson clover, red clover, wheatgrass, and yellow clover increased their root percentage 

significantly compared to control when subjected to drought (Figure S7 and Table 2.2). 

Wheatgrass had the highest value of root percentage with 38.4%. However, hairy vetch was the 

only plant that significantly decreased its root percentage (P < 0.01), i.e., from 25% in control to 

16% in drought (Figure S7) and had the lowest value among all species. Alfalfa, red clover, and 

red fescue increased their shoot water content significantly compared to control (Table 2.2 and 

Figure S8). Results of root percentage under saturation showed that most species did not 

significantly differ from the control except for wheatgrass crimson clover. Wheatgrass displayed 

the highest root percentage of 36%, significantly higher than control (23%) (Figure S7). Crimson 

clover had also a significant increase of root percentage from 22% in control to 30% in saturation 

(Figure S7). Shoot water content also showed no significant differences for most species except 

alfalfa with significantly greater shoot water content (90%) than the control (83 %) and berseem 

clover which had significantly lower value under saturated (86%) than in the control (91%) (Figure 

S8).  
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Table 2.2. Mean root dry mass (MRDM), mean shoot dry mass (MSDM), mean total dry mass 

(MTDM), root to shoot ratio (R:S) and shoot water content (SWC) of experimented plants under 

saturation, control, and dry conditions.  

Species Treatment MRDM MSDM MTDM R:S SWC 

PM 

Saturation 
0.443± 0.6a 1.849± 0.23a 2.292± 0.28a 0.246± 0.02a 82.3± 

0.73a 

Control 0.384± 

0.44ab 

1.392± 

0.17ab 

1.221± 0.21ab 0.283± 0.02a 87± 0.9a 

Dry 0.228± 0.34b 0.91± 0.14b 1.137± 0.17b 0.26± 0.02a 85± 

0.82a 

WH 

Saturation 0.782± 0.13a 1.849± 0.25a 2.214± 0.37a 0.562± 0.04a 81.5± 

0.99a 

Control 0.379± 0.5b 1.392± 0.15a 1.656± 0.19a 0.304±0.023b 79± 

2.05a 

Dry 0.227± 0.15b 0.365± 0.03b 0.592± 0.04b 0.629± 0.04a 83.4± 

0.8a 

RF 

Saturation 0.231± 0.02a 0.639± 0.05a 0.87± 0.06a 0.367± 0.02a 83± 1.2b 

Control 0.195±0.01a 0.746± 0.04a 0.941± 0.04a 0.273±0.03ab 82.5± 

1.15b 

Dry 0.054± 0.01b 0.242± 0.02b 0.296± 0.03b 0.212± 0.02b 88± 0.5a 

HV 

Saturation 0.439± 0.02a 1.574± 0.08a 2.013± 0.1a 0.281±0.01ab 82.3± 

1.16a 

Control 0.312± 0.04b 0.909± 

0.035b 

1.221± 0.06b 0.341± 0.04a 81± 2.4a 

Dry 0.0062± 

0.003c 

0.324± 0.01c 0.387± 0.01c 0.194±0.014b 83.2± 

0.5a 

BC 

Saturation 0.146± 0.01a 0.782± 0.06a 0.928± 0.07a 0.188± 0.01b 87.6± 

0.87b 

Con 0.078± 0.01b 0.317± 0.03b 0.395± 0.4b 0.242±0.02ab 91± 

0.42a 

Dry 0.027± 

0.002c 

0.105± 

0.006c 

0.131± 0.01c 0.256± 0.02a 92.4± 

0.68a 

CC 

Saturation 0.285± 0.02a 0.659± 0.03a 0.944± 0.05a 0.43± 0.02a 86± 0.8a 

Control 0.167± 0.02b 0.586± 0.05a 0.753± 0.065b 0.282± 0.02b 87± 0.8a 

Dry 0.07± 0.005c 0.174± 

0.013c 

0.243± 0.02c 0.406±0.03a 88.7± 

0.65a 

RC 

Saturation 0.131± 

0.014a 

0.331± 0.1a 0.462± 0.06a 0.443± 0.06b 86.7± 

1.6ab 

Control 0.102± 0.01a 0.329± 0.02a 0.432± 0.03a 0.315± 0.02b 85.14± 

0.7b 

Dry 0.032± 

0.004b 

0.052± 0.01b 0.084± 0.01b 0.611± 0.03a 90± 0.8a 

YC 

Saturation 0.158± 0.03a 0.593± 0.12a 0.75± 0.15a 0.277± 0.02b 85.4± 

1.13a 

Control 0.149± 0.02a 0.466± 

0.044ab 

0.615± 0.06ab 0.324± 0.04b 85.5± 

1.01a 

Dry 0.098± 

0.014a 

0.206± 

0.023b 

0.304± 0.034b 0.475± 0.04a 85.1± 

1.71a 

AF 
Saturation 0.110± 

0.014a 

0.266± 

0.021b 

0.377± 0.032b 0.412± 0.4a 90± 0.6a 
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Control 0.139± 0.01a 0.404± 0.02a 0.543± 0.021a 0.347± 0.03a 83± 0.9b 

Dry 0.047± 

0.004b 

0.104± 0.01c 0.152± 0.01c 0.459± 0.03a 91± 0.6a 

Mean± SE followed by different letters (a, b, and c) indicates significant differences between the three 

water conditions for the same species at the 1% probability level (n = 9). Results for every species is 

dependent from the others. 

 

2.5 Discussion  
 

Overall, dry treatments resulted in lower plant total dry mass and different balance between 

roots and shoots than the plant exposed to control treatment for all species. Pearl millet and yellow 

sweet clover were the two only species that withstood drought and did not have a biomass 

reduction. Whereas under saturated conditions, berseem clover, crimson clover and hairy vetch 

were the only species to have significant higher biomass than control. 

Among the three graminoid species tested in this experiment, pearl millet was the most 

tolerant to extreme soil moisture conditions.  Pearl millet is a C4 plant (Choudhary et al., 2020) 

and can better maintain development and growth under water stress than C3 species. C4 plants 

tend to maintain high photosynthetic capacity under various conditions, using osmotic adjustment 

to increase leaf water content and solute concentration (Chahal et al., 2018). This may explain why 

leaf hydration levels did not significantly vary when compared to the control. Leaves of C4 plants 

have a better water use efficiency and a higher capacity to fix atmospheric CO2 than C3 plants 

(Monson, 1999). Pearl millet can also adjust its leaf area to reduce its biomass under dry conditions 

to restrict water loss (Choudhary et al., 2020). Despite having decent biomass production in both 

extreme conditions in our experiment, pearl millet was among the three species with the lowest 

root to shoot ratio values.   

Pubescent wheatgrass was the second most resilient graminoid species. The success of this 

species to withstand extreme conditions is due to its high root to shoot ratio. Under dry conditions, 

pubescent wheatgrass often reassign nutrients from shoots to roots growth, thereby increasing root 

extension into deeper soil layers (Rich and Watt 2013, Shahzad et al., 2016). root to shoot ratio of 

grass plants tend to increase during water limited stress and can develop more roots in lower depths 

in the detriment of shoots growth to search for water (Skinner and Comas, 2010). With the second 

highest biomass production in dry condition, our experiments showed that pubescent wheatgrass 
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could withstand droughts, at least under controlled conditions (Hybner, 2012). Under saturated 

soil, pubescent wheatgrass performed well without any signs of stress. According to Shahzad et 

al. (2016), in a saturated rhizosphere, certain plants tend to develop more adventitious roots to get 

maximum air trapped in soil pores which explains wheatgrass’s good performance in saturated 

soil.  Pubescent wheatgrass  had a stable shoot water content, which according to Saura-Mas and 

Lloret (2007) is a water stress tolerance trait. 

When exposed to dry conditions, red fescue survived and did not show any stress symptoms 

which is in agreement with Aronson et al. (1987). White et al. (1992) show that fescues survival 

under drought stress is associated with turgor maintenance and osmotic adjustment. Many grass 

species tolerate drought by limiting transpiration via stomatal closure and reducing leaf area 

(Shahzad et al., 2016; Fariaszewska et al., 2017). Suspension of vegetative growth at the onset of 

drought stress can lead to a greater survival rate under stress condition (Loucks et al., 2018). Red 

fescue biomass production was not significantly affected by saturation, as also reported by 

Hodgson et al. (1978). Withstanding such conditions can be due to the formation of aerenchyma 

(lacunae gas space) in the cortex, which is a morphological adaptive response of plants to anaerobic 

rhizosphere (Evans, 2003). 

 

Under dry condition, hairy vetch’s biomass production has dropped. This may be due to its 

poor and shallow root system (Nadeem el al., 2019). Despite being affected by dry condition, hairy 

vetch was the only plant to flower. Flowering is an important adaptive mechanism used by legume 

species to avoid upcoming dry events (Araus et al., 2002; Nadeem et al., 2019). Clark (2012) also 

report that hairy vetch is poorly tolerant to drought. However, it withstood well saturated 

conditions. These results may be attributed to the important development of roots system. Some 

adaptive plants may develop extra adventitious roots to absorb the maximum of O2 trapped 

between soil pores (Shahzad et al., 2016). Akhtar and Nazir (2013) reported that in these 

circumstances (Saturation) plants tend to produce ethylene and auxin that stimulate development 

of roots which make plants resistant to excess water stress. When treated with water excess, hairy 

vetch showed a slight sign of yellowing, this can be attributed to the lack of oxygen in the 

rhizosphere and chlorophyll reduction (Ashraf, 2012). 

 

When subjected to extreme drought, berseem clover was among the plants that showed 

severe symptoms of stress (wilting, yellowing and leave senescence) and yield reduction when 



 

28 
 

subjected to severe drought.  According to Belal et al. (1998), this is due to a reduction in leaf area, 

number of branches, and crown diameter under dry condition. Reduced yield of berseem clover 

when subjected to drought has also been reported by Iannucci et al. (2001) and El-Bably (2002). 

The non-significant change in root to shoot ratio suggests that berseem clover may not respond 

rapidly to drought stress, hence its poor performance. The present study confirmed the results of 

Belal et al. (1998) that berseem clover thrives well in saturated soils. Its performance under 

saturation may be due to its high root porosity and the formation of aerenchyma in the root cortex 

(Striker and Colmer, 2017).  

Crimson clover under dry conditions, had a clear drop of mean total dry mass associated to 

pronounced stress symptoms (yellowing and senescence). The sharp decrease of mean total dry 

mass can be attributed to the disturbance of photosynthetic activity and nutrients assimilations 

(Chahal et al., 2018). Sattel et al. (1998) confirm these results by reporting the low tolerance of 

crimson clover to drought. Under saturated environment, despite showing a light yellowing, 

crimson clover produced high biomass. Forage legume species, such as crimson clover, can 

increase their root porosity to trap more oxygen in anaerobic rhizosphere (Stricker and Colmer, 

2016). Adaptive plants tend to produce more ethylene and auxin during saturation in order to 

develop more adventitious roots and gain the maximum of air trapped within soil pores (Akhtar 

and Nazir, 2013). Despite its good performance under excess of water, crimson clover displayed 

minor yellowing signs, this can be due to oxygen deficiency and photosynthesis reduction (Ashraf, 

2012). 

 

Although red clover survived under dry conditions, plants had severe signs of yellowing, 

wilting and senescence as also reported by Sheaffer et al. (2018) and Tucak et al. (2016).  Drought 

can cause production of reactive oxygen species inducing oxidative stress, causing membrane 

damage and degrade involved enzymes (Zlatev and Lidon, 2012). In the other hand, when soil is 

extremely dry, roots become clumped and their ability to extract water is highly reduced, thus, 

plants become vulnerable (Couso and Fernandez, 2012). In the other hand, saturated soil did not 

significantly affect mean total dry mass for red clover when compared to control.  Our results 

support previous studies showing that red clover can withstand a moderate saturated soil (Clark, 

2012; Stoychev et al., 2013).  A major part of adventive roots can develop on soil surface to get 

more O2 directly from the air (Ezin et al., 2010). During an experiment on a heavy loamy soil, 
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Skuodienė and Tomchuk (2015) report that wet conditions do not prevent red clover from 

producing high biomass stand.  

In the end of the growing period, yellow clover plants did not show any symptoms of water 

deficit stress under dry conditions. Their mean total dry mass was not significantly lower than in 

the control. In addition, it has a higher root to shoot ratio and a stable shoot water content  which 

are a drought tolerance trait (Munné-Bosch, 2014; Saura-Mas and Lloret, 2007). When subjected 

to extreme drought stress, yellow sweet clover develops a bigger tap root as well as root crown 

bud number and their size, to store more water carbohydrate and provide up to 80% of total plant 

dry mass (Gucker, 2009). As Sheaffer et al. (2018), we believe that yellow clover is a potential 

good drought tolerant legume as a cover crop. When grown in a saturated soil, yellow sweet clover 

plants did not display any symptoms of stress and mean total dry mass was not affected when 

compared to control. Survival of yellow sweet clover under excess of water can be attributed to 

high roots porosity and formation of aerenchyma in the root cortex in order to trap higher amount 

of oxygen (Striker and Colmer, 2017).  

 

Under extreme dry conditions, photosynthetic activity is reduced by stomata closure. In 

addition, nutrients uptake is inhibited leading to shorter plants (Sheaffer et al., 2018 ; Kapoor et 

al., 2020). Which explains the poor biomass production of alfalfa under water limiting condition. 

However, we recorded only undersized plants without clear stress symptoms, which may mean 

alfalfa tolerance to drought. When subjected to saturation, alfalfa experienced a significant 

biomass loss when compared to control. However, it did not show clear signs of stress. In fact, 

anaerobic conditions can lead to root growth reduction or death (Steduto et al., 2012). On top of 

that it is the forage species the least tolerant to water excess (Steduto et al., 2012). According to 

Ashraf (2012), alfalfa’s photosystem II can become impaired under water saturation. This poor 

performance of alfalfa in extreme saturated condition maybe due to the growth nature of this 

species (Kulkarni et al., 2018). Indeed, alfalfa is a perennial legume that needs a first year of 

establishment and resource savings, and therefore cannot establish easily under stressful conditions 

(Sheaffer et al., 2018). At an early growth stage, development and growth are slow.  Seedlings 

have a very small root system that cannot accumulate carbohydrates and reserves for later 

development (Teixeira et al., 2011). In addition, when subjected to stressful conditions, alfalfa 

tend to impede its vegetative growth in order to survive the stress (Denbela, 2015).  
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Overall, all tested species displayed a decrease of their dry mass when exposed to a severe 

drought stress. However, red clover, berseem clover, alfalfa and crimson clover were the most 

affected and might not be the most promising species under frequent dry conditions. When exposed 

to extended drought, plants reduce or stop their photosynthetic activity (Chahal et al., 2018) 

resulting in a loss of up to 50% of their biomass (Fathi and Tari, 2016). Drought stress generally 

reduces nutrient accessibility, translocation, uptake, and metabolism by most plant species 

(Kapoor el al., 2020). A severe water deficiency can cause membrane injury, intense stomata 

closure and disturbance of several enzymes functioning, thus, photosynthesis stoppage (Kumawat 

et al., 2018; Kapoor et al., 2020).  Plants also showed signs of wilting and senescence. This can be 

due to the accumulation of ions and salts in the topsoil which caused ion toxicity and osmotic stress 

(Farooq et al., 2009; Fathi and Tari, 2016). According to Cuellar-Ortiz et al. (2008), the reduced 

net photosynthesis due to drought stress changes the plant's carbon allocation and metabolism, 

resulting in energy dissipation and yield loss. Despite being affected by drought stress plants 

survived to the end of the experiment period but with different stress symptoms occurrence. This 

can be due to the soil used in this experiment. Our soil analyses (Table S1) revealed a high amount 

of organic matter (up to 14%) due to the usage of a loamy clay soil mixed with SunGro Sunshine® 

Mix rich of organic matter, hence its high-water holding capacity (Hudson, 1994). 

Berseem clover, crimson clover and hairy vetch had more biomass in saturated soil than in 

normal soil. Pearl millet, pubescent wheatgrass, red clover, red fescue, and yellow sweet clover 

did not have less biomass in saturated soil compared to the biomass in normal soil. The 

establishment of these species under excess water condition can be due to higher root porosity by 

forming more aerenchymas (Striker and Colmer, 2017) and development of dense adventitious 

root system for maximum O2 trapping (Shahzad et al., 2016). 

 

Conclusion 

 
In this study, plants performances differed markedly in extreme watering regime. We were 

able to judge their tolerance by using their dry mass production, growth allocation behavior but 

also by observing stress symptoms. To the best of our knowledge, this is one of the few reports 
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dealing with the tolerance of plant species used as cover crops under contrasted watering 

conditions. Red fescue, and pubescent wheatgrass could survive drought without displaying any 

stress symptoms. Hairy vetch, crimson clover, pubescent wheatgrass, berseem clover and red 

fescue were able to produce important biomass under saturated soil. However, pearl millet and 

yellow clover showed plasticity in growth in both extreme dry and saturated regimes. Our results 

suggest that pearl millet, yellow sweet clover and pubescent wheatgrass are ideal candidates for 

field testing. Field results may enable grape growers in the Niagara region in making decisions 

about cover crop species selection.   
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Chapter 3. Selection and evaluation of cover crop species for Niagara 

region’s organic vineyards 

 

3.1 Abstract 
 

Organic viticulture challenges growers to think and act sustainably when managing variables 

such as weeds, pests, and overall crop production. Climate change has added to this challenge with 

projected increases in extreme weather events, such as flooding and drought. Cover crops can be 

considered an ecosystem-based adaptation that, when chosen carefully, can help growers mitigate 

the effects of climate change as well as increase vineyard biodiversity.  Cover crop species, 

however, are seldom tested for response to drought and flood conditions in both controlled and 

operational settings to determine which ones may be best to use according to the local 

environmental conditions. The aim of this project was to evaluate 13 cover crop species under 

operational settings where weed pressure, local weather, and farmers management presented 

various challenges for the establishment of these species. The experiment was done in two 

vineyards for a period of two years where cover crops were planted as monocrop and mixed crops. 

The results suggested that Pennisetum glaucum, Trifolium incarnatum, Trifolium repens, Trifolium 

pratense, Lolium perenne, Vicia villosa, and Medicago sativa might have the best potential for 

establishment even under two different growing seasons with 2019 being cool and very wet and 

2020 being very hot and dry. However, these species need to be more tested to determine their 

performance in the long term.  

 

Key words: Cover crops, Climate change, Niagara region, Vineyards.  
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3.2  Introduction  
 

Weather (short term variation) and climate (which dictates the suitability of what can grow 

within an area) are the primary factors affecting the agricultural sector and climate change 

increasingly exacerbates these influences on production (Altieri et al., 2015).  The Niagara region, 

with its moderate microclimate, has been one of the suitable regions for cool-climate viticulture 

(Shaw, 2005). Vineyards have benefited of this environment and have become a major part of the 

agricultural industry in the region (Johnson and Mehrvar, 2020). However, climate change brings 

uncertainties and greater year to year variability that may impact production. While grape growers 

may deal with the gradual changes in temperature and precipitation patterns, it is more difficult to 

respond to extreme weather events (Penney, 2012; Gelfand et al., 2018). The Great Lakes basin 

where the Niagara region is located has already experienced an 1oC increase in mean annual 

temperature between 1901-2016, with the warmest years on record being since 2000, and an 

increase in total annual precipitation of 13.6% since 1951 (Wuebbles et al., 2019). It is projected 

that annual precipitation will continue to increase by 20% by 2080 with less snow in the winter, 

more rain in the spring (causing more flooding) while less in the summer leading to increased 

frequency of droughts (McDermid et al., 2015; Masud et al., 2017). Heavy rainfall storms are 

projected to increase as well. In fact, the amount of precipitation during storms may increase by 9-

12% by 2050 and 11-20% with a 5-year return by 2085 (Wuebbles et al., 2019).  

Considering these climatic challenges, which are happening in many regions of the world, 

it has become necessary to define alternative solutions to adapt and ensure the sustainability of the 

wine industry (Irimia et al., 2019). Cover crops have become increasingly integrated into wine 

production and are considered to be an effective strategy for water management, ecosystem 

rehabilitation and climate change adaptation (Smith et al., 2008; Pou et al., 2011; Kaye and 

Quemada, 2017; Novara et al., 2018). 

Cover crops are plant species that are added in areas where grapes are not grown, which 

can be either between rows or under the vines (Veiga et al., 2017). Within vineyards, cover crops 

have the ability to improve biodiversity and promote other ecosystem services such as pest and 

weed management, nutrient cycling through maintenance of soil microbial activity, and erosion 

control (Rahman et al., 2009; Christ and Burritt, 2013; Winter et al., 2018; Vukicevich et al., 2019). 

Cover crops can also be used as a potential strategy to buffer against extreme weather conditions 
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(Kaye and Quemada, 2017). During heavy rainfall, cover crops can improve soil infiltration and 

nutrients retention preventing them from leaching in deeper soil layers (Celette et al., 2008; Novara 

et al., 2018). On the other hand, during extended heat waves, cover crops are considered as a 

potential drought adaptation strategy by enhancing soil water storage capacity and reduction of 

evaporation (Kaye and Quemada, 2017). The appropriate species selection, their rapid 

establishment must consider local climatic, environmental, and operational (i.e., vineyard 

management) conditions. They can be planted in monoculture or in mixture of two species or more 

(Wendling et al., 2019). 

The goal of this study was to assess the potential of twelve different cover crops species 

grown in between vine rows by measuring different parameters such as their establishment, 

abundance, growth, and dominance compared to weeds. This experiment was conducted over a 

two-year period in two organic vineyards of the Niagara region. The twelve cover crop species 

targeted were: Pennisetum glaucum, Vicia villosa, Trifolium incarnatum, Elytrigia intermedia, 

Lens culinaris puyensis, Trifolium repens, Lolium multiflorum Tetra sweet, Trifolium 

alexandrinum, Trifolium pratense, Medicago sativa, Fagopyrum esculentum, and Melilotus 

officinalis. Cover crop species selection for this study was based on a previous literature review 

where factors such as their tolerance to extreme weather events, capacity to produce establish, 

weed suppression, soil profile improvement, and nitrogen fixation in case of legumes were 

considered. 

 

3.3   Materials and methods  

 

3.3.1.  Studied vineyards  

 

In order to assess the performance of selected cover crop species, two experiments were 

carried out during two growing seasons (2019 and 2020) in two different organic vineyards in the 

Niagara region. Vineyard 1 (43°11’32.2”N 79°27’42.7”W) is operated as an independent grower 

that supplies grapes to local wineries, while vineyard 2 (43°11'22.1"N 79°09'42.0"W) is an 

operational winery vineyard. Both vineyards are organic. 

Vineyard 1 is 26 years old grafted merlot on 3309 rootstocks, trained on a 1 Y trellis. This 

vineyard was established on a loamy sandy soil where all vines were rain fed and no irrigation was 



 

35 
 

provided. Within this vineyard managers count on weeds as a cover crop. However, they practice 

mowing whenever plants reach vines canopy. 

Regarding Vineyard 2, the studied section was established in 2004 with Vitis vinifera L.cv. 

Merlot grafted on SO4 rootstock and trained on a 1 m Y trellis, on a clay loam soil. Within this 

vineyard, drip irrigation was provided. Managers tried some cover crop species such as white 

clover, alfalfa, and perennial ryegrass, but they also include weeds as part of their cover cropping. 

Mowing is practiced whenever inter-row plants start to reach vines’ canopy. 

 

3.3.2. Species selection 

Crimson clover (Trifolium incarnatum) is a promising cover crop species, successfully 

used in vineyards and able to thrive in poorly drained soil. In addition, it can help control weeds 

due to its high biomass cover (Young-Mathews, 2013). Berseem clover (Trifolium alexandrinum) 

prefers humid hot conditions. When grown under a saturated soil, it can produce a decent amount 

of biomass and nitrogen and even reduce saturation from the soil (Dost et al., 2013). Yellow sweet 

clover (Melilotus officinalis) is biennial forage legume commonly used in western Canada as a 

green manure (Blackshaw et al., 2010). Yellow sweet clover is one of the most drought tolerant 

legume cover crops and a good choice for warm seasons (Clark, 2012). Red clover (Trifolium 

pratense) can produce a high biomass cover that helps for weed control (Clark, 2012; Striker and 

Colmer, 2017). In addition, it can support short periods of saturated soil (Striker and Colmer, 

2017). Alfalfa (Medicago sativa) can be considered as the most important forage legumes 

worldwide and can grow in a wide range of soils and conditions (El-Ramady et al, 2020). Once 

established, alfalfa can withstand frequent drought events (Denbela, 2015). Hairy vetch (Vicia 

villosa) is a saturation tolerant plant and considered as the best drought tolerant vetch (Clark, 

2012). Pearl millet (Pennisetum glaucum) is chosen for its high drought tolerance and biomass 

production; it is also a good weed suppressor if well established (Sheahan, 2014 ; Ijima et al., 

2016). Pubescent wheatgrass (Thinopyrum intermedium) can be a good choice as a cover crop for 

hot seasons (Ogle et al., 2011), and can also withstand saturated soil (Hybner, 2012). Perennial 

ryegrass (Lolium perenne) has been selected for its fast establishment, drought tolerance, and its 

common use in Ontario’s vineyards (OMAFRA, 2020). Buckwheat (Fagopyrum esculentum) is 

mainly chosen for its weed competitivity, capacity to withstand short flooding and its low cost ( 

Clark, 2012; Björkman and Shail, 2013). White clover (Trifolium pratense) is a legume of interest 
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for its biomass production and shading tolerance (Clark, 2012). Finally, green lentil (Lens 

culinaris) is chosen for its drought tolerance and nitrogen fixation (Allen et al., 2011). Species 

used, their source, and sowing density are described in Table 3.1.  Sowing densities were 

overestimated according to the region’s rainfalls, Weeds and hand sowing were also considered. 

 

Table 3.1. List of cover crops species used their sowing rates and seeds providers.  

Common name Species Source Sowing rate 

Pearl millet  Pennisetum 

glaucum 

Courtney Grain 

and Seed Ltd 

30kg/ha 

Hairy vetch Vicia villosa Courtney Grain 

and Seed Ltd 

30kg/ha 

Crimson clover Trifolium 

incarnatum 

Courtney Grain 

and Seed Ltd 

25kg/ha 

Pubescent Wheatgrass Elytrigia 

intermedia  

Golden acre seed 100kg/ha 

Green Lentil  Lens. culinaris 

puyensis 

Mums Sprouting      65kg/ha 

White clover Trifolium repens Courtney Grain 

and Seed Ltd 

15kg/ha 

Tetra sweet perennial 

Rye grass 

 Lolium 

multiflorum tetra 

sweet 

Courtney Grain 

and Seed Ltd 

150kg/ha 

Berseem clover Trifolium 

alexandrinum 

Courtney Grain 

and Seed Ltd 

20kg/ha 

Red clover Trifolium pratense Courtney Grain 

and Seed Ltd 

12kg/ha 

Alfalfa Medicago sativa Courtney Grain 

and Seed Ltd 

15kg/ha 

Buckwheat Fagopyrum 

esculentum 

William’s dam 

seeds 

70kg/ha 

Yellow sweet clover Melilotus officinalis Courtney Grain 

and Seed Ltd 

15kg/ha 
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3.3.3. Experimental design 

 

In vineyard 1, cover crops were planted in the 2020 growing season within a section (2500 

m2). Experimental area is composed of 5 alleys (inter-row space) (replicates) located between two 

vines rows with 2.75m apart. Each line is composed of 8 plots (Each plot represents a different 

cover crop treatment), each plot is composed of 2 panels containing 5 vines each, separated by 

1.10 m. Plots are separated by a panel where no treatments were applied, we consider it as a buffer 

zone (Figure 3-1). A plot’s area was 24 m2. Vines were trained on a 1m Y trellis (Figure 3.3). This 

vineyard was established on a loam sandy soil where all vines without irrigation. Four cover crop 

species were selected for this vineyard: Hairy vetch, pearl millet, pubescent wheatgrass, and 

crimson clover.  

Cover crops were grown either in monoculture or in mixture of two or more plant types. 

Seeds were hand broadcasted between the rows (in the aisles) at the recommended rate per ha 

(Table 3.1). When mixing two species or more, we used the 1/3 of the regular sowing density for 

grasses and 2/3 for legumes to avoid species inter-competition. Dates for planting and data 

collection are presented in Table 3.2.  There were eight treatments: Pearl millet, hairy vetch, 

pubescent wheatgrass, crimson clover, pubescent wheatgrass and pearl millet, pearl millet and 

hairy vetch, pubescent wheatgrass and crimson clover and all species mixed together (ALL). 

Treatments were laid out in a complete randomized block design with 5 replicates in alternate 

rows. A row is considered as a block and each plot represented a treatment replicate (Figure 3.1).  
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Figure 3.1. Schematic of the between row treatments within vineyard 1. Vertical black lines 

represent vine rows, each colored zone represents an inter-row treatment plot composed of 2 

panels of vines, the white rectangles between two treatments are buffers. Each plot was 8.8 m in 

length and 2.75 m wide). CC (crimson clover), WG (pubescent wheatgrass), PM (pearl millet), 

HV (hairy vetch), All refers to all species mixed together.  

 

In vineyard 2, spacing was 2.4m between vine rows and 1.2m between vines within a row 

(Figure 3.3). The area designated for this experiment is 3880 m2 . 

 Each block where cover crops were planted, contained one of the ten treatments, which 

included three panels of grapes. The ten species selected for this vineyard were: Perennial ryegrass 

(RG), buckwheat (BU), pearl millet (PM), green lentil (GL), red clover (RC), berseem clover (BC), 

yellow sweet clover (YC), alfalfa (AF), white clover (WC) and crimson clover (CC). They were 

all planted in monoculture during 2019 growing season.  

In 2020, additional plots were planted to reflect those used in vineyard 1. However, due to 

delays due to COVID-19 restrictions, seeds were sowed in July when high temperatures occurred 

followed by a long period of dry condition. Therefore, none of the species germinated. In this case, 

only the plots of 2019 were monitored to determine the self-reseeding capacity and persistence of 

the species seeded in 2019. The experimental design in this second vineyard differed as each block 
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was continuous to another one (Figure 3.2). Dates of planting and sampling are described in Table 

3.2. The two vineyards were managed in different ways. Principal managements and interventions 

in between rows is recorded in Table 3.2. 

 

Table 3.2. Vineyards managements and their dates of the various practices employed 

 Vineyard 1 Vineyard 2 

 

Tilling Week of 24 June 2020 No till 

Mowing No mowing - Week of 11 of august 2019 

- Week of 27 of august 2020 

 

Manuring 

 

Week of mars 10 Mars 18 2020 

 

 

  

Figure 3.2. Schematic of the between row treatments within vineyard 2. Vertical black lines 

represent vine rows, and each colored zone represents an inter-row treatment plot composed of 3 

panels. Each plot is 6.1 m length and 2.40m width. RG (perennial ryegrass), BC (berseem clover), 

PM (pearl millet), LG (green lentil), RC (red clover), BU (buckwheat), YC (yellow clover), AF 

(alfalfa), WC (white clover), CC (crimson clover). 
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Table 3.3. Study location, seeding dates, seeding condition and sampling dates in both vineyards 

1 and 2 

Vineyard Location Seeding date Seeding 

condition 

Biomass 

collection dates 

Percent 

cover dates 

1 
43°11’32.2” N 

79°27’42.7” W 

07/02/2020 Weed free  07/30/2020 

08/26/2020 

05/31/2020 

08/07/2020 

10/13/2020 

2 

 

43°11'22.1"N 

79°09'42.0"W 

 

06/05/2019 Weedy  07/24/2019 

08/18/2019 

05/17/2019 

08/21/2019 

10/15/2019 

_ Weedy  07/28/2020 

09/03/2020 

 

07/19/2020 

09/04/2020 

 

3.3.4. Data collection 

 

Aboveground biomass. Samples were collected twice after planting in two 0.25 m2 quadrats placed 

randomly in the middle part of each plot (Figure 3.3). Plants were clipped at the soil surface, put 

in Ziploc bags, and immediately transported to the lab in a cooler to be weighed (i.e., fresh 

biomass). Each sample was sorted into two groups: cover crop and non-cover crop species, they 

were weighed separately. Once weighed, they were put in a dryer at 60°C until constant dry weight 

for at least 48 hours. Once dried, they were weighed, and dry biomass was recorded. Dry mass 

found in the 0.25 m2 quadrats was converted to Kg/ha to make easier to understand by farmers. 

Percent cover. Vegetation surveys were taken from the middle area of each plot. These areas were 

divided into three subplots (Figure 3.4). All plants within a subplot were recorded and identified 

to species level. Percent cover of each species in each subplot was visually estimated and recorded 

according to Tilman (1997). Results can be over 100% as each species percent cover was recorded 

individually (Tilman, 1997). 
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Figure 3.3. Schematic of aboveground biomass’s sampling areas in each property (Vineyard 1 

Above, Vineyard 2 below), circled area presents exactly where sampling was done 

 

 

Figure 3.4. Schematic of percent cover recording areas, each treatment plot is divided to 3 sub-

plots where vegetation surveys were done. 
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3.3.5  Data analysis 

 

Data were tested and found to fit normality and homogeneity of variance assumptions. A 

Shapiro-wilk test was for normality evaluation. An independent T-test was used to compare cover 

crops biomass and weeds biomass. However, a dependent T-test was used to compare cover crops 

produced biomass for both years. ANOVA was also run to compare the biomass of weeds across 

all treatments. We hypothesise that all treatments have the same weed suppression capacity. All 

statistical tests were ran using IBM SPSS Statistics version 25.0.  

 

3.4  Results  
 

3.4.1. Vineyard 1 

 

All planted species in vineyard 1 established except for pubescent wheatgrass. On 7 Aug 

2020, (35 DAP), pearl millet, crimson clover, and hairy vetch in monoculture were established, 

covering 141, 105 and 52% of the soil, respectively (Figure 3.5 and Table S2). Pearl millet was 

the fastest species to establish and had the highest biomass production among all other treatments 

(P <0.05) (Figure 3.6). Hairy vetch and crimson clover did not produce an important aboveground 

biomass (Figure 3.6). In fact, these plots were dominated by weed species such as Digitaria 

sanguinalis, Amaranthus retroflexus, and Taraxacum officinale, that covered up to 108% of soil 

(Table S2). 

A mixture of all cover crop species covered 145% of the soil but did not have more 

aboveground biomass than pearl millet (Figure 3.6). The combination of pearl millet and hairy 

vetch covered less soil (64%) than the mixture of all species (145%); however, it produced as much 

biomass as the combination of all species together (P>0.05) (Figure 3.6). On the 13th  October 

surveys (72 DAP), pearl millet (186%) and crimson cover (145%) were the only solo crops that 

had soil coverage (Figure 3.5) . In the ALL-mixture treatment, crimson clover and pearl millet had 

a cover of 140%, but there was no hairy vetch (Figure 3.5). 
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Figure 3.5. Cover crops percent cover variation in 2020 growing season at vineyard 1. CC 

(crimson clover), WG (pubescent wheatgrass), PM (pearl millet), HV (hairy vetch), All refers to 

all species mixed. 

 

There were 30 weed species in vineyard 1. The dominant weeds were Digitaria 

sanguinalis, Amaranthus retroflexus, and Taraxacum officinale (Table S2). Weed biomass across 

all treatments was similar (F (7,32) = 0.597, P = 0.753) (Figure 3.7). Crimson clover (t (8) = 1.294, 

p=0.032), hairy vetch (t(8) = 2.574, p=0.033), pubescent wheatgrass (t(8) = 4.386, p=0.002), 

WG+PM (t(8) = 4.122, p=0.03) they all had a significantly lower aboveground biomass than weeds 

(Figure 3.7). 
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Figure 3.6. Cover crops mean biomass variation in 2020 growing season at vineyard 1 by the end 

of experimentation period. CC (crimson clover), WG (pubescent wheatgrass), PM (pearl millet), 

HV (hairy vetch), All refers to all species mixed. 

 

 

Figure 3.7. Average aboveground biomass of cover crop species versus other non-sown    

species in vineyard 1 in the end of the growing period. Standard deviation indicates 95% 

confidence. CC (crimson clover), WG (pubescent wheatgrass), PM (pearl millet), HV (hairy 

vetch), All refers to all species mixed. One-way ANOVA was performed to compare 

aboveground biomass production for cover crop species and every other species that were 

considered as “other”: cover crops (F (7,32) = 5.8, P <0.05). 
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3.4.2. Vineyard 2 

 

In 2019 in vineyard 2, by the end of surveying period (October 15th, 2019), red clover, 

crimson clover, ryegrass were the species with the highest soil percent covers of 233, 100 and 

94%, respectively (Figure 3.8). Crimson clover had the most biomass produced (2144 kg/ha) and 

the fastest establishment among all other species (Figure 3.9 and Figure 3.10). It was followed by 

red clover, pearl millet, yellow sweet clover, perennial ryegrass, alfalfa, white clover, and berseem 

clover (Figure 3.10). Green lentil and buckwheat had the lowest biomass production (Figure 3.9).  

 

Figure 3.8. Cover crops percent cover variation in 2019 growing season at vineyard 2. AF (alfalfa), 

BC (Berseem clover), BW (buckwheat), CC (crimson clover), GL (green lentil), PM (pearl millet), 

RC (red clover), RG (perennial ryegrass), WC (white clover), YC (yellow clover). 

There were 24 weed species identified in 2019 in this vineyard with the most abundant 

being Taraxacum officinale, Phleum pratense and Setaria pumila (Table S3.1 and S3.2). Weed 

biomass production was not significantly different across treatments (F (9,40) = 1.185, P = 0.331). 

However, only crimson clover (t (8) = 0.023, p = 0.983), pearl millet (t (8) = 1.114, p = 0.289) and 

red clover (t (8) = 1.403, p = 0.198) biomass was not significantly different from the weed biomass 

suggesting that they could compete with weeds (Figure 3.9). 
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Figure 3.9. Average aboveground biomass of cover crop species versus other non-sown 

species in vineyard 2 in the end of the growing period. Standard deviation indicates 95% 

confidence. AF (alfalfa), BC (Berseem clover), BW (buckwheat), CC (crimson clover), GL 

(green lentil), PM (pearl millet), RC (red clover), RG (perennial ryegrass), WC (white clover), 

YC (yellow clover). One-way ANOVA was performed to compare aboveground biomass 

production for cover crop species and every other species that were considered as “other”: 

cover crops (F (9,40) = 3.716, P = 0.002). 

  
Figure 3.10. Cover crops biomass variation through growing period in vineyard 2 in 2019 

(second collection). AF (alfalfa), BC (Berseem clover), BW (buckwheat), CC (crimson 

clover), GL (green lentil), PM (pearl millet), RC (red clover), RG (perennial ryegrass), WC 

(white clover), YC (yellow clover). 
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During the second year (2020) vegetation surveys, pearl millet, buckwheat, berseem clover, 

green lentil, and crimson clover were not observed. Only alfalfa, red clover, perennial ryegrass, 

white clover, and yellow sweet clover were found (Figure 3.11). Alfalfa had the highest biomass 

production among all species (P<0.05) (Figure 3.11). Alfalfa, red clover, perennial ryegrass, and 

white clover produced similar biomass in 2019 as they produced in 2020 which does not match 

with Figure 3.11 (error bars). This can be attributed to the existence of outlier values that may 

skewed the data (Figure S2). Yellow sweet clover was the only species to produce significantly 

lower biomass in 2020 than 2019 (P = 0.04). 

The first vegetation surveys (July 19th, 2020) showed that the five species covered 210, 

205, 142, 121 and 138% for white clover, red clover, perennial ryegrass, alfalfa, and yellow clove, 

respectively. However, during the second survey (September 4th, 2020), this order changed with 

148, 122, 88, 23 and 2% for alfalfa, white clover, perennial ryegrass, red clover, and yellow clover, 

respectively. During 2020 growing season, there were 26 weed species in vineyard 2, dominated 

by Taraxacum officinale, Cirsium arvense, Convolvulus arvensis, Lolium arundinacium and 

Phleum pratense (Table S2). Weeds across all treatments were not significantly different (F (4,20) = 

2.305, P = 0.094) 

 
Figure 3.11. Comparison of biomass production of cover crop species that established in both 

2019 and 2020 years within Vineyard 2 (Taken from last collection and 5 replicates). AF (alfalfa), 

RC (red clover), RG (perennial ryegrass), WC (white clover), YC (yellow clover). One-way 

ANOVA tests were carried out to compare aboveground biomass production for cover crop species 

and every other species that were considered as “other”: cover crops (F (4,20) = 19.361, P < 0.01).         
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3.5  Discussion 
 

 

During 2019 and 2020, we shortened the list of cover crop species that may be useful in 

Niagara region vineyards. Pearl millet, crimson clover, perennial ryegrass, hairy vetch, alfalfa, red 

clover, white clover, and yellow sweet clover could be selected for further future experiments 

under Niagara climate because of their adaptability to the regions weather (OMAFRA, 2020).  

Pearl millet established well and was one of the of the highest productive plants in both 

years in both vineyards. Pearl millet is C4 a grass that is typically cultivated in arid and semi-arid 

regions of the world for forage production and grazing (Gulia et al., 2007). C4 plants maintain 

development and growth under water stress better than C3 species (Choudhary 2020).  

During the 2019 growing season, crimson clover established faster than other species since 

2019 was wet and cool year presenting perfect condition for crimson clover (Young-Mathews, 

2013). Similar results were found by Decker et al. (1994). However, during 2020, although it 

established until the end of the growing period, crimson clover did not produce an important 

biomass. This poor biomass production was most likely due to the hot and dry weather during the 

2020 growing period. Crimson clover is not drought tolerant and can be affected by hot and dry 

weather (Clark, 2012). Weeds might have also affected crimson clover establishment. Weeds have 

a better tolerance to abiotic stress and can be more competitive than planted species in a harsh 

environment which make them a threat for the establishment of cover crops (Rathore et al., 2013). 

The three dominant weed species in this study are common in North America and Ontario. They 

are considered xerophyte plants and tolerate dry conditions better than most planted cover crops 

(Costea et al., 2004; Ontario Weeds, 2010). According to our results, crimson clover seems to 

work under wet condition, however, when exposed to extended dry periods it may produce less 

biomass and become les competitive to weeds.  

 Hairy vetch established poorly and was not found at the end of the experiment.  Hairy 

vetch is not drought tolerant and did not survive the dry conditions in 2020 (Clark, 2012). Poor 

establishment was also due to weeds and the dominance of red-root amaranth (Amaranthus 

retroflexus) and crabgrass (Digitaria sanguinalis).  

Species richness promotes canopy architecture of the cover which will increase soil 

coverage (Florence et al., 2019). This may explain why ALL covered more soil (145%) better than 

the best performing treatment, Pearl millet (141%) despite having produced a close biomass.  
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By the end of the surveying period (72 DAP), ALL treatment covered 150% of soil, despite 

the absence of hairy vetch and pubescent wheatgrass. This can be explained by the compensation 

phenomena (Wendling et al., 2019). In fact, the established species (CC) and the highest yielding 

species (PM) are compensating the failure of the less established and adapted species providing 

more stability within the mixture (Creissen et al., 2016). In vineyard 1 the non-establishment of 

pubescent wheatgrass can be due to two main reasons. First one is the bad seeds quality (less than 

25% germination). Secondly, planting period that was hot and dry (July 2nd, 2020) which is not 

the ideal period to plant this grass (Barkworth and Dewey, 1985).  

Overall, the success of any combination that included pearl millet (PM+HV, PM+WH, 

PM+CC and ALL) was due to the good performance and establishment of this species during this 

experiment. However, the pearl millet did not give the same results when accompanied other 

species than when it was planted as a sole crop, and this is due to our manipulation of sowing 

density when we do mixtures. In fact, when mixing two species or more, we used the 1/3 of the 

regular sowing density for grasses and 2/3 for legumes to avoid species inter-competition.  

During the second year of our study, among 10 planted species in 2019, only alfalfa, red 

clover, ryegrass, white clover, and yellow clover were found. Berseem clover, buckwheat, green 

lentil, pearl millet and crimson clover did not self reseed for two main reasons. First, because they 

were mowed during the 2019 season before seeds formation. Secondly, they are annual species 

unable to reproduce via vegetative organs such as stolons, bulbs, or rhizomes (Colquhoun, 2001).  

Alfalfa is a perennial legume that needs a first year of establishment then will perform 

better in subsequent years (Sheaffer et al., 2018), this can be clearly seen in Figure 3.9 and Figure 

3.11, although it is not statistically significant. Despite 2020 growing season was hotter and dryer 

than 2019, alfalfa had a good establishment due to its vegetative growth traits as a perennial but 

also due to reserves accumulation during first year when climate was more favorable (Colquhoun, 

2001; Denbela, 2015; Kulkarni et al., 2018). In addition, 2019 was a cool wet year promoted weeds 

growth specifically, dandelion (Taraxacum officinale), (timothy) Phleum pratense and yellow 

foxtail (Setaria pumila). Knowing that in this property they do plant Taraxacum officinale. These 

three species are common in southern Ontario, known for there competitiveness and thrive well 

whenever condition allows it to (Steel et al., 1983; Mersereau and DiTommaso, 2003; Ontario 

weeds, 2010). 
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 Red clover and white clover are a short-lived and a long-lived perennial species (Clark, 

2012), respectively, which may explain their existence for a second year during 2020 season 

without previous planting in the same year (Clark, 2012). In fact, red and white clovers are able to 

produce a vigorous prostrate stolon late in summer which allow them to regenerate next year when 

the climatic condition are favorable again (Hyslop et al., 1999; Office of the Gene Technology 

Regulator, 2021). Although it was not statistically significant, their lower biomass production 

during the second year can be attributed to drought and hot weather, but also to the existence of a 

dense weed community formed by several species such as Taraxacum officinale, Cirsium arvense, 

Lolium arundinacium, Atriplex patula and Phleum pratense. White clover had a higher soil 

coverage (122%) than red clover (23%) in the end of surveying period due to its high branching 

nodal root buds (Office of the Gene Technology Regulator, 2021). 

  Perennial ryegrass performed better in 2019 than 2020. In fact, it is a perennial grass species 

that can persist for many years in a field. However, it thrives well under cool temperatures ranging 

between 20 and 25°C (Hanson et al., 1969). In addition, it is poorly adapted to extended drought 

(Stier and Fei, 2007), which may explain its poor performance during the 2020 year. The lower 

biomass production of perennial ryegrass during the second year could be attributed to a low height 

of mowing in that year (Pornaro et al., 2018), drought season and weeds invasiveness. Within this 

vineyard, weeds were always covering soil and controlled only through mowing which is a part of 

the vineyard’s biodynamic management. In fact, they aim to use cover cropping species as well as 

weeds as cover crops. 

Yellow sweet clover lower biomass production can be attributed to many reasons such as, 

climatic condition that were so dry and weeds competition. Furthermore, mowing specifically to 

yellow clover’s plots. According to one of the managers, yellow clover gets high in the fruiting 

zone, so they had to mow it, and this explains why we were finding standing stems with almost no 

leaves in them.  

Conclusion 

 

From this screening, Pearl millet, crimson clover, red clover, white clover, perennial 

ryegrass, alfalfa, hairy vetch, and yellow clover appeared to be the most promising. Our 

experiments were conducted in two contrasting years, hence, further research is needed to 
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investigate the performances of these most promising species in a longer-term experiment. 

Assessing additional cover crops could promote adaptation and sustainability to the system facing 

the threat of climate change. 
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Chapter 4. General discussion 

 

The goal of this project was to contribute to the understanding of the potential use of cover 

crops in vineyards in the face of extreme weather events such as droughts or heavy rainfall that 

may be more common in the future due to climate change. Climate change is affecting the Niagara 

region and grape production. In fact, it is expected that the region will know increase in 

temperatures, more frequent heat waves, in addition flooding rainfall are more likely to occur 

(McDermid et al. 2015; Penney, 2012). Hence, it has become important to study and implement 

adaptation measures to ensure the sustainability of grape industry and their resilience in the face 

of climate change. To successfully use cover crops, species need to be selected that will grow well 

in an increasingly fluctuated climate.  

Our results from the first experiments revealed that pearl millet and yellow sweet clover 

could produce higher biomass than other species under stressful conditions. Pearl millet is C4 plant 

that can maintain a better growth under stressful conditions than C3 plants (Choudhary et al., 

2020). Yellow sweet clover’s tolerance to stressful conditions can be attributed to its effective root 

system. The survival to this species under saturation may be attributed to high root porosity  

(Striker and Colmer, 2017). On the other hand, its good performance when subjected to drought 

can be due to its big taproot and root crown buds that can be a reservoir of nutrients, water, and 

carbohydrates (Gucker, 2009).  

Under saturation, berseem clover, crimson clover, and hairy vetch, were the only species 

that produced more biomass than their control treatment. However, red fescue, pubescent 

wheatgrass, and red clover were able to withstand saturated soil producing a biomass statistically 

similar to their control. The survival of these species under saturation can be due to two main 

reasons: high root porosity to trap more O2 (Stricker and Colmer, 2016) and development of a 

dense superficial adventitious root system to gain maximum O2 from air and soil (Ezin et al., 2010; 

Akhtar and Nazir, 2013). Despite these positive results, crimson clover and hairy vetch showed a 

slight yellowing, possibly a sign that the plants started to be affected by the stress. 

Under the dry condition, pubescent wheatgrass, red fescue, and alfalfa survived until the 

end of the experimental period without signs of stress (yellowing or wilting), but they were reduced 

in size. Survival without acute stress symptoms may be due to their deep root systems (Rich and 
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Watt 2013, Shahzad et al., 2016) but also because of reducing leaf area, limiting transpiration and 

stomatal closure (Shahzad et al., 2016; Fariaszewska et al., 2017). In the other hand, crimson 

clover, berseem clover, and red clover showed high symptoms of stress (wilting, senescence, and 

yellowing) but without being totally dead. This may be attributed that to the fact that the soil had 

a high-water retention capacity due to its high organic matter content (14%) (Hudson, 1994) and 

its clay texture.  

Currently, information about cover crop species’ tolerance to extreme weather conditions 

is limited in the scientific literature. This experiment significantly contributed to reveal the 

performance of promising cover crop species in order to make it easy for farmers to set up their 

own cover cropping plan according to the local climatic conditions. These results can also be used 

to set up a genetic improvement plan for the best performing ones. 

The second part of our project consisted of assessing cover crop species performance under 

operational vineyard conditions where management, environment (e.g., weeds) and weather 

conditions can greatly vary. The trials were carried out during two growing seasons with 

contrasting climatic conditions: 2019 was a wet and cool year while 2020 was hot and dry. During 

these two screening years, we were able to shorten the list of cover crops and decides which species 

could be used to continue more detailed trials.  

In vineyard 1, trials were applied during 2020 growing season with 4 cover crop species, 

pearl millet, hairy vetch, pubescent wheatgrass, and crimson clover. The four species were planted 

either in monoculture or in mixtures. Pubescent wheatgrass was the only species that did not 

establish. This was attributed to the late planting period (July 2nd, 2020) when conditions were too 

dry for this species to establish (Barkworth and Dewey, 1985), possible bad seed quality and the 

slow growth nature of this grass. Crimson clover established and had a soil coverage; however, it 

did not produce a large amount of biomass. Hairy vetch had a poor establishment and was not 

recorded in our last summer surveys. Crimson clover and hairy vetch poor establishment can be 

attributed to harsh climate during 2020 growing season, weeds competition and frequent mowing. 

In the second vineyard, during the 2019 growing season, all planted cover crops emerged 

and established with differences in soil coverage, emergence speed and biomass production. 

Spring and summer 2019 were wet and cool, which helped the emergence of all our species. 

Crimson clover was by far the best performing species in terms of soil coverage and biomass 
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production. Pearl millet, red clover, yellow clover, perennial ryegrass, alfalfa, white clover, and 

berseem clover established well but were out competed by weeds. Weeds in this vineyard were 

more dominant compared to cover crops because they are part of the vineyard’s biodynamic 

management. This property aims to create a diversified ecosystem through promoting plants 

biodiversity, including weeds. Cover crop planting was done on a weedy soil which gave 

advantage to weeds in detriments of cover crops. Frequent mowing can also be a reason to limit 

cover crops and weeds growth and their competition with grape vines. 

During the second year (2020), and due to COVID-19 restrictions, a late sowing in this 

property was completed on a very weedy soil. Hence, no cover crops established. However, the 

planted plots from the previous year were monitored and showed that among the 10 cover crop 

species planted in 2019, only alfalfa, red clover, ryegrass, white clover, and yellow clover came 

back. The common trait between these five species is that they are perennials (alfalfa and perennial 

ryegrass), short-lived perennials (red clover and white clover), or biannual (yellow sweet clover) 

and can reseed themselves. Despite the harsh weather conditions during 2020 growing season, 

alfalfa produced the highest biomass among all these species. It was also the only species to have 

a higher biomass in 2020 than 2019, although it was not statistically significant. White clover, red 

clover, and perennial ryegrass were also present but did not produce as much biomass as alfalfa. 

Yellow clover was the only species to have significantly lower biomass in 2020 than in 2019. For 

the second year, yellow clover may go to higher height (fruiting zone), which made the managers 

mow the plots where the yellow clover was grown. In addition, grazing observation on sweet 

clover suggested that some herbivores, such as deers and voles, might have been attracted by sweet 

clover smell and tended to consume it (Sheaffer et al., 2018). 

After two years experimenting cover crop species in two organic vineyards in the Niagara 

region, we managed to shorten our list from 13 to 8 species. Pearl millet, crimson clover, red 

clover, white clover, perennial ryegrass, alfalfa, hairy vetch, and yellow clover are the cover crop 

species with most establishment. These species were able to establish in two contrasting years in 

terms of weather. Hence, further trials have been implemented in order to test the adaptability of 

these plants to the climatic fluctuations within Niagara region and confirm their suitability to be 

used in the local vineyards. Understanding which species are the most performing can certainly 

help grape growers in the management for greater resilience of their vineyard.  
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Appendix A: Supplementary Figures 

 

 

 

Figure S 1. Mean monthly air temperature, mean monthly precipitation, maximum and 

minimum monthly air temperature during the growing seasons in 2019 (Left) and 2020 (Right) 

(Data retrieved from Weather Canada website: climate.weather.gc.ca) 

 

 

 

 

 

Figure S1. Mean monthly air temperature, mean monthly precipitation, maximum and minimum 

monthly air temperature during the growing seasons in 2019 (Left) and 2020 (Right) (Data 

retrieved from Weather Canada website: climate.weather.gc.ca) 
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Figure S2. Clustered Boxplot of biomass (kg/ha) by treatment by year 

 

 

Figure S3. Effects of water treatments on plants mean total dry mass (±SE) after 53 days of 

growth. One-way ANOVA tests were carried out to compare the effect of three water treatments 

on each species: alfalfa (F(2,24) = 73.7, p <0.001 ), berseem clover (F(2,24) = 77.3, p <0.001 ), crimson 
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clover (F(2,24) = 58.79, p <0.001 ), hairy vetch (F(2,24) = 140.23, p <0.001 ), pearl millet (F(2,24) = 6.7, 

p <0.001 ), red clover (F(2,24) = 27.4, p <0.001 ), red fescue (F(2,24) = 63.1, p <0.001), pubescent 

wheatgrass (F(2,24) = 11.5, p <0.001 ), yellow clover (F(2,24) = 5.55, p <0.001). 

 

 

 

 

Figure S4. Effects of water treatments on plants mean shoot dry mass (±SE) after 53 days of 

growth. One-way ANOVA tests were carried out to compare the effect of three water treatments 

on each species: alfalfa (F(2,24) = 83.99, p <0.001 ), berseem clover (F(2,24) = 79.6, p <0.001 ), 

crimson clover (F(2,24) = 62.2, p <0.001 ), hairy vetch (F(2,24) = 146.05, p <0.001 ), pearl millet (F(2,24) 

= 6.42, p = 0.0059 ), red clover (F(2,24) = 22.07, p <0.001 ), red fescue (F(2,24) = 46.8, p <0.001), 

pubescent wheatgrass (F(2,24) = 11.84, p = 0.00027 ), yellow clover (F(2,24) = 6.5, p = 0.006). 
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Figure S5. Effects of water treatments on plants mean root dry mass (±SE) after 53 days of growth. 

One-way ANOVA tests were carried out to compare the effect of three water treatments on each 

species: alfalfa (F(2,24) = 12.126, p <0.001 ), berseem clover (F(2,24) = 46.01, p <0.001 ), crimson 

clover (F(2,24) = 46.13, p <0.001 ), hairy vetch (F(2,24) = 57.38, p <0.001 ), pearl millet (F(2,24) = 5.67, 

p = 0.0095 ), red clover (F(2,24) = 28.667, p <0.001 ), red fescue (F(2,24) = 48.17, p <0.001), pubescent 

wheatgrass (F(2,24) = 12.782, p = 0.00016 ). 
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Figure S6. Effects of water treatments on plants root to shoot ratio (±SE) after 53 days of growth. 

One-way ANOVA tests were carried out to compare the effect of three water treatments on each 

species: berseem clover (F(2,24) = 5.48, p <0.001 ), crimson clover (F(2,24) = 15.63, p <0.001 ), hairy 

vetch (F(2,24) = 10.88, p <0.001 ), red clover (F(2,24) = 13.003, p <0.001 ), red fescue (F(2,24) = 9.625, 

p <0.001), pubescent wheatgrass (F(2,24) = 26.943, p < 0.001), yellow clover (F(2,24) = 9.96, p < 

0.001). 
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Figure S7. Effects of water treatments on plants root percentage (±SE) after 53 days of growth. 

One-way ANOVA tests were carried out to compare the effect of three water treatments on each 

species: berseem clover (F(2,24) = 5.5, p = 0.01), crimson clover (F(2,24) = 58.79, p <0.001 ), hairy 

vetch (F(2,24) = 12.544, p = 0.00187 ), red clover (F(2,24) = 13.99, p <0.001 ), red fescue (F(2,24) = 

9.88, p <0.001), pubescent wheatgrass (F(2,24) = 32.11, p <0.001 ), yellow clover (F(2,24) = 10.54, p 

<0.001). 
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Figure S8. Effects of water treatments on plants Shoot water content (±SE) after 53 days of 

growth. One-way ANOVA tests were carried out to compare the effect of three water treatments 

on each species: alfalfa (F(2,24) = 39.79, p <0.001 ), berseem clover (F(2,24) = 12.91, p <0.001 ), red 

clover (F(2,24) = 5.54, p = 0.01), red fescue (F(2,24) = 8.84, p = 0.001).  
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Appendix B – Supplementary tables  

 

Table S1. Greenhouse soil analysis 
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Table S2. Percent cover data for Vineyard 1 in 2020 
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Table S3.1. Percent cover data in vineyard 2 in 2019 (Part 1) 
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Table S3.2. Percent cover data in vineyard 2 in 2019 (Part 2)
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Table S4. Percent cover data in vineyard 2 in 2020
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Table S5. ANOVA outcomes for mean total dry mass 

 

Species Sum of Squares df Mean Square F Sig. 

Alfalfa Between Groups .695 2 .348 73.711 .0000000 

Within Groups .113 24 .005   

Total .808 26    

Berseem clover Between Groups 2.970 2 1.485 77.285 .0000000 

Within Groups .461 24 .019   

Total 3.431 26    

Crimson clover Between Groups 2.361 2 1.181 58.972 .0000000 

Within Groups .480 24 .020   

Total 2.842 26    

Hairy vetch Between Groups 11.905 2 5.953 140.225 .0000000 

Within Groups 1.019 24 .042   

Total 12.924 26    

Pearl millet Between Groups 6.022 2 3.011 6.684 .0049272 

Within Groups 10.812 24 .451   

Total 16.834 26    

Red clover Between Groups .794 2 .397 27.392 .0000006 

Within Groups .348 24 .014   

Total 1.141 26    

Red fescue Between Groups 2.249 2 1.124 63.082 .0000000 

Within Groups .428 24 .018   

Total 2.676 26    

Wheatgrass Between Groups 12.216 2 6.108 11.530 .0003095 

Within Groups 12.714 24 .530   

Total 24.930 26    

Yellow clover Between Groups .944 2 .472 5.545 .0104772 

Within Groups 2.043 24 .085   

Total 2.987 26    

 

 

  



 

89 
 

Table S6. Multiple comparison post-hoc outcomes for mean total dry mass (LSD) 

 

 

Species (I) Treatment (J) Treatment 

Mean 

Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

Alfalfa Saturation Control -.166444* .032369 .00003 -.23325 -.09964 

Dry .225111* .032369 .00000 .15830 .29192 

Control Saturation .166444* .032369 .00003 .09964 .23325 

Dry .391556* .032369 .00000 .32475 .45836 

Dry Saturation -.225111* .032369 .00000 -.29192 -.15830 

Control -.391556* .032369 .00000 -.45836 -.32475 

Berseem clover Saturation Control .533444* .065343 .00000 .39858 .66831 

Dry .797333* .065343 .00000 .66247 .93219 

Control Saturation -.533444* .065343 .00000 -.66831 -.39858 

Dry .263889* .065343 .00048 .12903 .39875 

Dry Saturation -.797333* .065343 .00000 -.93219 -.66247 

Control -.263889* .065343 .00048 -.39875 -.12903 

Crimson clover Saturation Control .191222* .066698 .00849 .05356 .32888 

Dry .700667* .066698 .00000 .56301 .83832 

Control Saturation -.191222* .066698 .00849 -.32888 -.05356 

Dry .509444* .066698 .00000 .37179 .64710 

Dry Saturation -.700667* .066698 .00000 -.83832 -.56301 

Control -.509444* .066698 .00000 -.64710 -.37179 

Hairy vetch Saturation Control .791444* .097125 .00000 .59099 .99190 

Dry 1.626333* .097125 .00000 1.42588 1.82679 

Control Saturation -.791444* .097125 .00000 -.99190 -.59099 

Dry .834889* .097125 .00000 .63443 1.03535 

Dry Saturation -1.626333* .097125 .00000 -1.82679 -1.42588 

Control -.834889* .097125 .00000 -1.03535 -.63443 

Pearl millet Saturation Control .516000 .316407 .11599 -.13703 1.16903 

Dry 1.154667* .316407 .00127 .50163 1.80770 

Control Saturation -.516000 .316407 .11599 -1.16903 .13703 

Dry .638667 .316407 .05485 -.01437 1.29170 

Dry Saturation -1.154667* .316407 .00127 -1.80770 -.50163 

Control -.638667 .316407 .05485 -1.29170 .01437 

Red clover Saturation Control .030222 .056743 .59920 -.08689 .14733 

Dry .377889* .056743 .00000 .26078 .49500 
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Control Saturation -.030222 .056743 .59920 -.14733 .08689 

Dry .347667* .056743 .00000 .23056 .46478 

Dry Saturation -.377889* .056743 .00000 -.49500 -.26078 

Control -.347667* .056743 .00000 -.46478 -.23056 

Red fescue Saturation Control -.070667 .062933 .27260 -.20055 .05922 

Dry .573778* .062933 .00000 .44389 .70367 

Control Saturation .070667 .062933 .27260 -.05922 .20055 

Dry .644444* .062933 .00000 .51456 .77433 

Dry Saturation -.573778* .062933 .00000 -.70367 -.44389 

Control -.644444* .062933 .00000 -.77433 -.51456 

Wheatgrass Saturation Control .557889 .343107 .11701 -.15025 1.26603 

Dry 1.621556* .343107 .00008 .91342 2.32969 

Control Saturation -.557889 .343107 .11701 -1.26603 .15025 

Dry 1.063667* .343107 .00489 .35553 1.77180 

Dry Saturation -1.621556* .343107 .00008 -2.32969 -.91342 

Control -1.063667* .343107 .00489 -1.77180 -.35553 

Yellow clover Saturation Control .135556 .137534 .33415 -.14830 .41941 

Dry .446667* .137534 .00342 .16281 .73052 

Control Saturation -.135556 .137534 .33415 -.41941 .14830 

Dry .311111* .137534 .03303 .02726 .59497 

Dry Saturation -.446667* .137534 .00342 -.73052 -.16281 

Control -.311111* .137534 .03303 -.59497 -.02726 

*. The mean difference is significant at the 0.01 level. 
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Table S7. ANOVA outcomes for mean root dry mass, roots percentage, root to shoot ratio and 

mean shoot dry mass 

 

Species 

Sum of 

Squares df 

Mean 

Square F Sig. 

Alfalfa Mean Root dry 

mass 

Between 

Groups 

.040 2 .020 21.126 .000005 

Within Groups .023 24 .001   

Total .062 26    

Root% Between 

Groups 

146.328 2 73.164 2.976 .070075 

Within Groups 590.110 24 24.588   

Total 736.438 26    

Root to shoot ratio Between 

Groups 

.056 2 .028 2.923 .073121 

Within Groups .231 24 .010   

Total .288 26    

Mean shoot dry 

mass 

Between 

Groups 

.405 2 .202 83.979 .000000 

Within Groups .058 24 .002   

Total .463 26    

Berseem 

clover 

Mean Root dry 

mass 

Between 

Groups 

.065 2 .032 46.014 .000000 

Within Groups .017 24 .001   

Total .082 26    

Root% Between 

Groups 

99.547 2 49.774 5.531 .010581 

Within Groups 215.983 24 8.999   

Total 315.530 26    

Root to shoot ratio Between 

Groups 

.023 2 .012 5.486 .010915 

Within Groups .051 24 .002   

Total .074 26    

Mean shoot dry 

mass 

Between 

Groups 

2.160 2 1.080 79.641 .000000 

Within Groups .325 24 .014   

Total 2.485 26    

Crimson clover Mean Root dry 

mass 

Between 

Groups 

.209 2 .104 46.132 .000000 
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Within Groups .054 24 .002   

Total .263 26    

Root% Between 

Groups 

337.041 2 168.521 16.347 .000033 

Within Groups 247.415 24 10.309   

Total 584.456 26    

Root to shoot ratio Between 

Groups 

.113 2 .057 15.628 .000045 

Within Groups .087 24 .004   

Total .201 26    

Mean shoot dry 

mass 

Between 

Groups 

1.234 2 .617 62.195 .000000 

Within Groups .238 24 .010   

Total 1.472 26    

Hairy vetch Mean Root dry 

mass 

Between 

Groups 

.661 2 .330 57.378 .000000 

Within Groups .138 24 .006   

Total .799 26    

Root% Between 

Groups 

364.565 2 182.282 12.544 .000187 

Within Groups 348.767 24 14.532   

Total 713.332 26    

Root to shoot ratio Between 

Groups 

.099 2 .049 10.888 .000431 

Within Groups .109 24 .005   

Total .207 26    

Mean shoot dry 

mass 

Between 

Groups 

7.036 2 3.518 146.049 .000000 

Within Groups .578 24 .024   

Total 7.614 26    

Pearl millet Mean Root dry 

mass 

Between 

Groups 

.223 2 .112 5.674 .009599 

Within Groups .472 24 .020   

Total .695 26    

Root% Between 

Groups 

24.426 2 12.213 .834 .446446 

Within Groups 351.386 24 14.641   

Total 375.811 26    
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Root to shoot ratio Between 

Groups 

.006 2 .003 .830 .448350 

Within Groups .088 24 .004   

Total .094 26    

Mean shoot dry 

mass 

Between 

Groups 

3.970 2 1.985 6.417 .005854 

Within Groups 7.423 24 .309   

Total 11.393 26    

Red clover Mean Root dry 

mass 

Between 

Groups 

.047 2 .023 28.667 .000000 

Within Groups .019 24 .001   

Total .066 26    

Root% Between 

Groups 

872.398 2 436.199 13.993 .000094 

Within Groups 748.141 24 31.173   

Total 1620.539 26    

Root to shoot ratio Between 

Groups 

.398 2 .199 13.003 .000149 

Within Groups .367 24 .015   

Total .766 26    

Mean shoot dry 

mass 

Between 

Groups 

.465 2 .232 22.069 .000004 

Within Groups .253 24 .011   

Total .718 26    

Red fescue Mean Root dry 

mass 

Between 

Groups 

.157 2 .079 48.174 .000000 

Within Groups .039 24 .002   

Total .197 26    

Root% Between 

Groups 

406.543 2 203.271 9.878 .000742 

Within Groups 493.889 24 20.579   

Total 900.432 26    

Root to shoot ratio Between 

Groups 

.109 2 .054 9.625 .000852 

Within Groups .135 24 .006   

Total .244 26    

Mean shoot dry 

mass 

Between 

Groups 

1.267 2 .633 46.772 .000000 
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Within Groups .325 24 .014   

Total 1.592 26    

Wheatgrass Mean Root dry 

mass 

Between 

Groups 

1.482 2 .741 12.782 .000166 

Within Groups 1.391 24 .058   

Total 2.873 26    

Root% Between 

Groups 

1192.031 2 596.015 32.114 .000000 

Within Groups 445.424 24 18.559   

Total 1637.455 26    

Root to shoot ratio Between 

Groups 

.528 2 .264 26.943 .000001 

Within Groups .235 24 .010   

Total .764 26    

Mean shoot dry 

mass 

Between 

Groups 

5.978 2 2.989 11.838 .000265 

Within Groups 6.060 24 .253   

Total 12.038 26    

Yellow clover Mean Root dry 

mass 

Between 

Groups 

.019 2 .009 2.021 .154401 

Within Groups .113 24 .005   

Total .132 26    

Root% Between 

Groups 

518.581 2 259.291 10.539 .000519 

Within Groups 590.486 24 24.604   

Total 1109.067 26    

Root to shoot ratio Between 

Groups 

.195 2 .097 9.959 .000709 

Within Groups .235 24 .010   

Total .430 26    

Mean shoot dry 

mass 

Between 

Groups 

.699 2 .349 6.499 .005551 

Within Groups 1.290 24 .054   

Total 1.989 26    
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Table S8. Multiple comparison post-hoc outcomes for mean root dry mass, roots percentage, 

root to shoot ratio and mean shoot dry mass (LSD) 

 

Species 

Dependent 

Variable 

(I) 

Treatment 

(J) 

Treatment 

Mean 

Difference 

(I-J) 

Std. 

Error Sig. 

99% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

Alfalfa Mean Root dry 

mass 

Saturation Control -.028778 .014443 .058 -.06917 .01162 

Dry .063000* .014443 .000 .02260 .10340 

Control Saturation .028778 .014443 .058 -.01162 .06917 

Dry .091778* .014443 .000 .05138 .13217 

Dry Saturation -.063000* .014443 .000 -.10340 -.02260 

Control -.091778* .014443 .000 -.13217 -.05138 

Root% Saturation Control 3.104333 2.337516 .197 -3.43356 9.64222 

Dry -2.590333 2.337516 .279 -9.12822 3.94756 

Control Saturation -3.104333 2.337516 .197 -9.64222 3.43356 

Dry -5.694667 2.337516 .023 -12.23256 .84322 

Dry Saturation 2.590333 2.337516 .279 -3.94756 9.12822 

Control 5.694667 2.337516 .023 -.84322 12.23256 

Root to shoot 

ratio 

Saturation Control .064333 .046279 .177 -.06511 .19377 

Dry -.047111 .046279 .319 -.17655 .08233 

Control Saturation -.064333 .046279 .177 -.19377 .06511 

Dry -.111444 .046279 .024 -.24088 .01799 

Dry Saturation .047111 .046279 .319 -.08233 .17655 

Control .111444 .046279 .024 -.01799 .24088 

Mean shoot dry 

mass 

Saturation Control -.137667* .023139 .000 -.20239 -.07295 

Dry .161889* .023139 .000 .09717 .22661 

Control Saturation .137667* .023139 .000 .07295 .20239 

Dry .299556* .023139 .000 .23484 .36427 

Dry Saturation -.161889* .023139 .000 -.22661 -.09717 

Control -.299556* .023139 .000 -.36427 -.23484 

Berseem 

clover 

Mean Root dry 

mass 

Saturation Control .068333* .012516 .000 .03333 .10334 

Dry .119667* .012516 .000 .08466 .15467 

Control Saturation -.068333* .012516 .000 -.10334 -.03333 

Dry .051333* .012516 .000 .01633 .08634 

Dry Saturation -.119667* .012516 .000 -.15467 -.08466 

Control -.051333* .012516 .000 -.08634 -.01633 

Root% Saturation Control -3.548556 1.414157 .019 -7.50387 .40675 
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Dry -4.447667* 1.414157 .004 -8.40298 -.49236 

Control Saturation 3.548556 1.414157 .019 -.40675 7.50387 

Dry -.899111 1.414157 .531 -4.85442 3.05620 

Dry Saturation 4.447667* 1.414157 .004 .49236 8.40298 

Control .899111 1.414157 .531 -3.05620 4.85442 

Root to shoot 

ratio 

Saturation Control -.053667 .021670 .021 -.11428 .00694 

Dry -.068111* .021670 .004 -.12872 -.00750 

Control Saturation .053667 .021670 .021 -.00694 .11428 

Dry -.014444 .021670 .511 -.07505 .04617 

Dry Saturation .068111* .021670 .004 .00750 .12872 

Control .014444 .021670 .511 -.04617 .07505 

Mean shoot dry 

mass 

Saturation Control .465000* .054892 .000 .31147 .61853 

Dry .677222* .054892 .000 .52369 .83075 

Control Saturation -.465000* .054892 .000 -.61853 -.31147 

Dry .212222* .054892 .001 .05869 .36575 

Dry Saturation -.677222* .054892 .000 -.83075 -.52369 

Control -.212222* .054892 .001 -.36575 -.05869 

Crimson 

clover 

Mean Root dry 

mass 

Saturation Control .117889* .022418 .000 .05519 .18059 

Dry .215000* .022418 .000 .15230 .27770 

Control Saturation -.117889* .022418 .000 -.18059 -.05519 

Dry .097111* .022418 .000 .03441 .15981 

Dry Saturation -.215000* .022418 .000 -.27770 -.15230 

Control -.097111* .022418 .000 -.15981 -.03441 

Root% Saturation Control 8.047111* 1.513565 .000 3.81376 12.28046 

Dry 1.265556 1.513565 .411 -2.96779 5.49891 

Control Saturation -8.047111* 1.513565 .000 -12.28046 -3.81376 

Dry -6.781556* 1.513565 .000 -11.01491 -2.54821 

Dry Saturation -1.265556 1.513565 .411 -5.49891 2.96779 

Control 6.781556* 1.513565 .000 2.54821 11.01491 

Root to shoot 

ratio 

Saturation Control .147778* .028403 .000 .06833 .22722 

Dry .023556 .028403 .415 -.05589 .10300 

Control Saturation -.147778* .028403 .000 -.22722 -.06833 

Dry -.124222* .028403 .000 -.20367 -.04478 

Dry Saturation -.023556 .028403 .415 -.10300 .05589 

Control .124222* .028403 .000 .04478 .20367 

Mean shoot dry 

mass 

Saturation Control .073111 .046946 .132 -.05819 .20442 

Dry .485556* .046946 .000 .35425 .61686 

Control Saturation -.073111 .046946 .132 -.20442 .05819 
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Dry .412444* .046946 .000 .28114 .54375 

Dry Saturation -.485556* .046946 .000 -.61686 -.35425 

Control -.412444* .046946 .000 -.54375 -.28114 

Hairy vetch Mean Root dry 

mass 

Saturation Control .126889* .035769 .002 .02685 .22693 

Dry .376556* .035769 .000 .27651 .47660 

Control Saturation -.126889* .035769 .002 -.22693 -.02685 

Dry .249667* .035769 .000 .14962 .34971 

Dry Saturation -.376556* .035769 .000 -.47660 -.27651 

Control -.249667* .035769 .000 -.34971 -.14962 

Root% Saturation Control -3.177444 1.797033 .090 -8.20364 1.84875 

Dry 5.704333* 1.797033 .004 .67814 10.73053 

Control Saturation 3.177444 1.797033 .090 -1.84875 8.20364 

Dry 8.881778* 1.797033 .000 3.85559 13.90797 

Dry Saturation -5.704333* 1.797033 .004 -10.73053 -.67814 

Control -8.881778* 1.797033 .000 -13.90797 -3.85559 

Root to shoot 

ratio 

Saturation Control -.060889 .031731 .067 -.14964 .02786 

Dry .086444 .031731 .012 -.00230 .17519 

Control Saturation .060889 .031731 .067 -.02786 .14964 

Dry .147333* .031731 .000 .05858 .23608 

Dry Saturation -.086444 .031731 .012 -.17519 .00230 

Control -.147333* .031731 .000 -.23608 -.05858 

Mean shoot dry 

mass 

Saturation Control .664556* .073162 .000 .45993 .86918 

Dry 1.249556* .073162 .000 1.04493 1.45418 

Control Saturation -.664556* .073162 .000 -.86918 -.45993 

Dry .585000* .073162 .000 .38037 .78963 

Dry Saturation -1.249556* .073162 .000 -1.45418 -1.04493 

Control -.585000* .073162 .000 -.78963 -.38037 

Pearl millet Mean Root dry 

mass 

Saturation Control .059222 .066119 .379 -.12571 .24415 

Dry .215556* .066119 .003 .03063 .40049 

Control Saturation -.059222 .066119 .379 -.24415 .12571 

Dry .156333 .066119 .026 -.02860 .34126 

Dry Saturation -.215556* .066119 .003 -.40049 -.03063 

Control -.156333 .066119 .026 -.34126 .02860 

Root% Saturation Control -2.312444 1.803766 .212 -7.35747 2.73258 

Dry -.910444 1.803766 .618 -5.95547 4.13458 

Control Saturation 2.312444 1.803766 .212 -2.73258 7.35747 

Dry 1.402000 1.803766 .445 -3.64302 6.44702 

Dry Saturation .910444 1.803766 .618 -4.13458 5.95547 
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Control -1.402000 1.803766 .445 -6.44702 3.64302 

Root to shoot 

ratio 

Saturation Control -.036444 .028572 .214 -.11636 .04347 

Dry -.013778 .028572 .634 -.09369 .06614 

Control Saturation .036444 .028572 .214 -.04347 .11636 

Dry .022667 .028572 .435 -.05725 .10258 

Dry Saturation .013778 .028572 .634 -.06614 .09369 

Control -.022667 .028572 .435 -.10258 .05725 

Mean shoot dry 

mass 

Saturation Control .456667 .262169 .094 -.27660 1.18994 

Dry .939111* .262169 .002 .20584 1.67238 

Control Saturation -.456667 .262169 .094 -1.18994 .27660 

Dry .482444 .262169 .078 -.25083 1.21572 

Dry Saturation -.939111* .262169 .002 -1.67238 -.20584 

Control -.482444 .262169 .078 -1.21572 .25083 

Red clover Mean Root dry 

mass 

Saturation Control .028556 .013427 .044 -.00900 .06611 

Dry .098778* .013427 .000 .06122 .13633 

Control Saturation -.028556 .013427 .044 -.06611 .00900 

Dry .070222* .013427 .000 .03267 .10778 

Dry Saturation -.098778* .013427 .000 -.13633 -.06122 

Control -.070222* .013427 .000 -.10778 -.03267 

Root% Saturation Control 5.922667 2.631964 .034 -1.43878 13.28411 

Dry -7.951556* 2.631964 .006 -15.31300 -.59011 

Control Saturation -5.922667 2.631964 .034 -13.28411 1.43878 

Dry -

13.874222* 

2.631964 .000 -21.23567 -6.51278 

Dry Saturation 7.951556* 2.631964 .006 .59011 15.31300 

Control 13.874222* 2.631964 .000 6.51278 21.23567 

Root to shoot 

ratio 

Saturation Control .128444 .058326 .038 -.03469 .29158 

Dry -.168111* .058326 .008 -.33125 -.00498 

Control Saturation -.128444 .058326 .038 -.29158 .03469 

Dry -.296556* .058326 .000 -.45969 -.13342 

Dry Saturation .168111* .058326 .008 .00498 .33125 

Control .296556* .058326 .000 .13342 .45969 

Mean shoot dry 

mass 

Saturation Control .001778 .048376 .971 -.13353 .13708 

Dry .279222* .048376 .000 .14392 .41453 

Control Saturation -.001778 .048376 .971 -.13708 .13353 

Dry .277444* .048376 .000 .14214 .41275 

Dry Saturation -.279222* .048376 .000 -.41453 -.14392 

Control -.277444* .048376 .000 -.41275 -.14214 
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Red fescue Mean Root dry 

mass 

Saturation Control .035778 .019056 .073 -.01752 .08908 

Dry .176889* .019056 .000 .12359 .23019 

Control Saturation -.035778 .019056 .073 -.08908 .01752 

Dry .141111* .019056 .000 .08781 .19441 

Dry Saturation -.176889* .019056 .000 -.23019 -.12359 

Control -.141111* .019056 .000 -.19441 -.08781 

Root% Saturation Control 5.579333 2.138468 .015 -.40183 11.56050 

Dry 9.453778* 2.138468 .000 3.47261 15.43494 

Control Saturation -5.579333 2.138468 .015 -11.56050 .40183 

Dry 3.874444 2.138468 .083 -2.10672 9.85561 

Dry Saturation -9.453778* 2.138468 .000 -15.43494 -3.47261 

Control -3.874444 2.138468 .083 -9.85561 2.10672 

Root to shoot 

ratio 

Saturation Control .093222 .035405 .015 -.00580 .19225 

Dry .154222* .035405 .000 .05520 .25325 

Control Saturation -.093222 .035405 .015 -.19225 .00580 

Dry .061000 .035405 .098 -.03803 .16003 

Dry Saturation -.154222* .035405 .000 -.25325 -.05520 

Control -.061000 .035405 .098 -.16003 .03803 

Mean shoot dry 

mass 

Saturation Control -.106778 .054854 .063 -.26020 .04664 

Dry .396667* .054854 .000 .24324 .55009 

Control Saturation .106778 .054854 .063 -.04664 .26020 

Dry .503444* .054854 .000 .35002 .65687 

Dry Saturation -.396667* .054854 .000 -.55009 -.24324 

Control -.503444* .054854 .000 -.65687 -.35002 

Wheatgrass Mean Root dry 

mass 

Saturation Control .403556* .113499 .002 .08610 .72101 

Dry .555111* .113499 .000 .23766 .87256 

Control Saturation -.403556* .113499 .002 -.72101 -.08610 

Dry .151556 .113499 .194 -.16590 .46901 

Dry Saturation -.555111* .113499 .000 -.87256 -.23766 

Control -.151556 .113499 .194 -.46901 .16590 

Root% Saturation Control 12.580222* 2.030837 .000 6.90009 18.26035 

Dry -2.652778 2.030837 .204 -8.33291 3.02735 

Control Saturation -

12.580222* 

2.030837 .000 -18.26035 -6.90009 

Dry -

15.233000* 

2.030837 .000 -20.91313 -9.55287 

Dry Saturation 2.652778 2.030837 .204 -3.02735 8.33291 

Control 15.233000* 2.030837 .000 9.55287 20.91313 
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Root to shoot 

ratio 

Saturation Control .257444* .046679 .000 .12689 .38800 

Dry -.067111 .046679 .163 -.19767 .06345 

Control Saturation -.257444* .046679 .000 -.38800 -.12689 

Dry -.324556* .046679 .000 -.45511 -.19400 

Dry Saturation .067111 .046679 .163 -.06345 .19767 

Control .324556* .046679 .000 .19400 .45511 

Mean shoot dry 

mass 

Saturation Control .154556 .236881 .520 -.50799 .81710 

Dry 1.066444* .236881 .000 .40390 1.72899 

Control Saturation -.154556 .236881 .520 -.81710 .50799 

Dry .911889* .236881 .001 .24935 1.57443 

Dry Saturation -1.066444* .236881 .000 -1.72899 -.40390 

Control -.911889* .236881 .001 -1.57443 -.24935 

Yellow 

clover 

Mean Root dry 

mass 

Saturation Control .009111 .032288 .780 -.08120 .09942 

Dry .060222 .032288 .074 -.03008 .15053 

Control Saturation -.009111 .032288 .780 -.09942 .08120 

Dry .051111 .032288 .127 -.03920 .14142 

Dry Saturation -.060222 .032288 .074 -.15053 .03008 

Control -.051111 .032288 .127 -.14142 .03920 

Root% Saturation Control -2.505889 2.338260 .295 -9.04586 4.03408 

Dry -

10.292889* 

2.338260 .000 -16.83286 -3.75292 

Control Saturation 2.505889 2.338260 .295 -4.03408 9.04586 

Dry -7.787000* 2.338260 .003 -14.32697 -1.24703 

Dry Saturation 10.292889* 2.338260 .000 3.75292 16.83286 

Control 7.787000* 2.338260 .003 1.24703 14.32697 

Root to shoot 

ratio 

Saturation Control -.047222 .046625 .321 -.17763 .08318 

Dry -.199111* .046625 .000 -.32952 -.06870 

Control Saturation .047222 .046625 .321 -.08318 .17763 

Dry -.151889* .046625 .003 -.28230 -.02148 

Dry Saturation .199111* .046625 .000 .06870 .32952 

Control .151889* .046625 .003 .02148 .28230 

Mean shoot dry 

mass 

Saturation Control .126111 .109288 .260 -.17956 .43178 

Dry .386333* .109288 .002 .08066 .69201 

Control Saturation -.126111 .109288 .260 -.43178 .17956 

Dry .260222 .109288 .026 -.04545 .56590 

Dry Saturation -.386333* .109288 .002 -.69201 -.08066 

Control -.260222 .109288 .026 -.56590 .04545 

 


