
 
 

  
 

Mitigating phosphorus loss in runoff from agricultural soils: the role of cover crops under 
conditions of freeze-thaw cycles 

 
By 

Francis Opoku 

 
 

 
 
 
 
 

A Thesis  
presented to 

The University of Guelph 
 
 
 
 
 
 
 
 

In partial fulfilment of requirements 
 for the degree of 

 Doctor of Philosophy 
in  

Environmental Sciences 
 

 
 
 
 
 
 
 
 

 
Guelph, Ontario, Canada, 2021 

 
  ©Francis Opoku, May 2021 



 
 

ABSTRACT 
 

 

MITIGATING PHOSPHORUS LOSS IN RUNOFF FROM AGRICULTURAL SOILS: THE 
ROLE OF COVER CROPS UNDER CONDITIONS OF FREEZE-THAW CYCLES 

 
 

Francis Opoku                                                                                            Advisors:  
University of Guelph, 2021                                                                        Dr. Paul Voroney  
                                                                                                                    Dr. Ivan O’Halloran 
 
 
 
Eutrophication of surface waters caused by excessive phosphorus (P) loading is of water quality 

concern because of its promotion of algal blooms. Cover crops reduce total P (TP) loads in runoff 

and erosion but have been reported as potential source of dissolved reactive P (DRP) to runoff 

during winter due to lysis of cover crop cells by freeze-thaw cycles (FTC). However, the effects 

of cover crops on runoff P could be influenced by other factors such as species and age of cover 

crop, herbicide termination of cover crop, and soil test P (STP). Experiments were conducted to 

assess P release from cover crops -- oat (Avena sativa), cereal rye (Secale cereale), annual ryegrass 

(Lolium multiflorum), red clover (Trifolium pratense) and mustard (Brassica nigra) to runoff DRP. 

Freeze-thaw cycles elevated P release from cover crops but their impact was reduced when mature 

cover crops acclimatized at cooler temperatures in the field prior to laboratory extractions. The 

amounts of DRP contributing to runoff by cover crops was low relative to their tissue P pools and 

water extractable P (WEP) release under laboratory FTC conditions. Since red clover and mustard 

typically had less biomass than oat and cereal rye, they contributed minimally or to no detectable 

DRP amounts to runoff P. Particulate P (PP) and Total (TP) in runoff differed by cover crop species 

while herbicide application increased runoff DRP contribution by some species of cover crops. 

Runoff DRP and TP were higher in fall than spring whether cover crops were killed with herbicide 



 
 

or left to grow over winter. Generally, the STP range of these studies, 11 to  32 mg Olsen P kg-1 

soil, did not impact cover crop biomass size nor their contribution to runoff DRP despite the high 

levels (45 to  63 mg kg-1) of WEP released from cover crops. The results of this study suggest that 

cover crop species selection, management of cover crop biomass and termination of cover crop, 

either by cutting late in the fall or by leaving it on the field over winter, are essential practices that 

should be adopted to minimize environmental P risk management. 
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CHAPTER ONE 

1.0 General introduction 

1.1 Study background problem 
 

There is a global problem of eutrophication through nutrient loading into water bodies caused by 

anthropogenic factors (Smith, 2003).  Evidence of eutrophication in the Great Lakes has been 

recorded since the 1960’s. Lake Erie specifically was negatively affected by the severity of this 

problem (International Joint Commission, (IJC), 2014). Eutrophication causes an increase in algae 

populations (Kotak et al., 1994; Sharpley and Rekolainen, 1997), leading to unpleasant odours and 

scum, and corresponding reductions in the aesthetic value of water. It also causes the water to be 

unsafe for drinking and poses threats to animal life such as death of fish and ingestion of dissolved 

toxins by livestock (Zaimes and Schultz, 2002).  In early August 2014, the 500,000 residents of 

Toledo, Ohio, were banned from taking water from their taps for drinking water or for using it to 

cook or brush their teeth due to toxic microcystis algal blooms in Lake Erie that contaminated the 

water supply (New York Times, 2014). 

Phosphorus (P) is the main nutrient that causes eutrophication of many surface fresh waters (Daniel 

et al., 1998).  Among the several sources of P pollution, agriculture is the major non-point source 

of P to water bodies in Canada (Chambers et al., 2001) and the United States of America (United 

States Environmental Protection Agency (USEPA), 2002). Concerns to reduce P and other 

contaminant loadings into the Great Lakes led to the signing of the Great Lakes Water Quality 

Agreement in 1978 (GLWQA, 1978). Reduction to an annual loading of 11,000 tonnes of P into 

Lake Erie was successfully achieved under the 1978 agreement, but more recently there have 

dramatic increases in algal blooms (International Joint Commission (IJC), 2014). The first of such 

blooms was recorded in 2008. Michalak et al. (2013) reported that the largest algal bloom ever 
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recorded in the history of Lake Erie occurred in 2011, with a peak magnitude 3.3 times greater 

than that of 2008. The 2013 bloom was again surpassed in severity in 2015, and six of the largest 

algal blooms since 2002 have occurred in the period 2011 to 2019. It has been suggested that long-

term trends in agricultural practices, resulting in greater soluble P losses and coupled with weather 

conditions, were the causes of these blooms. These agricultural practices included conservation 

tillage, fall fertilizer applications by broadcasting, and increased corn production, which requires 

higher P applications (36 % more) than crops like soybeans, in Ohio (Michalak et al., 2013). 

Recently, under the bi-national Great Lakes Water Quality Agreement, “a 40% reduction relative 

to 2008 P loading in the P loads to Lake Erie was recommended” (Annex 4 Objectives and Targets 

Task Team Final Report, 2015). To achieve this target, it is imperative to better understand the 

interactions between soil conditions, site characteristics, pathways of P loss, agricultural 

production practices and temporal variations in hydrological conditions.  

1.2 Justification for studying cover crops for phosphorus loss mitigation 
 

Cover crops are crops (legumes, non-leguminous broad leaf plants, and grasses) grown on bare 

soils to provide periodic soil cover at the start and/or end of the main crop growing season. They 

are known to be beneficial to soil in many ways, including the reduction of nutrient leaching, 

providing erosion control and improving soil structure (Lal et al., 1991).  They may decrease total 

P losses in runoff from soil by reducing erosion and improving infiltration of water. This protection 

of surface water quality is one of the main reasons for their mass expansion in the Scandinavian 

countries (Molteberg and Tangsveen, 2002). In Canada, research has shown successful integration 

of cover crops and pesticide use to reduce pest pressure on tomatoes (Belfry et al., 2017).  
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Despite these benefits, there is a potential for release of P from cover crop plant tissues over winter 

(Uhlen, 1989), a phenomenon that Bechmann et al. (2005) identified as needing further 

investigation, especially during the period of freeze-thaw cycles (FTC). The degree of injury to 

the plant cell is a function of the intensity of the freeze and thaw as well as the hardiness of the 

plant tissue (Steponkus et al., 1983). White (1973) explained that plant cells are damaged by 

freezing which allows easy water extraction of nutrients. These extracted nutrients, including P, 

can then become available to runoff water. Recent research has documented relatively high water 

extractable P (WEP) release from cover crops subjected FTC which present an additional threat to 

water bodies (Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013; Lozier et al., 2017; 

Cober et al., 2018). Because plant species differ in anatomical structure including lignin and 

cellulose content, responses to freezing and thawing could be expected to vary. For instance, 

Bechmann et al. (2005) in a laboratory study extracted 100 % of tissue P from residues of annual 

ryegrass as WEP after eight FTC. Under a FTC temperature range of -18 and 4 oC, the amounts of 

tissue P pools extracted as WEP were ≤ 3 % for hairy vetch, 21-38 % for cereal rye, red clover and 

oat, and 51 % for oil seed radish (Cober et al., 2018). Elliott (2013) reported a range of 0.02 to 3.7 

kg ha-1 of WEP release from residues of 11 different plant species using snowmelt, indicating 

selection of plant species may play an important role in using cover crops to mitigate P losses. For 

instance, higher amounts of P extracted from winter wheat than wheat stubbles translated to higher 

P amounts in runoff (Elliott, 2013). Using different cover crops in different study regions, higher 

amounts of P in simulated runoff from soils with vegetation cover during freeze-thaw events have 

been documented (Bechmann et al., 2005, Elliott, 2013), In contrast, other studies, especially field 

studies, have reported small and/or non-significant increases of P in runoff (Ulén, 1997, Roberson 

2007; Lozier, 2017).  
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Moreover, the concentration and amount of P in runoff from agricultural fields may be influenced 

by many factors such as crop species, cultural practices, rainfall intensity and distribution, soil 

characteristics, runoff season, topography, FTC temperature range, and size of the contributing 

watershed (Timmons et al., 1970; Burwell, 1975; Lozier et al., 2017; Cober, 2019). In two slightly 

different soils with no vegetation, Berks (loamy-skeletal), and Watson (fine-loamy), Bechmann et 

al. (2005) reported a larger decline in total P in leachates in one soil compared to the other after 

freezing and thawing which indicates unavailability of P for runoff as P is translocated to deeper 

soil layers. Such differences relating to P availability in runoff could be attributed to soil 

characteristics including particle size (O’Halloran et al., 1985; Wang et al., 2001; Poirier et al., 

2012; Plach et al., 2019) and soil test P (STP) (Maguire and Sims, 2002; McDowell and Sharpley, 

2010). Soil test P has been found to correlate with soluble or bioavailable P in runoff and leachate, 

thus, it is the most common measure to predict soil P levels that are of concern to water quality 

(Maguire and Sims, 2002; McDowell and Sharpley, 2010; Wang et al., 2010; Wang, 2012). In fact, 

increase in leachate dissolved reactive phosphorus (DRP) per unit increase in STP has been 

reported for different ranges of soil across Canada, the USA, United Kingdom and New Zealand 

(McDowell et al., 2001; Maguire and Sims, 2002, Wang et al., 2010). These findings therefore 

suggest that differences in P losses under field conditions may exist between different geographical 

locations and soils as well as with crops. 

In southwestern Ontario, cover crops such as cereal rye and red clover are fall planted for field 

cover during winter, although red clover may also be intercropped with wheat. There is an 

increased interest of farmers in the use of cover crops (Anne Verhallen, soil management specialist, 

OMAFRA; pers. comm.), particularly, the legume red clover (Ralph et al., 2015) as it can provide 

additional nitrogen to the soil. However, legume species appear to be more susceptible to P losses 
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after freezing (Elliott, 2013), which may increase P pollution to surface water bodies.  Despite the 

high eutrophication level of Lake Erie that is strongly influenced by high concentrations of DRP, 

the information on the relative contribution from water runoff from cover crops within the region 

is limited. To fill this knowledge gap, studies have centered on the effects of temperature variation, 

cover crop species, temporal variability, and cover crop termination on WEP release from cover 

crops as well as DRP amounts in runoff from cover cropped soils in southwestern Ontario (Lozier 

et al., 2017; Lozier and Macrae, 2017; Cober et al., 2018; Cober et al., 2019).  

Given the dearth of information on this significant environmental issue, there is a need to explore 

in detail additional factors that may influence the loss of P during freeze-thaw events within the 

Lake Erie basin. Surface runoff is considered the major pathway by which P is lost from 

agricultural soils (Sharpley, 1993) resulting from higher P concentrations and strongest 

hydrologic energy in the surface soil than deeper horizons (Haygarth et al., 1998a), thus, it is 

quintessential to explore this pathway. This research investigated the risk of P loss in runoff 

following freeze-thaw events as a factor of STP, plant age and species of cover crops (cereal rye, 

red clover, oats, and mustard). 

1.3 Research objectives 

 To quantify the amount of WEP released from cover crops species (cereal rye, oat, red 

clover, mustard and annual ryegrass) as influenced by laboratory procedures and FTC 

 To determine the effects of STP as well as cover crop (species and time of harvesting) on 

plant P content and WEP amounts as affected by FTC. 

 To investigate the effect of cover crops (cereal rye, oat and mustard) and STP on the 

amount and forms of P lost to rainfall runoff following winter snowmelt 
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 To determine the influence of herbicide application, STP and cover crop species (cereal 

rye and red clover) on P lost to seasonal rainfall runoff (Fall vs Spring) 

 To provide knowledge regarding the role that cover crops play in mitigating P losses, 

thereby contributing to the goal of 40% reduction (relative to 2008 P levels) of P loading 

in Lake Erie by 2025. 

After this introductory chapter  (chapter 1), the rest of this thesis is grouped into a literature review 

section (chapter 2), four experimental chapters (chapters 3 to 6) which address the first four 

objectives, and a concluding chapter (chapter 7) for the fifth objective. Each experiment has 

specific cover crops that were tested.  

1.4 Study area – site description 
 

Two field sites were located on the University of Guelph Ridgetown Campus Research Station in 

Ridgetown, Southwestern Ontario. The sites lie within a latitude 42o23’N and longitude 82o13’W 

with an elevation of 179.40 m (Environment Canada). It has a flat topography (< 5 % slope) with 

low relief ridges that are moraines. Clay, loam and sandy loam are the characteristic soil textures 

in the area. A large percentage (92 %) of these soils falls within the primary agricultural lands; 

classes 1, 2 and 3 of the Canada Land Inventory (Composite Report, 2002). Summers are usually 

hot and humid. Maximum and minimum yearly mean temperatures of the area are 13.9 oC and 5.3 

oC, respectively (Environment Canada). Winter months are characterized by predominantly below 

freezing temperatures from December to March with daily averages of -1.9 oC, -4.7 oC, -6.0 oC 

and 0.7 oC for December, January, February, and March, respectively (Environment Canada). 

Below freezing temperatures with an occasional killing frost in late fall (Late November – mid-

December) is very typical of this region. Ridgetown records an annual precipitation of 800 mm to 
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950 mm (Environment Canada). Snowfall within the months of winter ranges from 10.8s cm to 

31cm but a recent diminishing snowpack usually leave a snow depth of < 5 cm on the ground 

(Environment Canada, See Appendix A). The general lack of snowpack exposes winter cover 

crops and soil in the region to frequent FTC.  

1.5 Outline of experimental methods  

Several experiments with similar but slightly varying methods, and different cover crops were 

used in the various studies in this thesis. Individual experiments and their methods used are 

summarized in table 1.1. 
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Table 1. 1 Outline of experiments, their study crops, and laboratory water extractable procedures  

Chapter Study Cover crops Extraction 
Ratio 
(Crop biomass 
: Deionized 
(DI) water) 

Extraction 
Vessel 

3 Effect of cutting method 
and freeze-thaw cycles 
on the amount of P 
released from cover crop 
residues    

Red clover 
Cereal rye 

1:50 2000 mL jar 

 2. Effect of number of 
cuts and freeze-thaw 
cycles on the amount of 
P released from annual 
cover crop residues 

Annual ryegrass 
Oat 
Mustard 

1:15 Cylindrical PVC 
tube of 41 cm 
length and 3.6 cm 
internal diameter 

 3. Effect of extraction 
ratio (biomass to water) 
and freeze-thaw cycles 
on phosphorus release 
from cover crop residues 

Red clover 1:10 
1:20 
1:30 

Cylindrical PVC 
tube of 41 cm 
length and 3.6 cm 
internal diameter 

4 Determination of the 
effects of soil test 
phosphorus, cover crop 
species and time of 
harvesting on plant water 
extractable phosphorus 
following freeze-thaw 
cycles 

Field Study 
Red clover 
Cereal rye 
Oat 
Mustard 
 
Pot study 
Cereal rye 
Oat 
Mustard 
 

1:10 
 
 
 
 
 
1:15 

500 mL conical 
flask 

5 Effect of cover crops and 
soil test phosphorus 
levels on phosphorus 
loss in rainfall runoff 
following winter 
snowmelt 
 

Oat 
Cereal rye 
Mustard 

No WEP 
extraction 
 

No WEP 
extraction 
 

6 Influence of herbicide 
application, soil test 
phosphorus and cover 
crop species on 
phosphorus loss in 
seasonal rainfall runoffs 

Red clover 
Cereal rye 

No WEP 
extraction 
 

No WEP 
extraction 
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CHAPTER TWO 
 

2.0 Literature review 
 

To address a global problem of freshwater eutrophication primarily caused by losses of agricultural 

phosphorus (P), it is prudent to present the significance and global trends of P fertilizer applications 

in agriculture. Also, it is imperative to understand the mechanisms that influence P availability and 

transport from the field. The above, together with P release and management in cover crops, are 

described in this review. 

2.1 Phosphorus as a resource for agriculture 
 

Phosphorus, a significant element for living organisms, is primarily found in soils and sediments 

(Pierzynski et al., 2005). Although it is a component of DNA, RNA, ADP and ATP in all life 

forms, it is specifically involved with photosynthesis and transformation of sugar and starch in 

plants.   

In the terrestrial ecosystem soil P is limiting to plants as it binds to aluminum, iron, and calcium 

complexes under the influence of soil pH (Elser, 2012). This has stimulated anthropogenic supply 

of P to crops in agricultural systems. Early P applications in agriculture were from mostly on-farm 

organic amendments-animal manures (Stewart et al., 2005).  Mining of guano deposits (seabird 

and bat droppings), a rich source of P and nitrogen (N), were imported from Peru and Chile as 

nutrient supplements in North American and English farms (Jacob, 1964; Stewart et al., 2005). 

Farm applications of animal manure as a source of P and N is a common practice in many parts of 

the world today.  Between 1960 and 2017, global manure application to soil increased from 18 to 

28 million tonnes of N while manure left on pasture rose from 48 to 86 million tonnes of N 
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(FAOSTAT, 2018) with corresponding increase but varying amounts of P depending on manure 

source (type of livestock and animal feed rations), age, and state (liquid or solid). In fact, the use 

of organic sources of P such as manure P for food production is poorly estimated on a global scale 

leading to inadequate existing world data. Due to P eutrophication of surface waters, quantification 

of organic sources of P has garnered greater attention as P loading to waterbodies is characterized 

in greater detail (Cordell et al., 2009; FAO, 2006). Other organic sources P include crop residues 

and cover crops. 

Globally, there is an intense utilization of inorganic P fertilizers (superphosphates, and ammonium 

phosphates) derived from rocks. In 2016, 40.4 million tonnes (44.5 million tons) of P2O5 fertilizer 

was consumed worldwide and an increase to 44.4 million tonnes (48.9 million tons) was expected 

in 2020 (Jasinski, 2017). Higher inorganic P production has been driven by geographical P scarcity 

(Cordell et al., 2009), problems of soil fertility in developing countries, and higher food production 

requirements to sustain the world’s expanding population (Elser, 2012). According to the 

European Fertilizer Manufacturers Association (EFMA) (2000), 90 % of P produced globally is 

for food production in forms such as fertilizers (79 %) and feed additives (11 %). This pressure on 

inorganic P production is influenced by increased global meat and dairy product consumption, 

especially by the Chinese, and by the escalating production of bioenergy (Cordell et al., 2009).  

2.2 Phosphorus dynamics in Soil    
 

The soil P cycle is governed by P input-output mechanisms and physiochemical and biochemical 

processes namely, sorption-desorption, dissolution-precipitation, mineralization-immobilization, 

and oxidation-reduction. These processes are influenced by the nature of P (organic (Po) vs 

inorganic (Pi)), soil biological activity, chemistry of the soil solution (pH, ionic strength, redox 
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potential), and site characteristics such as soil moisture content and temperature (Pierzynski et al., 

2005). A simplified diagram of the soil P cycle is shown in Fig 2.1. 
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Fig 2. 1 Soil P cycle (Source: Pierzynski et al., 2005) 
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2.2.2 Sorption-desorption of P 
 

Due to the complex nature of P adsorption and precipitation on soil particles, sorption is often used 

to denote the transfer of P from the soil solution to the solid soil phase by adsorption and 

precipitation processes; the reverse process of desorption includes both release of adsorbed P and 

dissolution. Soil P sorption and desorption are affected by soil texture (Horta et al., 2013; Bai et 

al., 2017), P accumulation and saturation of soil sorption sites for P, P source (McDowell and 

Sharpley, 2001b; Yan et al., 2013; Wang et al., 2015; Audette et al., 2016), soil to solution ratio, 

STP range (McDowell and Sharpley, 2001b; Koopmans et al., 2002; Horta et al., 2013) soil pH, 

organic matter, temperature and exchangeable cations; Al, Ca, Fe  (Yan et al., 2013; Xu et al., 

2014; Bai et al., 2017).  

The degree of P saturation (DPS) on soil particle surfaces controls the adsorption and desorption 

of P in soil (Hooda et al., 2000; Pautler and Sims, 2000; Maguire and Sims, 2002a; Guedes et al., 

2018). For a specific soil, there is a DPS threshold above which weakly bound P on the soil 

surface is increases rapidly (Hooda et al., 2000; Pautler and Sims, 2000; Maguire and Sims, 

2002a). Increases in soil solution P concentrations through additions of soluble P inputs results in 

increased P sorption (McDowell and Sharpley, 2001a; Horta et al., 2013; Xu et al., 2014) until a 

new equilibrium is reached through plant uptake or runoff. There is a reverse process (P 

desorption ) from soil solids to soil solution to replenish the decreased solution P (Mcdowell et 

al., 2001). The presence of amorphous Al and Fe oxides is an essential determinate factor of the 

ability of soil to retain P (Del Campillo et al., 1999). Although the influence of Al and Fe oxides 

on P adsorption is stronger in acidic soils, P is adsorbed unto the surfaces of these minerals even 

at an alkaline pH (Asomaning, 2020). 
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 Phosphorus gets adsorbed by replacing the single hydroxy (OH) groups of these adsorbents (Al 

and Fe oxides) to form Al-P and Al-Fe compounds. Subsequent coatings by additional Al and Fe 

oxides cause the adsorbed P to be trapped within these oxides, which is referred to as occluded P. 

Soil pH affects the proportions of OH on the surfaces of soil solids, with increasing pH 

(associated with increasing OH) either increasing, decreasing or having no effect on P adsorption 

(Vaughn et al., 1980; Liu et al., 2002; Jalali and Hemati Matin, 2015). Phosphorus sorption, 

however, declines with increasing pH in alkaline soils (Jalali and Matin, 2015; Bai et al., 2017) 

due to phosphate (PO4
3-) competition with OH ions for sorption sites speciation of sediment 

surface P (Millero et al., 2001) and repulsion between PO4
3- and OH ions (Zeng et al., 2004). In 

acidic soils (pH = 5-6.9), P adsorption increases with increasing pH (Liu et al., 2002; Bai et al., 

2017) due to an initial, but short-term (usually for 6 days), trapping of supplied P (occluded P) 

(Gustafsson et al., 2012) and low Ca-P anion exchange rate at that pH range (Liu et al., 2002). 

Organic matter influences P adsorption through direct competition for adsorption sites 

(McDowell and Condron, 2001; McDowell and Sharpley, 2001a) and indirect inhibition of Fe-

oxide crystallization (Borggaard, 1986; Gypser et al., 2019). Organic matter interaction with Al 

and Fe oxides reduces crystal formation of these adsorbents giving them a large specific surface 

area (Gypser et al., 2019) which boosts the P their adsorption capacity (PAC) (Borggaard 1986; 

Gypser et al., 2018; Gypser 2019). Reaction time between P and soil elevates P adsorption but at 

different rates (Toreu et al., 1988; Willet et al., 1988). Rate of P adsorption was faster at the 

initial phase (3 days) but remained for 260 days in a crystallized goethite (Willet et al., 1988). 

Jonasson et al. (1988) explains that the latter slow reaction is due to the formation of Fe-P 

complexes that are bound by oxides.  
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2.2.3 Dissolution-precipitation 
 

Dissolution involves the dissolving of labile or bioavailable P pool in solid soil to soil solution. 

This pool comprises of “adsorbed P, soluble and sparingly soluble P compounds, inorganic P in 

plant residues and some organic P forms” (Sims and Sharpley, 2005). Factors that affect the 

solubility of mineral P include contents of Al, Fe, Ca, and Mg, pH, and surface area of soil particles 

(Sims and Sharpley, 2005). However, the effects of these factors can be mediated by oxidation-

reduction processes.  

Reduction and oxidation reactions of Fe are the principal factors that regulate P solubility under 

anaerobic and aerobic conditions respectively (Olila and Reddy, 1997; Reddy, 2000). Microbial 

conversion of Fe3+ into Fe2+ enables PO4
3- bound to Fe2+ to be released into solution (Holford and 

Patrick, 1981; Sah and Mikkelsen, 1986; Vadas and Sims, 1998). Microbial effects on dissolution 

is time dependent as Holford and Patrick (1981) found a larger increase of labile P and solution P 

between 17 and 28 days of anaerobic incubation. They added that the solubility and surface 

properties of Fe compounds changed with soil pH and previous reduction process, which caused a 

fourfold release of P into soil solution at pH 8. Transformations of P into soluble (Fe2+ - PO4
3-) 

and easily extractable (occluded P: NaOH-P, NaCl- P) forms by redox reactions are dominant in 

the topsoil horizon due to P fertilization, drastic changes in pH and redox potential, and microbial 

release of CO2 and organic acids (Vadas and Sims, 1998). Also, an abundance of microbial 

biomass and activity within the topsoil promotes redox reaction and release of CO2 and organic 

acids within the subsoil (Vadas and Sims, 1998). 

Chemical precipitation is the removal of two or more ions from a solution after they combine to 

form a new compound in the solid state (Holtan et al., 1988). Rate of P precipitation differs for Al, 

Fe, and Ca bounded P at different soil depths. Under anaerobic conditions, P solubility is guided 
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by Ca-P precipitation in iron-calcium dominated environment (Moore & Reddy, 1994) due to 

increased pH by Fe reduction (Reddy and DeLaune, 2008).  

2.2.4 Immobilization-mineralization 
 

Under terrestrial conditions, soil P can be taken up a up and immobilized in tissues by 

microorganism and vegetation. The dominant microbes under aerobic conditions are fungi and 

bacteria (Reddy and Delaune, 2008).  

Microbes account for 5-30 % of total P recovered in soils and can assimilate higher proportions in 

P limited environments (Reddy and Delaune, 2008). The mechanism of P incorporation into cells 

of microbes include induction of P specific transport systems, release of phosphatase enzymes and 

transforming insoluble P minerals to soluble forms ( Saleh-Lakha et al., 2005; Schneider et al., 

2017). Microorganisms can adapt to changing redox conditions which enables them to add or 

remove P in soil water columns depending on the concentration of available P in the water (Reddy 

and Delaune, 2008). Microorganisms immobilize more P under P limited soil conditions (Reddy 

and Delaune, 2008; Bünemann et al., 2012; Schneider et al., 2017). In four calcareous alfisols in 

Ontario, Schneider et al. (2017) found a rapid microbial mobilization and mineralization of 

inorganic P in soils of low water extractable P (below 0.1 mg P / kg) concentration. 

Phosphorus reaches the roots of plants primarily by diffusion and to a minor extent by mass flow. 

Root interception is possible but negligible relative to diffusion. In natural ecosystems, plants 

strive to obtain available P due to P scarcity (Sims and Sharpley, 2005). Plants typically absorb 

phosphate ions when availability rarely exceeds 10 µM in natural soil solutions (Bieleski, 1973). 

For this reason, plants have developed various mechanisms for P uptake which include 

modification of root systems (Lynch, 1995), hormonal response (Gilbert et al., 2000), secretion of 
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organic acids (Grinsted et al., 1982), mycorrhizal association, and biochemical processes such 

movement by Pi transporters (Rychter et al., 1992). These factors influence the amount of Pi 

immobilized by plants.  

Phosphorus in plants exists in forms that are easily degradable. The Po compounds are returned to 

the soil through decomposition of the plant residues and dependent on factors such as substrate 

quality, soil moisture, C:P ratio, and microbial biomass. Soil Po can be mineralized via two 

pathways. The first is through plant and microbial biochemical exudation of phosphatase exo-

enzymes that hydrolyse phosphoester bonds in Po compounds.  The second mineralization process 

is related to the microbial mediated mineralization of organic carbon.  

2.3 Water quality and P forms in water 
 

2.3.1 Forms of P in water 
 

To avoid confusion and technical misuse of terms in describing P forms in water, Haygarth and 

Sharpley (2000) proposed the terminologies in Table 2.1 based on membrane filtration and 

Murphy-Riley molybdate-blue chemistry (Zaimes and Schutlz, 2002). Over the years, these terms 

have been used with slight modifications. 
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Table 2.1 Suggested classification of P forms in water based on methods and their corresponding 
established terms 

a 
New classification 

b
 Established terms 

Filtered Samples  

TP (< 0.45) Total Dissolved P (TDP), Soluble P 

TP (> 0.45) Particulate P (PP), Sediment-bound P, Suspended P 

RP (< 0.45) Molybdate-reactive P (MRP), Dissolved-reactive P (DRP), 

soluble reactive P (SRP), dissolved molybdate-reactive P 

RP (> 0.45) Molybdate-reactive particulate P (MRPP), Particulate reactive P 

UP (< 0.45) Dissolved organic P (DOP), soluble organic P 

UP (> 0.45) Particulate organic P (POP), Sediment organic P 

Unfiltered Samples  

TP Total P (PP + TDP) 

RP Total reactive P (TRP), (DRP + MRPP) 

UP Total organic P (TOP) (DOP + POP) 

a 
Modified from Haygarth and Sharpley (2000) (Zaimes and Schultz, 2002)  

b 
May not necessarily be correct or inclusive. 
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2.3.2 Phosphorus and water quality in Canada and the United States 
 

Eutrophication is defined as the excessive enrichment of water bodies with nutrient loadings, 

specifically P. It is of global concern due to the occurrence of harmful algal blooms (HAB) in 

surface waters. Nutrients, especially P transported from different sources including agriculture, 

promote algal and aquatic plant growth to levels that affect the quality of these waters and lives of 

organisms. Loss of aesthetic value of water by odours and scums, death of fish by hypoxia, and 

ingestion of toxins by livestock and humans are among the devastating effects of HAB. Excessive 

algal (cyanobacteria – blue green alga) blooms were identified in the Great Lakes as early as 1960 

and the problem exists to date.  

Mitigation efforts led to the establishment of the Great Lakes Water Quality Agreement (GLWQA) 

in 1978 (GLWQA, 1978) resulted in a major reduction in the point sources of P, and eventual 

reduction of the growth of alga in the lakes. For instance, the achievement of Lake Erie’s target of 

11,000 tonnes of total P per annum resulted in decreased occurrences of HAB until 2008 (Michalak 

et al., 2013; IJC, 2014). The resurfacing of HAB in 2008, 2011, and 2013 (Michalak et al., 2013) 

provoked a new target of 40 % reduction of both total P (TP) and dissolved reactive P (DRP: most 

available P to algae) relative to 2008 total P loads of 10,000 tonnes by 2025 (Annex 4 Objectives 

and Targets Task Team Final Report, 2015). Figures 2.2 and 2.3 show annual total P loadings and 

their respective HAB severity index. 
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Fig 2. 2 Annual total P loads into Lake Erie; Maccoux et al., 2016 

 

 

       Fig 2. 3 Algal blooms severity index of Lake Erie 

       (Source: US National Oceanic and Atmospheric Administration) 
 



21 
 

2.4 Agriculture as source of P to surface water 
 

Agriculture is the major non-point source of P to water bodies in Canada (Chambers et al., 2001) 

and the United States of America (United States Environmental Protection Agency (USEPA), 

2002). Excess P from application of animal manure, commercial fertilizer P, and P released from 

main and cover crops residues may be transported from agricultural lands or build up soil P for 

later transport by erosion, runoff, and leaching to surface waters and ground waters. The 

application of animal manure to croplands based on N rates has led to P buildup in soil above crop 

requirements (IPNI, 2015). Manures from animals fed with high P concentrates release significant 

levels (70 %) of the P ingested to pasture lands (Haygarth et al., 1998b). There has also been higher 

accumulation of P in soils resulting from many years of application of commercial fertilizer P 

above crop needs (McDowell and Sharpley, 2001b). Aside from microbial mineralization, crop 

residues and cover crops  release P from their tissues to soils especially under winter freezing and 

thawing conditions and may be potential P sources to surface waters (Timmons et al., 1970; Ulén, 

1997; Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013; Riddle and Bergstrőm, 2013). 

Excess P in the soil after plant P uptake and microbial immobilization may be transported by 

various pathways to surface waters.  

2.4.1 Pathways of P loss from agricultural lands 
 

Portions of P remaining in the soil after plant uptake can be lost from agricultural fields through 

surface (erosion and surface runoff) and subsurface (subsurface runoff, tile drainage and leaching) 

pathways. Phosphorus transported by both these pathways may end up in surface waters. All these 

pathways are driven by water movement which makes the hydrology of an area and forms of P in 

water essential in discussing P losses from agricultural fields. 
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2.4.1.1 Runoff and erosion 
 

Runoff refers to the downslope movement of water either exclusively over the soil surface (surface 

runoff) (Zaimes and Schultz, 2002) or within the top 5 cm depth of the soil surface (subsurface 

runoff).  The soil in the top 5cm is often referred to as the zone of soil-runoff interaction (Ahuja 

and Lehman, 1983). Surface and subsurface runoff operate on interflow (lateral) pathways of water 

movement to transport P (Zaimes and Schultz, 2002).  Runoff is generated after soil is saturated 

such that any additional water overflows. This happens when rainfall intensity exceeds infiltration 

rate or capacity of the soil during heavy rainfall event or prolonged period of rainfall (Walter et 

al., 2000; Kleinman et al., 2006). Also it occurs when water runs over the frozen soil surface during 

spring snowmelt (Bechmann et al., 2005; Elliott, 2013). Different volumes of rainfall runoff can 

occur throughout the year depending on pre-existing soil moisture content and characteristics of 

the rainfall event (Macrae et al., 2010).  

In Southern Ontario, the peak of runoff and associated P losses occur during winter snowmelt (Van 

Esbroeck et al., 2017; Plach et al., 2019). The amount of runoff P and efficiency of this pathway 

are influenced by factors such as vegetation type, soil characteristics, slope of land, site hydrology 

and relative drainage volumes (Sharpley and Tunney, 2000; Bechmann et al., 2005; Cober et al., 

2019). Surface runoff is considered the major pathway by which P is lost from agricultural soils 

(Sharpley, 1993). This has been attributed to relatively higher P concentrations in runoff water 

than that leached or in tile drainage water (McDowell and Sharpley, 2001a; b; Lozier et al., 2017; 

Van Esbroeck et al., 20 17). This is due to higher P concentrations and strongest hydrologic energy 

in the surface soil (Haygarth et al., 1998a). 
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Erosion is more prevalent on bare or overgrazed lands with steep slopes. Interflow is the pathway 

by which P moves when erosion is the medium of movement. The majority of P moved by erosion 

is sediment bound-P. Phosphorus that has accumulated in soil by adsorption is most often 

transported to surface water courses in the Fall and Spring seasons (Bowes et al., 2005). Erosion 

models may underestimate the losses of P and soil organic N by erosion due to the limited chance 

of a high intensity erosion event during the typically short study periods and relatively smaller 

scales (Muhammed et al., 2018). Although P bound to sediment was less than 1.0 kg ha-1, it made 

up 14 to 80 % of total P loss in different watersheds, where less sediment P was associated with 

watersheds with higher quantities of permeable soils (Neilsen and MacKenzie, 1977). Best 

Management Practices (BPM) like grass waterways, buffer strips, conservation tillage, bank 

stabilization, and conversion from cropland to forest have been implemented to reduce sediment 

and its associated P loadings from the Grand River Watershed into Lake Erie (Hanief and Laursen, 

2019). 

2.4.1.2 Leaching and tile drainage 
 

Nutrients losses by leaching or downward movement through soil may end up in tile drains or in 

deeper soil horizons. Leaching is more expected in sandy soils than clays due to their lower water 

holding capacities and DPS. Leaching, however, is not a major pathway for P loss because P is 

relatively less mobile in soil due to their higher sorption to soil and to its low solubility in soil 

solution. In spite of this, leaching could be a problem if soluble P is applied to soils with already 

existing high STP (O'Halloran, 2009). Higher rates of manure application to sandy soils with less 

sorption capacity led to significant levels of P found at deeper soil layers (100-cm soil depth) 

(Koopmans et al., 2007; Pizzeghello et al., 2016). Subsurface P movement is aided by preferential 
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pathways through macropores into tile drains (Monaghan et al., 2016) or leached deeper into 

groundwater (Holman et al., 2010).  

Poor drainage is an intrinsic soil condition common across agricultural regions in Ontario. 

Naturally, 30 % of Southern Ontario soils are classified as imperfectly drained and 30 % as poorly 

drained (Hoffman et al., 1952). This has necessitated the extensive installation of tile drains in 

many farms across the province.  Plach et al. (2019) found tile drainage as the dominant pathway 

(81 – 96 %) of water flow for edge of field runoff in three sites in Southern Ontario. Several reports 

indicate that tile drainage presents potential pathways for P losses from landscapes that have poor 

drainage (Macrae et al., 2007a; b; Kleinman et al., 2009). However, differences in matrix and 

preferential flow pathways as well as soil surface reactivity with P for different textured soils lead 

to variation in P loss by tile drainage for coarse- and fine-textured soils (Beauchemin et al., 1997; 

Kleinman et al., 2009; Bünemann et al., 2012b; Plach et al., 2019). Site topography controls the 

runoff volume, concentration and proportions of DRP and TP transported from field through tile 

drains and overland flow (Plach et al., 2019). 

2.4.2 Factors controlling agricultural P losses 
 

2.4.2.1 Soil test P (STP) and applied P 
 

Applied P not taken up by plants is either directly susceptible to loss or contributes to TP in the 

soil, a portion of which is found as STP (biologically available P) immobilized by soil microbes 

or could runoff either as sediment bound P or soil solution P when desorbed. In manured soils, 

Volf et al. (2007) reported that STP, TP and DRP in runoff increased with increasing rates of fresh 

and residual manure applied. 
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Many states have developed P management strategies due potential P losses from high P surface 

soils resulting from applications of manure and fertilizer excessive of crop demands (McDowell 

and Sharpley, 2001b; McDowell et al., 2001).  

Currently, STP has been the most common predictor of soil P levels of concern to water quality 

because it correlates with soluble or bioavailable P in runoffs and leachates aside being 

inexpensive, as it also serves an agronomic benefit (Paulter and Sims, 2000; McDowell et al., 

2001; Maguire and Sims, 2002b; Wang et al., 2010, 2015b, 2016) 

In different soil types with varying STP across New Zealand, United Kingdom, the USA, and 

Canada, leachate DRP increased slowly with STP to a change point above which rapid increases 

in DRP were observed per unit increase in STP (McDowell and Sharpley, 2001a; McDowell et al., 

2001; Maguire and Sims, 2002b; Wang et al., 2010). This increase could result from excess P in 

soil solution or to increased amounts of desorbed P into solution (Yan et al., 2013; Jalali and Jalali, 

2016; Bai et al., 2017b). Higher rates of P added increased the amounts of readily desorbed P in 

the soil, the rate of desorption and consequently amounts of P in solution (Yan et al., 2013; Jalali 

and Jalali, 2016; Bai et al., 2017b). The amount of P released into solution with increasing STP 

varies with different soils based on soil characteristics such as texture, pH, organic matter content, 

and levels of Al, Fe, and Ca (McDowell et al., 2001; Maguire and Sims, 2002).     

The relationship between STP and runoff DRP is influenced by many factors including hydrology, 

antecedent soil moisture, management practices and CaCO3 content of the soil (Pote et al., 1996; 

Schroeder et al., 2004). As such, STP is soil specific indicator of DRP in runoff (Sharpley, 1995; 

Wang et al., 2010). For instance, the relationship between Olsen P (the standard agronomic soil P 

test in Ontario) and DRP varied with soil (Wang et al., 2010). Levels of STP for optimum crop 

growth (30 mg/kg and 50 mg/kg) released levels of DRP (0.025-0.5 mg/L) which exceeds 
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eutrophic levels required to prevent algal blooms (0.03 mg P/L), implying that even soils with STP 

levels that meet optimum P needs of crop can still be of water quality concern (Pote et al., 1996; 

Sibbesen and Sharpley, 1997; McDowell and Sharpley, 2001).  

2.4.2.2 Soil texture 
 

Soil particle size influences the sorption capabilities of the forms, amounts and distribution of P in 

soil and P release to solution (Dong et al., 1983; Atalay, 2001; Scalenghe et al., 2007; Poirier et 

al., 2012). In a spatial variability study in Saskatchewan, O’Halloran et al., (1985) found that, P 

variability was largely (90 %) influenced by soil texture. However, soil texture together with 

topography and rainfall controls P loss amounts and partitioning of runoff pathways (surface vs 

subsurface) from the field (Ford et al., 2018; Kokulan et al., 2019). For instance, surface runoff 

contributed 57 % of annual DRP loads from a loam soil but only 20 % for a clay-textured soil in 

Southern Ontario (Plach et al., 2019). Fine-textured soils have been observed to lose less DRP 

amounts to simulated runoff than coarse textured soils due to their higher P sorption and buffering 

capacities. However, fine textured soils can contribute to higher P losses to runoff under conditions 

of prolonged reaction time as more P may be desorbed into soil solution (Wang et al., 2010). 

The proportion of soil particles influenced by the transport pathway (runoff, erosion, leaching, tile 

drainage) is critical to predict the effect of soil texture on P losses. Fine textured soils can bind 

more P to they may contribute less to particulate P losses than to soluble P. According to Pacini 

and Gächter (1999), biologically available particulate P is associated with clay-sized sediments.  

Loss of P in runoff and tile drainage from fine-textured agricultural soils (< 1µm) can potentially 

accelerate eutrophication due to their higher concentrations of biological available particulate P 

than coarse textured soils (1 – 100 µm) (Poirier et al., 2012). Higher sediment P contents have 
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been found with finer soil textures (Dong et al., 1983; Pacini and Gachter 1999) as well as runoff 

and tile drainage P fractionating studies (Poirier et al., 2012; Plach et al., 2019). 

2.4.2.3 Vegetation 
 

The effect of vegetation on soil P losses is a function of uptake, release, and control of P transport 

from the field by the vegetation. Phosphorus that is immobilized by plants can return to the soil 

after decomposition of litter from the plant parts or crop residues following a harvest. The returned 

P becomes available for subsequent crop removal or may be lost from the field by P transport 

pathways discussed earlier.  

Higher moisture content of living cover crops facilitates plant cell lyses’ by freeze-thaw cycles 

(FTC) causing more P release from their cells than stubbles or residues of main crops such as 

wheat (Timmons et al., 1970; Elliott, 2013). Sharpley (1981) added that all of the P taken up by 

cover crops can potentially be returned to the soil when they are left to decay on the soil. This 

implies that cover crops may be critical in managing nutrient availability for subsequent crops or 

to losses from the field. Since P uptake, assimilation, and nutrient use efficiency differs for 

different crops (Villamil et al., 2006; Fageria et al., 2013), varying quantities of P release to the 

soil is expected (Villamil et al., 2006). Residue substrate quality and C:P ratio control the rate of 

decomposition and thus, can vary the P released by different crops (ref). 

However, the amount of nutrient released to the soil does not necessarily reflect the amount of P 

lost from the field. There have been much lower quantities of P in runoff and leachates (vegetation 

+ soil) relative to release from vegetation biomass alone (Elliott, 2013; Riddle and Bergstrőm, 

2013; Lozier et al., 2017) due to soil-vegetation interaction (Elliott, 2013) and nutrient filtering 

abilities of cover crops (Ryder and Fares, 2008; Elliott, 2013). 
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2.5 Managing agricultural P losses: focus on cover crops 

Cover crops are usually closely-growing crop species that provide soil protection, seeding 

protection, and soil improvement between periods of normal crop production, or between trees in 

orchards and vines in vineyards. When plowed under and incorporated into the soil, cover crops 

may be referred to as green manure crops” (Soil Science Society of America (SSSA), 2008). Cover 

cropping is done in Southwestern Ontario with an increased interest for farmers. 

The use of the term “cover crops” seems to undermine their multi-functionality and causing an 

evolution of names that depict their specific function in a agro-ecological systems. In Sweden, for 

instance, cover crops are grown to catch NO3 that may be lost through leaching, thus referred to 

as “catch crop” by Riddle and Bergstrőm (2013). Traditionally, cover crops have been used to 

control erosional sediment and nutrient loss, fix atmospheric N2, and improve soil nutrient and 

organic matter after decomposition of their residues. However, there is a current rising interest on 

the multiple potential benefits of cover crops relating to C sequestration, alleviation of greenhouse 

gas emissions, soil health impacts, biofuel production, and livestock feed (Blanco-Canqui et al., 

2015). These functions are indicators of both agronomic and environmental benefits of cover 

crops. 

Despite the above attributes, there have been concerns about cover crops reducing yields of 

subsequent main crops when water is limiting (Nielsen and Vigil, 2005; Holman et al. 2012), and 

being a potential source of soluble P to surface waters after subsequent freeze-thaw cycles (FTC’s) 

(Bechmann et al., 2005; Elliott, 2013; Lozier et al., 2017; Roberson et al., 2007), and having 

allelopathic effects (Rice et al., 2012; Kunz et.al., 2016).  
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2.5.1 Cover crop management   
 

Since establishment of cover crops in farm fields are mainly targeted for soil health protection 

and improvement of crop yield, factors that could make cover crops become potential threats to 

increased nutrient concentrations in runoff are usually lacking in management. For instance, 

species selection and seeding rates are mostly based on services such as providing sufficient 

cover to reduce sediment and nutrient losses, and scavenging nutrients for subsequent main 

crops, without much attention on managing the risk of nutrient losses to runoff that could 

potentially be contributed by cover crops especially under FTC.  

2.5.1.1 Species selection 

Since there is wide variability in cover crops morphology, and regional soil and climate 

characteristics, site specific goals are key to achieving optimum benefits from cover crops. 

Assessment of the potential ecosystem services through identification and quantification of cover 

crop characteristics for a specific agroecosystem is key in their selection and management 

(Ramírez-García et al., 2014). Notable characteristics for classifying and selecting cover crops are 

their growth patterns, ground cover, nutrient uptake, ability to fix atmospheric N, root system, 

allelopathy, C/N ratio, dietary fiber, and residue quality (Blanco-Canqui et al., 2015; Ramírez-

García et al., 2014). Some cover crops and their characteristics for selection for specific ecosystem 

functions are shown in Table 2.2. 
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Table 2. 2 Characteristics of cover crops species for their specific goals in agro-ecological      
systems 

Specific Goal 
 

Characteristics Species Source 

Erosion Control  Fast growing, high 
amount of biomass 
 
High C:N ratio and low 
residue quality 

Rye 
 
 
Barley, rye, 
triticale 

OMAFRA, 2009 
 
 
Ramírez-García 
et al., 2014 

Cleaner runoff Fibrous roots to hold soil. 
Shoot as filter 
 
Higher amount of 
biomass and N uptake 

Winter cereals 
 
 
Barley, rye, 
triticale 
 
 

OMAFRA, 2009 
 
 
Ramírez-García 
et al., 2014 

Increased infiltration Fast-growing, deep root Radish  OMAFRA, 2009 
Nutrient / N Uptake Heavy nitrogen feeders 

 
Fast and deep rooting 
(but only in warm 
climates) 

Cereal rye, radish 
Barley, rye, 
triticale 
 
Mustard 

OMAFRA, 2009 
Ramírez-García 
et al., 2014 
Ramírez-García 
et al., 2014 

Sequestering nutrients Ability to fix atmospheric 
N and scavenge N from 
root zone 
 
Low C:N ratio 

Peas,  
Vetch 
 
 
Vetch, mustard 
 

OMAFRA, 2009 
Ramírez-García 
et al., 2014 
 
Ramírez-García 
et al., 2014 

Higher yields of main 
crop 

Dense root biomass to 
improve soil tilth, N 
fixing, making P more 
available 

Legume cover 
crops 

OMAFRA, 2009 

Weed control Allelopathy, fast growing Cereal rye OMAFRA, 2009 
 
Disease suppression 

  
mustard 

 
OMAFRA, 2009 

Reduction of greenhouse 
gas (GHG) emissions  

Ability to grow in cooler 
and wetter conditions, 
ability to trap nitrates 
 

Turnips, kale OMAFRA, 2009 

Fodder  High dietary fibre Barley, triticale, 
rye 

Ramírez-García 
et al., 2014 
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2.5.1.2 Seeding time and rate 

Optimum conditions needed for a good establishment of cover crops to provide soil health 

services are essential. However, rates of seeding that will result in biomass adequate to provide 

these soil health services while reducing the risk of DRP contributions of cover crops to runoff is 

necessary. Table 2.3 shows seeding rates and time for several cover crops grown in Ontario. 

Seeding rates could be reduced if the goal is to achieve just a soil cover with no concern for crop 

yields (OMAFRA, 2009).  
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Table 2. 3 Seeding rate, normal seeding time and minimum germination temperature of cover 
crops grown in Ontario 

Species Seeding Rate  

(kg/ha) 

Normal Seeding Time Minimum 

Germination 

Temperature 

(°C) 

Grasses    

Spring cereals 100-125 Mid Aug-Sept 9 

Winter wheat 100-130 Sept-Oct 3 

Winter rye 100-125 Sept-Oct 1 

Sorghum sudan 50 June-Aug 18 

Pearl millet 4 June-Aug 18 

Ryegrass 12-18 April-May/Aug-Early Sept 4.5 

Broadleaves - Legumes    

Hairy vetch 20-30 Aug 15.6 

Red clover 8-10 March-April 5 

Sweet clover 8-10 March-April 5.5 

Soybeans 40-50 Aug 8 

Field peas 40-100 Aug 5 

Broadleaves – Non-

Legume 

   

Buckwheat 50 - 60 June through Aug 10 

Oilseed radish 10-14 Mid-Aug-early Sept 7 

Source: Adopted from OMAFRA 2009, Agronomy guide for field crops Publication 811 
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2.5.2 Effects of cover crops on P nutrition 
 

Proper characterization of nutrient uptake should involve both shoot and root biomass analysis 

(Ramírez-García et al., 2014). Perennial catch crops such as red clover and chicory have higher 

total plant P uptake due to their higher root:shoot biomass ratio than annual catch crops but have 

lower amount of above ground biomass and P content (Liu et al., 2015). As annual catch crops 

concentrate P at growing regions for cell division (Primack, 1979; Garnier, 1992), more P is 

stored in the voluminous and large taproots of perennials (Liu et al., 2015).  

Just like N, the release of P from cover crop residues is guided by immobilization and 

mineralization. Biochemical mineralization by phosphatase exo-enzyme is driven by P demand 

and biological mineralization through oxidation is regulated by energy demands of soil 

microorganisms (McGill and Cole, 1981).   

According to Rita et al. (2013), mineralization of organic P as well as the distribution of total P 

and labile P are influenced by soil particle size, plant cover type, and length of incubation. On 

three tropical soils with different vegetation cover, Rita et al. (2013) found that the labile P 

increased by 35% in the 2.0-0.25 mm sized soil particles, but it was reduced by 75% in the < 

0.25mm fractions after a 90-day incubation period. 

 The effect of cover crops on the physicochemical properties of the soil can assist in the 

conversion of organic P into more soluble P forms. The Brassicas through the process of altering 

the rhizosphere pH (Hedley et al., 1982; Marschner et al., 2007) by releasing organic acids (Zhang 

et al., 1997) are able to convert insoluble P in the soil into more soluble forms. 

In organic farming systems however, P release by organic amendments and apatite may not 

synchronize with crop uptake (Bergstrom et al., 2006), therefore timing is essential in planting and 
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harvesting of cover crops (Coombs et al., 2017). Torstensson et al. (2006) reported a positive 

balance (input-output) of soil P in a conventional farming system with integration of cover crops 

and application of inorganic P fertilizers.  

2.5.3 Managing cover crops for surface water quality.  

Cover crops have multifunctional ecosystem impacts (Blanco-Canqui 2015), some of which 

directly affect our climate, waterbodies, and soil. These impacts are related to their ability to store 

C, control erosion and runoff, and contribute to nutrient and organic matter additions to soil.  They 

are known to be beneficial to soil in many ways, including reduction of nutrient leaching, erosion 

control and improvement of soil structure (Lal et al., 1991). They decrease total P losses in runoff 

from soil by reducing erosion and improving infiltration of water, thus potentially reducing 

eutrophication of surface waters. The ability of cover crops to protect water quality has stimulated 

their mass expansion in the Scandinavian countries (Molteberg and Tangsveen, 2002).  

2.5.3.1 Erosion and runoff control 
 

Runoff is common and usually excessive on lands with steep slopes. However, water erosion can 

exceed bearable limits even for relatively flat land (Murphree and McGregor, 1991). Cover crops 

impede the speed and volume of runoff by acting as physical barriers and consequently reduce 

sediment loading carried by the runoff (Dabney et al., 2001). Density of vegetation is among the 

factors that influence the efficiency of a crop to filter nutrients and sediments in runoff (Dabney, 

1998; Ryder and Fares, 2008). For this reason, time of planting is key to ensure maximum biomass 

production of cover crops during runoff periods (Delgado et al., 1999 and Dabney et al., 2001). 

Cover crops reduce total suspended solids but not soluble P concentrations and dissolved solids in 

runoff (Ryder and Fares, 2008). The impact of rain splash with its resultant destabilization of soil 

aggregates is reduced by cover crops (Dabney, 1998). Cover crops transpire at high rates (Thorup-
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Kristensen et al., 2003), improve soil infiltration (Dabney, 1998), and thus reduce soil surface 

water content that could contribute to eventual runoff.   However, cover crops cannot improve 

infiltration in soils with very low hydraulic conductivity (Ryder and Fares, 2008). 

Stuntebeck et al. (2011) found 90% of sediments and P losses occur in late winter and spring. 

Therefore, rye being the most frost tolerant cover crop (Dabney et al., 2001) has received much 

attention as ground cover plant in colder regions (Crandall et al., 2005; Grabber and Jokela, 2013). 

Grabber and Jokela (2013) found rye to be the most effective crop in controlling spring runoff of 

sediments and P loading over red clover and rye grass, following corn production and manure 

application.  Fast growth associated with higher biomass for ground cover, and high C: N ratio of 

residues are essential to optimize the effectiveness of cover crops (rye, barley, and triticale) in 

controlling erosion (Ramírez-García et al., 2014).  

2.5.4 Phosphorus losses from cover crops 

Recent research has documented relatively high P losses from cover crops during freeze-thaw 

cycles and this presents an additional potential threat to water bodies. For instance, Bechmann et 

al. (2005) found a 100% loss of dissolved P from residues of rye plant after eight FTC. Elliott 

(2013) reported a range of 0.02 to 3.7 kg ha-1 of P losses from residues of 11 different plants in 

snowmelt runoff, indicating that selection of plant species may play an important role in using 

cover crops to mitigate P losses. Timmons et al. (1970) reported increased P in plant leachates 

from living plants (alfalfa and Kentucky bluegrass) following FTC or drying, while similar 

treatments had no impact on P leaching from straw (barley and wheat). Ule'n (1997), however, 

reported negligible levels of P release from crops to soil runoff following freeze-thaw events. 
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2.5.4.1 Factors that influence P loss from cover crops 
 

Runoff P losses from cover crops after FTC’s are influenced by temperature (Bechmann et al., 

2005, Roberson et al., 2007), cover crop species (Burwell et al., 1975; Elliott 2013; Miller et al., 

1994; Riddle and Bergstrőm, 2013; Timmons et al., 1970) STP (Roberson et al., 2007), time of 

cover crop harvest (Lozier, 2017), and number of FTC’s (Bechmann et al., 2005). 

Species 

 

Different cover crop species release P at different rates under FTC’s (Timmons et al., 1970; 

Burwell et al., 1975; Elliott, 2013; Miller et al., 1994; Riddle and Bergstrőm, 2013). Phosphorus 

released by oats and red clover did not differ after the entire non-growing season despite 

differences in their release rates at different time points within the season (Lozier et al., 2017). 

Winter dormant alfalfa released significantly greater amounts of soluble N, P, and K to snowmelt 

runoff than did fall oats and corn residues due to its high nutrient and snow capturing ability, 

coupled with the plowed soil conditions of oat and corn (Burwell et al., 1975). Large variability 

existed among snowmelt runoff from 11 residues subjected to FTC’s with new clover forage and 

growing winter wheat releasing more total P (3.71 and 1.47 kg/ha, respectively) than the rest (0.02-

0.89 kg/ha) (Elliott, 2013).  

With different physiology, different responses to freeze-thaw effects are expected. Legumes 

appear to be more susceptible to P release by winter snowmelt than do grasses (Elliott, 2013). 

Release of P owing to FTC’s is positively related to the abundance of P in the biomass of the cover 

crop species (Miller et al., 1994), a condition secondary to moisture content of species (Elliott, 

2013). Higher amounts of biomass are expected to release more P by FTC’s (Miller et al., 1994). 

Contrary to this, Riddle and Bergstrőm (2013) emphasize concentration of P in the biomass to be 
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more significant than biomass amounts in the release of P from vegetation by freezing. They found 

higher P levels in leachates coming from small loads of ryegrass than large loads of chicory after 

first freezing.  

Temperature and Number of FTC 
 

Bechmann et al., 2005 suggested sudden temperature extremes from 10°C to -18°C might have 

caused elevated levels of water extractable P (WEP) (40 % of total P) from greenhouse grown 

ryegrass after one FTC against lower levels (15 % of total P) in field runoff reported by Miller et 

al. (1994). They explained that plants in the latter study might have undergone cold acclimation, a 

phenomenon emphasized by Molteberg (2004). Freezing and thawing caused 75% more increase 

in P extracted from alfalfa after freezing and thawing than just freezing alone (Roberson et al., 

2007).  

Water extractable P from ryegrass increased cumulatively with increasing number of FTC’s. In 

fact, total tissue P was extracted by water after the sixth FTC (Bechmann et al., 2005). Riddle and 

Bergstrőm (2013) found that more than half (62, 67, and 67 %) of the total P accumulated over 

four simulated rainfall events on chicory, ryegrass and oilseed radish, respectively were extracted 

after a single FTC. Continuous freezing has relatively little impact compared to repeated FTC’s 

on P losses from cover crops (Bechmann et al., 2005).   

STP 
 

There is a significant positive correlation between STP and soluble or bioavailable P in runoff and 

leachate from soils (Maguire and Sims, 2002; McDowell and Sharpley, 2010; Wang et al., 2010; 

Wang, 2012). However, there is inadequate information on the influence of the interaction between 

STP and vegetation on P losses from agricultural lands. Higher STP due P fertilizer applications, 
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manure, crop residual P, or soil history may stimulate greater biomass and P concentrations in 

cover crops (Singer et al., 2008; White and Weil, 2011; Liu et al., 2015). The total P uptake of 

forage radish and cereal rye was more closely related to biomass production than to tissue P 

contents (White and Weil, 2011). Extra uptake of 2.6 kg P/ha was seen in cover crops grown in 

soil supplied with manure that had 2.2 g L-1 of P applied at a rate of 177 kg P ha-1 (Singer et al., 

2008). On six clayey soils with varying STPs, higher biomass production in eight cover crops was 

associated with soils with relatively high levels (50 – 140 mg P kg-1, ammonium lactate method) 

than lower STP soils (34 – 39 mg P kg-1). Again, the soil with the highest STP resulted in higher 

P concentrations in most of the crops studied (Liu et al., 2015).  

Cover crops with high biomass and P concentrations are expected to return relatively more of their 

P to the soil after decomposition or FTC damage. Cover crops that incorporate high amounts of P 

in their shoots may contribute to high buildup of soil P in a no till management system than those 

with less tissue P (White and Weil, 2011). The release of CO2 by decomposers which combines 

with water to form H2CO3 coupled with the exudation of exo-enzymes and organic acids by some 

cover crops catalyzes the dissolution of P, thus making P more available (McGill and Cole, 1981; 

Zhang et al., 1997). 

 Despite the above, cover crops may increase or decrease STP depending on their decomposition 

rate, soil properties, and soil proximity to cover crop roots (Little et al., 2007; White and Weil, 

2010). After three years of cover cropping on two soils (coarse loamy and fine loamy), higher STP 

was observed in soils within 1 cm from radish root holes than bulk soil in both soils. Again, there 

was a partitioning into elevated and declining STP at 0 – 2.5 cm and 2.5 – 10 cm bulk soil depths, 

respectively in the fine loamy soil whereas no such differentiation in STP was observed in the 

coarse loamy soil.   A wide range of STP (3 – 512 mg P/kg) was observed in 0-15 cm depth soils 
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from watersheds of different cover crop species in Alberta (Little et al., 2007). Although several 

factors may account for P losses from the agricultural soils, the amounts of P found in runoff and 

leachates from cover cropped soils were attributed to higher P released from by the cover crops 

(Bechmann et al., 2005; Bergstrőm 2013; Elliott, 2013; Miller et al., 1994). For instance, Miller et 

al. (1994) explained that the presence of grasses on a low STP soil resulted in the release of similar 

amounts of DRP in snowmelt leachates as from a manured high STP (3 times the low STP) soils 

with no cover crop. 

Time Parameters and Age of Cover Crops 
 

Although freezing and drying affect the release of P from alfalfa, the factors that determine actual 

P losses in natural runoff include timing and extent of climatic factors such as freezing and rainfall 

events (Roberson et al., 2007). Heavy frost over a prolonged time stimulated the release of P from 

senescing oats (Lozier et al., 2017).  More contact time between vegetation and snowmelt likely 

induced higher P extraction from cover crops in low slopes where there was inundation for more 

than a day (Lozier et al., 2017). This proposition is affirmed by Ginting et al. (1998) and Cermak 

et al. (2004) who found that almost all the P in cover crop litter were extracted after 20 hours of 

ponding.  

Actively growing vegetation is liable to release more P than senescing residues by freezing (Elliott, 

2013), but contrary findings have been reported (Timmons et al., 1970; Lozier, 2017). According 

to Elliott (2013), lysis of cells by freezing and thawing is likely to be more severe in growing 

winter wheat and new forage clover due to their high moisture contents. There is a rise in WEP of 

cover crop residues as they decompose until runoff extraction of P results in a reduction (Lozier et 

al., 2017).   



40 
 

Methods of Killing Cover crops 
 

Almost no work has targeted the effects of killing methods on the release of P from cover crops 

under FTC’s. However, a few runoff studies have made inference to the effects of herbicides 

(Lozier et al., 2017; Roberson et al., 2007; White and Williamson, 1973). For instance, Lozier et 

al. (2017) suggested that early killing of red clover with glyphosate and soil tillage may have 

caused rapid decomposition and faster release of P in the fall. Periodic burning of a native prairie 

in South Dakota showed similar levels of P in runoff as fertilized fields planted with oat, corn, and 

alfalfa (White and Williamson, 1973). The effects of herbicides (paraquat) on soluble reactive P 

extracted from cover crops is more similar to the effects of drying than freezing (Roberson et al., 

2007). 

Medium of runoff 

Runoff driven by snowmelt and by rainfall contain different runoff volumes and P concentrations 

(Burwell et al., 1975; Molteberg et al., 2004; Glozier et al., 2006; Lozier et al., 2017). Most of the 

phosphorus leached from plant material (90 %) occurred in late winter by snowmelt (Burwell et 

al., 1975; Molteberg et al., 2004). Several studies across Canada have reported major runoff events, 

runoff volumes and P concentrations in snowmelt runoff (Nicholaichuk 1967; Glozier et al., 2006; 

Little et al., 2007; Elliott, 2013). Less infiltration in the frozen top soil (plow layer) in winter 

accounts for the higher runoff volumes ( Nicholaichuk, 1967; Granger et al., 1984) despite a much 

more frequent rainfall runoff in the summer months (Glozier, 2006 et al., 2006). Ponding and slow 

movement of snowmelt water extends its contact time cover crop vegetation which may allow for 

more P extraction from the vegetation. 
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Runoff P from cover cropped soil is mostly in the dissolved form (Rekolainen, 1989; Elliott, 2013), 

thus posing a severe threat to surface water quality.  Snowmelt runoff mobilized highest amounts 

of soluble nutrients (N, P, and K) from different vegetation covers than rainfall. In fact, the amount 

of total dissolve P (TDP) (0 - 0.16 kg P/ha) transported by rainfall runoff from all the vegetated 

sites was very insignificant relative to applied P (29 kg P/ha), and those utilized by corn (Burwell 

et al., 1975).  

2.5.4.2 What does the P extracted from vegetation mean in runoff? 
 

Cover crops WEP extracted after freezing and thawing only represents potential amounts that 

could be lost to runoff. The actual amounts of P found in runoff from cover crops after FTC’s are 

minimal relative to their WEP (Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013). For 

instance, only 9.7 mg L-1 of dissolved P was found in runoff P from ryegrass even though its WEP 

(0.4 g of biomass extracted with 80 mL of water) was 6170 mg P kg-1 (Bechmann et al., 2005). 

After freezing and thawing, there were low PO4 concentration in leachates from cover crop and 

soil combinations (0.51 - 1.55 kg P/ha for clay and 0.45 - 0.72 kg P/ha for sand) against relatively 

higher concentrations (6.23 - 40.51 kg P/ha) in leachates from cover crops only (Riddle and 

Bergstrőm, 2013). Winter wheat residue and the soil active layer (0-5 cm) subjected to snowmelt 

runoff released 1.61 and 0.41 kg P/ha respectively, but only 0.8 kg P/ha was released when winter 

wheat and soil were combined (Elliott, 2013).  

Lozier et al., (2017) reasoned that P released from cover crops not transported in runoff remained 

in the soil because tile drainage water from the site contained insignificant levels of P. According 

to Elliott (2013), the active layer of soil provides a buffering effect to filter out P released from 

cover crops from joining runoff. The effects of soil and climatic characteristics to losses and 

availability of P has been acknowledged. Lehrsch (1998) explained that the interactions between 
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freeze-thaw events, rainfall, soil structural changes, and microbial activities induce the availability 

of nutrients. Phosphorus solubility is influenced by dissolution of organic compounds and mass 

rupturing of plant cells making organic soils more prone to P losses by freezing (Vaz et al., 1994). 

It should be acknowledged that simulated runoff studies (Bechmann et al., 2005; Roberson et al., 

2007; Elliott 2013) usually over-estimate the effects of FTC’s on P losses from vegetation when 

compared with actual field studies (Timmons et al., 1970; Miller et al., 1984; Lozier et al., 2017).   

Despite the relatively small amounts of runoff P from frozen-thawed vegetation to their WEP, 

these amounts maybe greater than that from bare and fertilized soils, and can be a concern to 

surface water quality (Bechmann et al., 2005; Elliott, 2013; Lozier, 2017). Ortho-P in runoff can 

promote eutrophication even though it represents a very low amount relative to the quantity of 

fertilizer-P applied to soil and crop nutrient use (Burwell et al., 1975). The levels of total P and 

ortho-P that are natural and considered safe concerning eutrophication in fresh waterbodies are 

below 0.03 and 0.005-0.05 mg P/L, respectively (Dunne and Leopold, 1978) but none of the 

reported runoff P from cover crops even approaches this range. 
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CHAPTER THREE 

3.0 The effects of laboratory procedures on phosphorus release from cover crops 

3.1 Abstract 

Laboratory measurements of water extractable P (WEP) of plant tissues has been used to predict 

the potential contribution of cover crops to dissolved reactive P (DRP) in runoff. However, the 

lack of a standardized extraction protocol has led to the adoption of several methods that share 

some similarities but still have lots of variation. Three studies were conducted to evaluate 

different laboratory treatments of biomass, harvested fresh and those subjected to freeze-thaw 

cycles (FTC), on concentrations of WEP. The studies are: (i) the effects of cutting methods on 

red clover (Trifolium pratense) and cereal rye (Secale cereale ),  (ii) the effects of the number of 

cuts on oat (Avena sativa), mustard (Brassica nigra) and annual ryegrass (Lolium multiflorum), 

and (iii) the extraction ratio (biomass to water) on red clover. Cutting treatments included full 

plants (no cut after harvest), equal lengths (biomass cut into 10-cm lengths), and random cut 

(uneven cuts) for the cutting method study. Another set of biomass was subjected to no cut after 

harvest (full plant), single cut, and double cut after harvest for the number of cuts study. For the 

third study, 10 g of red clover biomass was extracted with 100, 200, and 300 mL to establish 

solid to liquid ratios of 1:10, 1:20, and 1:30 for the extractions. Both fresh (right after crop 

harvest) and FTC (biomass subjected to 24 h of freezing at -10 oC followed by 24 h of thawing at 

4 oC for 4 cycles) biomass of all treatments were extracted for WEP (orthophosphates). For the 

first study, compared to intact cereal rye plant shoots, cutting the shoots slightly increased WEP 

for fresh biomass and substantially increased the WEP for biomass that underwent the FTC.  

Cutting the shoots of red clover had no effect on WEP from either the fresh or FTC treatments.  
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The lack of a cutting effect on WEP from fresh and FTC biomass was also observed in the 

second experiment for oat, mustard and annual ryegrass. While oat and mustard displayed an 

increase in WEP due to FTC treatment, annual ryegrass did not, suggesting that it may be less 

susceptible to P losses after freezing. An increasing trend of WEP with extraction ratio was 

found for the fresh red clover biomass in the third study. These measurements indicate variability 

in laboratory extracted WEP from cover crop biomass treatments and extraction procedures. 

There is need for further and more detailed investigations with several cover crops to establish a 

standard protocol that would provide more accurate predictions of potential P loss risks 

associated with cover crops and to allow meaningful comparisons between published studies. 
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3.2 Introduction 
 

Cover crops are potential contributors to DRP loads in runoff from agricultural fields and into 

surface waters (Miller et al., 1994; Bechmann et al., 2005; Elliott, 2013). Under freezing and 

thawing conditions, the membranes of crops are lysed causing a release of the contents of their cell 

saps into soil solution (White, 1973). Released nutrients including dissolved P become potentially 

available for transport by runoff after spring snowmelt (Elliott, 2013). Freeze-thaw cycles (FTCs) 

cause release of significant levels of Water Extractable P (WEP) from cover crops (Bechmann et 

al., 2005; Roberson et al., 2007; Lozier et al., 2017). In fact, Bechmann et al. (2005) found a total 

(100 %) extraction of P by water from annual ryegrass after six FTCs (-18 to 4°C) which caused 

more of an increase in DRP amounts in runoff from vegetated soils than manured and bare soils. 

In a simulated 30-min rainfall on cotton, sorghum, and soybeans, Sharpley (1981) reported 56 to 

84% of total P in runoff was DRP from crop biomass if fertilizer P was not applied. The data 

suggest a relationship between cover crops WEP and DRP concentrations in their runoffs.  

The relationship between cover crops WEP and runoff DRP has invited laboratory investigations 

into the effect of FTCs on WEP release from cover crops. The values are extrapolated to 

represent the potential DRP amounts that could be contributed by cover crops to runoff 

(Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013; Riddle and Bergstrőm, 2013; Lozier 

et al., 2017; Cober et al., 2018). Of course, this step will save experimental costs, tediousness, 

and complications in carrying out field runoff of studies. However, the lack of an existing 

protocol for extracting plant WEP has led to researchers to apply inconsistent methodologies that 

may cause variation in their results. With usually inadequate information for repeatability of the 
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methods, crop biomass to DI (deionized) water (solid to liquid) ratio, and condition of plant 

material used (whole plant shoots vs cut up plants) are some of the observed differences between 

the methods.  

Extraction ratios of  vegetation (g) to DI water (mL) of 5 : 50 (1:10) (Lozier et al., 2017; Lozier 

and Macrae, 2017; Cober et al., 2018), 150 : 1300 (1:8.7) (Roberson et al., 2007), 15 : 315 (1:21) 

(Lozier and Macrae, 2017), 20 : 1000 (1:50) (Timmons et al., 1970), 0.2 : 40 (1:200) (Sharpley, 

1981), and 0.4 : 80 (1:200) (Bechmann et al., 2005) are among a few that have been reported in 

literature. Except for Sharpley (1981) and Bechmann et al. (2005) who used the same biomass to 

DI ratio, all other studies used different ratios ranging from small to wide which poses the 

question, “as to which extent do these ratios impact the effectiveness of the extraction process”? 

Bechmann et al. (2005) made such inference for the difference between their low manure WEP 

(170 mg kg-1) using an extraction ratio of 84:1 and the high manure WEP (1250 mg kg-1) 

concentrations of Kleinman et al. (2002b). Increasing the liquid to solid ratio (10:1, 100:1, and 

200:1) led to increasing WEP of 20 manures and bio-solids (Kleinman et al., 2007). To the best 

our knowledge, no study has reported the effects of extraction ratios on the release of WEP from 

plant biomass, especially after they are frozen and thawed. If crop biomass WEP is used to 

predict the potential contribution of cover crops to runoff DRP, then it is essential to 

acknowledge the impact of the solid to liquid extraction ratios on the amounts of WEP extracted, 

with further adjustments to reported values if necessary.  

Whereas some WEP extraction procedures use whole plants after harvesting ( Timmons et al., 

1970; Miller et al., 1994; Elliott, 2013;  Lozier et al., 2017; Lozier and Macrae, 2017), others use 

biomass cut into 4-cm lengths (Cober et al., 2018) and a few are not clear about the form of 

biomass used ( Sharpley, 1981; Bechmann et al., 2005). When using whole plant biomass, there 
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is the likelihood of forcing some biomass through the neck of extraction flask and a probable 

uneven distribution of water over the biomass depending on the type and volume of flask in 

relation to the type and height of crop, biomass amount, and volume of water for extraction. 

Cober et al. (2018) clipped biomass of 3-month old cereal rye, oil seed radish, oat, and hairy 

vetch into 4-cm lengths to fit into 100 mL flasks for WEP extraction, which is representative of 

field mowing of cover crops. Just like effects of freezing and thawing that injures or lyses plant 

cells to cause nutrient release (White, 1973; Steponkus et al., 1983), injuries introduced by 

laboratory cutting, or forcing biomass into flasks could facilitate P release from plant cells. 

Moreover, a cut on a leaf may cause more severe injury than that on a stem of plant due to 

relatively less hardiness of the leaf tissues; the impact could be exacerbated by the number of 

cuts. This effect may vary by species due to differences in anatomical structure and tissue 

hardiness of various plants.  

To truly predict DRP contributions by cover crops using their laboratory WEP, it is important to 

understand the implications of the extraction procedure. The lack of an existing plant WEP 

extraction protocol coupled with few comparative studies (Roberson et al., 2007; Lozier and 

Macrae, 2017) on extraction procedures call for further investigations on some experimental 

differences such as extraction ratio and manipulation of crop biomass prior to extraction, all of 

which could cause variation in results. To the best of our knowledge, these areas are unexplored 

as far as existing literature is concerned. This research is therefore set to investigate the effect of 

extraction ratio and manipulation of biomass to fit into extraction vessels on the amount of WEP 

measured in cover crops. This knowledge will assist scientists in extrapolating, evaluating and 

predicting the potential contribution of cover crops to DRP losses in runoff using laboratory 

extracted WEP.  
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3.2.1 Research objectives 

Initially, each objective targeted four cover crops -- cereal rye, oat, red clover, and mustard but 

was redirected to specific crops depending on the availability of crop biomass and the concurrent 

load of other research works at the time of each study. The objectives were; 

 To investigate the impact of cutting methods (full plant shoots, shoots cut into equal 

lengths, shoots randomly cut) on the amount of WEP released from both fresh and FTC 

biomass of cover crops (cereal rye and red clover), 

 To determine the effect of number of cuts after harvesting (full plant shoot with no cut, 

single cut, and double cut) on the amounts of WEP released from both fresh and FTC 

biomass of cover crops (annual ryegrass, mustard, and oat), and  

 To determine the effect of crop biomass to DI water ratio on the amounts of WEP 

extracted from both fresh and FTC biomass of red clover. 
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3.3 Methods 
 

Three laboratory studies were set out to determine how biomass treatment and extraction ratios 

affect the concentration of WEP extracted from cover crops. All studies were carried out at the 

University of Guelph Campus Research Station in Ridgetown, Southwestern Ontario. Two of the 

experiments were done in 2017 and one in 2019. 

3.3.1 Study 1. Effect of cutting method and freeze-thaw cycles on the amount of P released 

from red clover and cereal rye 

3.3.1.1 Biomass sampling 
 

Over-wintered cereal rye and red clover biomass were sampled from a plot at the University of 

Guelph, Ridgetown Campus Research Station, in Ridgetown on 2nd May 2017 for this study. 

The site is characterized by Wattford fine sandy loam soil (Brunisolic Grey Brown Luvisol). Red 

clover had flowered, and cereal rye had produced seeds at the time of harvest. Crop biomass 

were clipped off near the soil surface, put in paper bags and brought to the laboratory for 

analysis. 

3.3.1.2 Laboratory procedures and analysis 
 

The collected biomass of each crop was mixed by hand to ensure even distribution of biomass of 

different sizes and heights, and subsequently grouped into four replicates which were then 

further divided into three samples for the cutting treatments. The cutting treatments were – full 

plant (no cutting after harvest cut), equal length (cutting biomass into equal lengths of 15 cm) 

and random cut (unevenly cutting biomass into shorter lengths).   
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3.3.1.2.1 Freeze-thaw Cycle Procedure 
 

Twenty (20) g subsamples of fresh plant biomass from the three cutting treatments were subjected 

to four FTCs. A single freeze-thaw event consisted of freezing at -10°C for 24 h and thawing at 

4°C for 24 h. The minimum temperature was estimated to be indicative of temperatures within the 

snowpack under winter conditions of southwestern Ontario. The biomass was kept in very thin 

walled (< 0.5 mm thick) plastic bags (W x D x H  = 10 x 5 x 30.5 cm,) during the FTCs to reduce 

insulation effect by the plastic bag.  

3.3.1.2.2 Plant Biomass Water Extractable P Extraction  
 

Extraction of the fresh biomass was initiated within an 1 h after they were brought to the lab. A 

modified procedure of Timmons et al., (1970) was used for the extraction of both fresh and FTC 

biomass.  Briefly, 20 g of fresh biomass was extracted with 1000 mL of Millipore water (1:50 

solid-liquid ratio) by mechanical shaking (200 rpm oscillating shaker) in a 2000 mL jar for 1 h at 

23°C. The liquid was then filtered through #40 Whatman filter paper and the filtrate stored at 4°C 

until analyzed for WEP (orthophosphate P).  

3.3.1.2.3 Analytical Methods for Plant Biomass Extracts 
 

Aliquots of the filtrate were analyzed in the Agronomy laboratory of the University of Guelph, 

Ridgetown Campus for orthophosphates (inorganic P) by the ammonium molybdate-ascorbic acid 

technique (Murphy and Riley, 1962) using LachatQuikChem 8500 Series 2 Flow Injection. Forty 

(40) g of biomass sampled in the fall for each crop was dried in an oven at 60°C for 3 d, ground, 

and wet digested using H2O2/H2SO4 for the determination of total P in plant tissues (Thomas et al., 

1967). 
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3.3.2 Study-2 Effect of number of cuts and freeze-thaw cycles on the amount of P released 

from annual rye grass, oats, and mustard residues 

3.3.2.1 Crop establishment and biomass sampling 
 

Three cover crops -- annual ryegrass, oats, and mustard were seeded at 18, 67, and 10 kg ha-1 

(OMAFRA, 2009) respectively, on August 23, 2017 on 4 m x 4 m plot at the same research field 

as the previous study. The soil at the site is a Wattford fine sandy loam soil (Brunisolic Grey 

Brown Luvisol). Crops were watered intermittently in response to prolonged period of drought. 

Based on the availability of sufficient biomass for WEP and tissue P analysis, crops were 

sampled by clipping above-ground plant material six weeks after planting of oats and mustard 

and 11 weeks after planting of annual ryegrass. Since annual ryegrass was harvested in the 

middle of November, the plants had experienced a period of low temperature regimes before 

sampling relative to oats and mustard which were both harvested in the middle of October. 

Mustard had flowered but oats and annual ryegrass were at the vegetative stage at the time of 

sampling. Biomass were taken to the laboratory for further treatment and analysis.  

3.3.2.2 Laboratory procedures and analysis 
 

Biomass of each cover crop was homogenized, grouped into four replicates, and received three 

cutting treatments -- full plant (no cut except the harvest cut), single cut (one cut after harvest cut) 

and double cut (two cuts after harvest cut). Subsamples from each cutting treatment were subjected 

to FTCs, biomass extraction (fresh and FTC biomass), and extract and tissue P analysis as 

explained at sections 3.3.1.2.1 to 3.3.1.2.3 except for biomass to water ratio and container used for 

extraction. Twenty (20) g each of fresh and FTC biomass of oats, annual ryegrass and mustard was 

extracted with 300 mL of DI water in cylindrical PVC tube of 41 cm length and 3.6 cm internal 
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diameter with corks fitted at both ends of the tube. Another 20 g subsample of each crop was dried 

in an oven at 60°C for 3d, ground, and wet digested using H2O2/H2SO4 for the determination of 

total P in plant tissues (Thomas et al., 1967). 

3.3.3 Study-3 Effect of extraction ratio (biomass to water) and freeze-thaw cycles on 

phosphorus release from red clover residues 

3.3.3.1 Biomass sampling 
 

Red clover biomass was sampled by clipping off at near soil surface from a research plot at the 

University of Guelph Ridgetown Campus Research Station in September 2019. The plants were 

flowering at the time of sampling.  Sampled biomass was brought to the lab for treatment and 

analysis.  

3.3.3.2 Laboratory procedures and analysis 
 

To establish biomass to water (solid to liquid) ratio of 1:10, 1:20, and 1:30, 10 g of the crop biomass 

was extracted with 100, 200, and 300 mL of DI water, respectively in cylindrical PVC tube of 41 

cm length and 3.6 cm internal diameter with corks fitted at both ends of the tube. The use of this 

tube was to allow total submersion and efficient extraction from full non-diced biomass that is not 

forced through thin necks like that of conical flask. All other procedures followed protocols 

explained in 3.3.1.2.1 to 3.3.1.2.3. Cylinders that contained FTC biomass were horizontally placed 

in the freezer and fridge. Another 60 g subsample of each crop was dried in an oven at 60°C for 

3d, ground, and wet digested using H2O2/H2SO4 for the determination of total P in plant tissues 

(Thomas et al., 1967). 
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3.4 Statistical methods 
 

All data were analysed with generalized linear mixed model procedure (GLIMMIX) in SAS 

version 9.4 (SAS institute Inc., 2012). Cutting methods, number of cuts, extraction ratios, cover 

crops, and FTC were all considered fixed effects, and blocks (replicates) were the random 

effects. Analysis for each of the three experiments was sliced by crop type because the research 

interest was on the effects of laboratory treatments on individual crop’s biomass WEP. The 

respective use of two and three cover crops in studies 1 and 2 was to assess each crop’s response 

to the treatments to broaden our scope of inference but not to compare the WEP concentration 

among the crops. All data were subjected to a normality and homogeneity test using test of 

studentized residuals and residual plots to meet the assumptions of the GLIMMIX procedure. 

The denominator degree of freedom was adjusted with a Kenward-Roger adjustment (ddfm=kr) 

for bias correction of standard error.  Treatment significance on WEP concentration was set at p 

≤ 0.05 using least significant differences. Pdnix800sas macro was used to generate letter codes to 

match the separation of means by Tukey-Kramer multiple mean comparison. Outliers were 

identified with Empirical Best Linear Unbiased Prediction (EBLUP) was applied to test for 

outliers, but none were found. A linear regression analysis was run to identify the relationship 

between extraction ratios and WEP.  
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3.5 Results and discussions 
 

3.5.1 Study 1 - Concentration of WEP released from over-wintered cereal rye and red 

clover residues as influenced by cutting method and freeze-thaw cycles 

A three-way interaction between cover crop, cutting treatment and FTC existed (p = 0.0027, Table 

3.1). Freeze-thaw cycles impacted WEP concentration on both cereal rye and red clover (Table 

3.1, p = <.0001) whereas cutting type affected cereal rye only (Table 3.1, p = <.0001 for cereal 

rye, and p = 0.1117 for red clover). Higher WEP concentrations from FTC than fresh biomass for 

both red clover and cereal rye residues were significant (Fig. 3.1 A and B) as has been reported by 

other researchers for the same and other cover crops (Bechmann et al., 2005; Roberson et al., 2007; 

Lozier and Macrae, 2017; Cober et al., 2019).  

The response to cutting type by cereal rye but not for red clover could be due to differences in 

moisture content and tissue hardiness between the two crops, especially for their FTC biomass. 

Red clover has relatively less hardy stem and leaf tissues making it more susceptible to cell rupture 

by FTC and allowing higher nutrient extraction. Researchers have found greater effects of FTC on 

WEP losses from wet vegetation of winter wheat, alfalfa and bluegrass than the stubbles of wheat, 

straw and oats owing to the higher moisture contents and high tissue P of the former than the latter 

(Timmons et al., 1970; Elliott, 2013). Elliott (2013) explained that the greater release of nutrients 

from actively growing winter wheat straw than wheat stubble was due to greater cell damage by 

FTC resulting from the higher amount of water and nutrients in the tissues of the growing winter 

wheat. White (1973) added that there is less disruption of cell membranes by FTC when there is 

relatively lesser moisture in the plant cells. In this study, the higher moisture content (84 %) of red 

clover than cereal rye (62 %) could enhance subsequent cell lysing. Compared to cereal rye, red 
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clover leaves appeared to be more susceptible to physical degradation which would presumably 

enhance the extraction of nutrients from it whether it is cut or not.  

The pattern of P release from cereal rye as influenced by cutting type differed for fresh and FTC 

biomass (Fig 3.1 A). For the fresh biomass, more WEP was extracted from the random cuts than 

the other two treatments, although the difference was relatively small. While the many cuts on the 

plants might have caused cell damage and eventual nutrient release upon extraction than the fewer 

cuts of the other treatments, it may have simply allowed for more efficient extraction. For the FTC 

biomass, there was no difference in WEP released from random cut and 15 cm equal lengths, but 

both caused the release of more WEP than full plants from the FTC biomass. It is likely the 

extraction for P from lysed cells was enhanced by cutting the plant into smaller segments rather 

than an actual increase in the amount of WEP.  Of particular interest is the impact of FTC and 

cutting on the WEP concentrations of extracts from equal length relative to the full plant. The 

effect of FTC was less (11 times) on the full plants than the equal length (20 times) (Fig 3.1 A). 

This result, coupled with the lack of an impact of cutting on red clover, may provide some 

indication of differences in the relative impact of FTC on different species in different studies as 

it is not always stated how the plant material was handled prior to extraction.  

Our WEP concentration of 985 – 2000 µg g-1 after FTC of cereal rye is above the levels reported 

by Cober et al., (2018) for cereal rye subjected to FTC range of -4 to 18°C (≈ 600 µg g-1) whereas 

WEP concentration released from our red clover (1159 µg g-1) is less than that of Cober et al., 

(2018) and similar to that reported by Lozier and Macrae (2017) (944 µg g-1) at FTC temperatures 

of -4 to 4°C. Variations between our values and others could be due to several factors including 

frequency of FTC (Lozier and Macrae, 2017), temperature range of FTC (Cober et al., 2018), 

amount of biomass tissue P before extraction, cut length of biomass used for extraction, biomass 



73 
 

to DI water ratio, and age of cover crops. Estimated tissue P concentration from biomass sampled 

in the fall of the previous year when the crops were 2 months old was 4091 µg g-1 for cereal rye 

and 3421 µg g-1 for red clover indicating a 24-49 % and 34 % of fall’s tissue P extracted as WEP 

in the spring for cereal rye and red clover, respectively. Cober et al., (2018) extracted 21 and 27% 

of tissue P as WEP, respectively, from 2-month old cereal rye and red clover residues subjected to 

5 FTC after October sampling; Lozier and Macrae (2017) recorded 27% after 5 FTC of red clover 

which was interseeded with spring wheat in April and sampled in October. Our degree of WEP 

extraction from red clover (34 %) is close to the 27 % by the others (Lozier and Macrae, 2017; 

Cober et al., 2018). For cereal rye, our degree of P extraction in the random and 15 cm equal 

lengths is twice as high as that of Cober et al, (2018) except for the full plants (24 %) which is 

similar to theirs (21 %). It might be that the cereal rye P in our study was more susceptible to 

extraction after experiencing several FTC and eventual runoffs on the field during the fall and 

winter months before our spring harvest. Lozier et al., (2017) did not observe any difference in 

WEP between red clover biomass that experienced 1 FTC or 5 FTC, but found increased P release 

in the 5 FTC sample when extraction was done intermittently after every single FTC until the 5th, 

and concluded that higher frequency of runoff events leads to more DRP extraction from winter 

hardy species. This same reason may account for the slight increase in our red clover percentages 

than Lozier and Macrae (2017).  
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Table 3. 1 Anova – Effects of cutting method and freeze-thaw cycles (FTC) on the 
concentrations of water extractable phosphorus (WEP) (µg g-1) released from over-wintered 
cereal rye and red clover 

Fixed Effects df Pr > F 

3-way Anova   

Cover Crop (CC) 1 0.004 

Cutting type (CT) 2 <.0001 

Freezing (F) 1 <.0001 

CC x CT 2 0.0051 

CC x F 1 <.0001 

CT x F 2 0.0002 

CC x CT x F 2 0.0027 

   

2-way interaction (split 

by CC) 

  

CC x CT   

Cereal rye 2 <.0001 

Red clover 2 0.1117 

CC x F   

Cereal rye 1 <.0001 

Red clover 1 <.0001 
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Fig 3. 1 Effects of cutting and freeze-thaw cycles (FTC) on water extractable phosphorus (WEP) 
of cover crops. Analysis and results were split by cover crops - A (Cereal rye), B (red clover). 
Bars on graphs represent standard error. Graphs followed by same letter are not significantly 
different from each other. 
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3.5.2 Study 2 - Concentration of WEP released from annual ryegrass, oat, and mustard as 

influenced by number of cuts on the crop and freeze-thaw cycles 

Tissue P (TPC) of the cover crops were 2951, 2980, and 4256 µg g-1 for annual ryegrass, mustard, 

and oats, respectively. The TPC of annual ryegrass is less than that (5700 µg g-1) reported by 

Bechmann et al. (2005) but within reported ranges (2520 – 2740 µg g-1) of Liu et al. (2015). The 

TPc of our mustard (brown mustard) is within ranges (3160 – 4920 µg g-1) reported by Liu et al., 

(2015). Oat had TPC within ranges (2099 – 5000 µg g-1) estimated from other reports (Lozier and 

Macrae, 2017; Cober et al., 2018, 2019). Therefore, the TPC of the crops in this study were 

generally within the range reported in previous studies. The concentration of WEP extracted from 

both fresh and FTC biomass was not significantly affected by the number of cuts for any of the 

cover crops (Table 3.2).  This result agrees with the results for red clover in the previous 

experiment, but not with the cereal rye results. Except for annual ryegrass, P concentrations 

extracted from the fresh biomass in this study were low relative to other reports (Bechmann et al., 

2005; Liu et al., 2013; Cober et al., 2018) which may have limited the ability to detect a significant 

effect of the number of cuts on WEP, particularly for the FTC biomass. 

 As detailed in Table 3.3, less than 0.5% of the plant tissue P was extracted as WEP from the fresh 

biomass of oats and mustard residues whereas 4.5 to 5% has been the general range extracted from 

oats (Lozier and Macrae 2017; Cober et al., 2018).  The observed WEP of 7% of TPc is slightly 

lower than the 9 % from annual ryegrass reported by Bechmann et al. (2005). For the FTC biomass, 

as with red clover in the previous experiment, cutting did not impact the amount of WEP measured 

in mustard, oats and annual ryegrass.  The percentage range of tissue P extracted as WEP for the 

FTC biomass in the current (7 to 24%) study is low relative to others who reported 38 to 83% for 

oats (Lozier and Macrae, 2017; Cober et al., 2018) and 100% for annual ryegrass (Bechmann et 
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al., 2005). These results may be due to differences in biomass treatments and extraction 

procedures. For instance, Cober et al., (2018) clipped biomass into 4-cm lengths which may lead 

to effective submersion of biomass in water, and subsequent effective extraction of P. Also, FTC 

temperatures of -18 to 4°C used by Cober et al., (2018) and Bechmann et al., (2005) may have 

caused severe impact on cell lysis of their crop crops than the range used for this study (-10 to 

4°C). Future studies using more cover crops, and comparing extraction methods would give further 

insight to how interaction between extraction and biomass pre-treatments affect the release of WEP 

from cover crop biomass. 

There was a significant cover crop x freezing effect (Table 3. 2, p = < .0001). Despite this 

interaction, relative comparison of WEP concentrations among cover crops is not discussed due to 

our research interest on how number of cuts and FTC affected P release from the individual crops. 

As higher concentrations of WEP were extracted in FTC than fresh biomass of mustard and oats, 

equal concentrations were extracted from both biomasses of annual ryegrass (Table 3.3). The result 

of annual ryegrass is contrary to existing findings on FTC effects on WEP release from cover crops 

(Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013; Cober et al., 2019), and specifically 

from annual ryegrass at freezing temperature of -18o C (Bechmann et al., 2005).  

Bechmann et al. (2005) reported a 40-fold increase of WEP extracted from annual ryegrass with 

just one FTC, followed by cumulative increase in WEP with number of FTCs till the sixth where 

all plant P was extracted. The difference in results between this study and that of Bechmann et al., 

(2005) may be due to differences in plant age and temperature range. In this study, an FTC range 

of -10 oC and 4 oC was applied to two-month (60 days) old crops raised in the field, whereas 

Bechmann et al., (2005) extracted WEP from 21-day old annual ryegrass that were raised in the 

greenhouse and subjected to FTC range of -18 oC and 4 oC . The release of P from cover crops is 
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facilitated by extremity of freezing and thawing temperatures (Sturite et al., 2007; Cober et al., 

2019) and higher moisture content of younger and actively growing plants (Timmons et al., 1970; 

Bechmann et al., 2005; Elliott, 2013). In fact, Cober et al. (2018) found that FTC temperature of -

4 oC to 4 oC had no effect on WEP extraction from five cover crops under study including cereal 

rye, oats, red clover, oilseed radish, and hairy vetch.  

Annual ryegrass was the only crop that did not respond to FTC (-10 oC and 4 oC) damage in this 

study does not undermine the impact of FTC on P losses from cover crops but emphasizes the 

variation between crop species and their resistance to cold temperatures at different growth stages. 

Unlike oat and mustard, there was no visible difference between the FTC and fresh biomass of 

annual ryegrass at the time of extraction. There may be a physiological ability of annual ryegrass 

to withstand lower FTC ranges as Miller et al. (1994) discovered no difference between the frozen-

thawed biomass and frozen only biomass of annual ryegrass but found a significant difference 

when other crops (oilseed radish and red clover) were tested. Annual ryegrass is known to be 

efficient at nutrient uptake (Bechmann et al., 2005; Sturite et al., 2007). Therefore, its resistance 

to FTC and lesser concentrations of P extracted relative to the other crops in this study, present it 

as a potential candidate for controlling runoff P losses after winter for Southwestern Ontario.  
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Table 3. 2 Anova – Effects of number of cuts (NoC) and freeze-thaw cycles (FTC) on the 
concentration (µg g-1) of water extractable phosphorus (WEP) released from different species of 
cover crops – mustard, oats, and annual ryegrass 

Fixed Effects df Pr > F 

Main effects   

Cover Crop (C) 2 <.0001 

Number of Cuts (NoC) 2 0.6812 

Freezing (F) 1 <.0001 

2-way Interactions   

C x NoC 4 0.3270 

C x F 2 <.0001 

NoC x F 2 0.7715 

3-way Interaction   

C x NoC x F 4 0.4130 

Bolded indicates significant differences. p = 0.05  
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Table 3. 3 Water extractable phosphorus (WEP) concentrations (µg g-1) extracted from fresh and 
frozen-thawed biomass of cover crops (mustard, oats, and annual ryegrass), and expressed as 
percentage of tissue P concentration (TPC). Values in parenthesis represent standard errors. 

 Mustard  Oat  Annual ryegrass 

Freezing WEP 
(µg g-1) 

% of 
TPC 

 WEP 
(µg g-1) 

% of 
TPC 

 WEP 
(µg g-1) 

% of 
TPC 

 
Fresh 4b (0.4) 0.13  11b (2) 0.26  207a (10) 7 

FTC 317a (21) 11  1017a (37) 24  202a (11) 7 

a-b Means followed by the same letter under each crop (column) are not significantly different . 
% of TPC – percentage of plant tissue P extracted as WEP 
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3.5.3 Study-3 Influence of extraction ratio and freeze-thaw cycles on water extractable 

phosphorus concentration released from red clover residues 

There was a freezing treatment effect on WEP release from red clover residues (Table 3.4) which 

was similar to results from our previous studies and other reports (Bechmann et al., 2005; Cober 

et al., 2018); FTC caused higher release of WEP (Table 3.5). There were no statistical differences 

in the absolute concentration of WEP (µg P g-1 plant tissue) among the three extraction ratios in 

both fresh and FTC biomass (Tables 3.4 and 3.5). However, a clear trend of increasing WEP 

concentration with wider extraction ratios was observed in the fresh biomass and was supported 

by a significant linear regression line (Fig 3.2), suggesting more effective extraction of WEP with 

higher volumes of water used. The increase in the ratio would presumably be accompanied by 

improved, or more continuous plant-water contact. Such contact maybe less important for the FTC 

biomass, where the P is evidently more easily extracted from the plant material. It is recognized 

that the limited range of ratios used (3) might and crop species (one) limits the extrapolation of 

these results, although results suggest that the ratio of biomass:water is less important for FTC 

biomass than fresh. 

More data points with wider ratios would provide more confidence to any relationship that might 

result. In fact, studies involving plant WEP extractions have applied ratios ranging from 1:10 to 

1:200 ( Timmons et al., 1970; Sharpley, 1981; Bechmann et al., 2005; Roberson et al., 2007; Lozier 

et al., 2017; Lozier and Macrae, 2017; Cober et al., 2018). The only known study that compared 

WEP extraction ratios involved relatively wider solid to liquid ratios (1:10, 1:100, and 1:200) on 

manures and they reported increasing concentrations with wider ratios (Kleinman et al., 2007). 

Bechmann et al., (2005) inferred that their low manure WEP concentration (170 mg kg-1) relative 

to the high value (1250 mg kg-1) of Kleinman et al., (2007) was due to their lower extraction ratio 
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than the latter.  Therefore, the result of this study in plant WEP extraction ratios reveals the need 

for further investigation with wider ratios and more cover crops. 
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Table 3. 4 Anova – Significance of extraction ratio and freeze-thaw cycles on concentration (µg 
g-1) of water extractable phosphorus (WEP) released from red clover 

Fixed Effects Df Pr > F 

Freezing 1 <.0001 

Extraction Ratio 2 0.6100 

Freezing x Extraction ratio 2 0.7740 

Bolded indicates significant differences. p = 0.05 

 

 

 

 

 

 

 

 

 

 

 



84 
 

Table 3. 5 Concentration (µg g-1) of water extractable phosphorus (WEP), and its percentage of 
total plant tissue P as influenced by biomass to extraction ratio and freeze-thaw cycles (FTC) on 
red clover. Values in parenthesis represent standard errors  

Variable WEP concentration  

(µg g-1) 

WEP of Tissue P 

% 

Freezing   

               Fresh Biomass 9b (1) 0.4 

               FTC Biomass 166a (12) 7.4  

Extraction Ratio (Biomass to water)   

               1: 10 79a (11)  

               1: 20 93a (11)  

               1: 30 91a (11)  

Means followed by same letter under each variable (Freezing, Extraction ratio) are not 
significantly different from each other 
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Fig 3. 2 Regression lines of water extractable P extracted fresh from red clover biomass, and 
from biomass subjected to freeze-thaw cycles (FTC) 

 

 

 

 

 

 

y = 0.4454x + 0.6005
r = 0.70, p = 0.0023

R² = 0.0172

0

50

100

150

200

250

300

0 10 20 30 40

W
E

P 
co

nc
en

tr
at

io
n 

(u
g 

g-1
)

Exctraction ratio

Fresh Biomass

FTC Biomass

Linear (Fresh Biomass)

Linear (FTC Biomass)



86 
 

3.6 Conclusion 
 

This study has shown that FTC have a significant effect on WEP release from cover crops as has 

been reported by others (Bechmann et al., 2005; Cober et al, 2018). Interestingly, FTC did not 

affect WEP release from annual ryegrass contrary to report by Bechmann et al., (2005). Therefore, 

annual ryegrass may be a potential option for P risk management in winter for Southwestern 

Ontario where there is mild FTC. Our studies found variation in WEP concentrations attributed to 

laboratory methodology.  Intact cereal rye plant shoots released relatively lesser amounts of WEP 

than randomly cut biomass, while red clover, mustard, oat and annual ryegrass were not influenced 

by such cuts. This calls for the need to develop protocols that involve full plants or establish 

coefficients to account for the impact of cutting on some cover crop species.  This may indicate 

that mowing of red clover, oat, mustard and annual ryegrass in the field may have less impact on 

P release from them than cereal rye. There was a strong increasing trend of WEP concentration 

with biomass to water ratio for fresh red clover biomass although extraction ratio seemed less 

important for FTC biomass. This study was limited by few (3) and narrow ratios tested as well as 

the use of only one crop. A repetition of this study involving more and wider ratios as well as 

several cover crop species would be needed to provide a better overview of the relationship 

between extraction ratios and P release. The results of our studies show the potential discrepancies 

associated with laboratory WEP methods that translate into with the prediction of WEP released 

from cover crops and subsequently, DRP losses in runoffs. There is the need for detailed 

investigation into WEP extraction procedures to develop a standard protocol void of differences 

by the varying extraction methods adopted by different laboratories. 
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CHAPTER FOUR 
 

4.0 Determination of the effects of soil test phosphorus, cover crop species and time of 

harvesting on plant water extractable phosphorus following freeze-thaw cycles 

4.1 Abstract  
 

Water extractable phosphorus (WEP) from cover crops is often used to predict biologically 

available dissolved reactive phosphorus (DRP) contributed by cover crops to runoff from 

agricultural lands after winter freeze-thaw cycles (FTC). While soil test P (STP) significantly 

impacts DRP losses from soils, it is not clear how STP will impact WEP from cover crops that the 

soils support. Two experiments (i. crops grown on field in 2016 and ii. crops grown in pots in 

2018) were conducted to evaluate the influence of STP (Olsen P) concentrations, cover crop 

species and their time of harvest, on the amounts of WEP release from cover crops under FTCs 

representative of Southwestern Ontario. After sampling in October and November for the field 

(STP – Medium, High, and Very High) grown biomass, and August and September for the pot 

study (STP – Medium, Medium-High, and High), water extracts of plant biomass from fresh and 

FTC (-10°C freezing for 1d and 4°C thawing for 1d) biomass of cover crops -- cereal rye (Secale 

cereale), oats (Avena sativa), red clover (Trifolium pratense), and mustard (Brassica nigra) were 

analysed for P. In the pot study, there was no difference in WEP (kg ha-1) after FTC between 

August and September for each crop except cereal rye. However, total amounts of WEP after FTC 

decreased from 3.2 kg ha-1 in October to 1.1 kg ha-1 in November for the field study highlighting 

the importance of crop maturity and acclimation to cooler temperatures on potential WEP losses 

due to FTC. The smaller biomass amount of red clover accounted for its lesser amount of WEP 

than the other crops in the field study, while lower concentrations of WEP for  mustard resulted in 
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release of lesser amounts of WEP (0.42 kg ha-1) than oats (1.30 kg ha-1) and cereal rye (0.87 kg ha-

1) in September for the pot study. There was no obvious impact of STP on biomass produced, but 

WEP and tissue P concentrations tended to increase with STP between the lowest and highest STP 

ranges in both experiments. We postulate that species selection at a particular planting time is 

essential in managing WEP losses from cover crops under FTC, or potentially the time a cover 

crop is chemically terminated. Studies are needed to determine the net impact of cover crop species 

on soluble and total P losses from both cover crops and soils across a range of STP values. 
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4.2 Introduction 
 

Global eutrophication of surface waters has called for the control of non-point source pollution 

by nutrients, especially phosphorus (P), the major nutrient limitation for algal growth. 

Agriculture as the major non-point source of P has gained more attention as a potential source 

that requires remediation. Cover crops have long been known to reduce soil and nutrient losses 

from agricultural fields, thus they have been promoted as a best management practice (BPM) to 

protect soil health and surface water quality. They impede speed of runoff (Dabney et al., 2001), 

filter nutrients and sediments  (Ryder and Fares, 2008), and reduce rain drop impact which 

reduces erosion and improves infiltration (Dabney, 1998). With greater evapotranspiration rates 

compared to bare soil, increased water storage capacity is also observed when cover crops are 

present (Thorup-Kristensen et al., 2003).  The increase of water infiltration and decreased runoff 

is often accompanied by reduced nutrient transport from the field to surface waters. In Ontario, a 

minimum of 30% crop or residue cover throughout the year is recommended to reduce soil 

erosion as it lowers erosion by 60% or more (Verhallen, 2013). Therefore, cover cropping has 

been a prominent best management practice (BMP) for controlling nutrient losses from 

agricultural fields during winter (non-growing season) in temperate regions like Southwestern 

Ontario (Macrae et al., 2007a; Congreves and Van Eerd, 2015). They are particularly effective in 

reducing particulate P (PP) losses in runoff following winter (Grabber and Jokela, 2013).  

However, studies have implicated cover crops as a potential dissolved reactive P (DRP) source to 

runoff under winter freeze-thaw cycles (FTCs) ( Timmons et al., 1970; Miller et al., 1994; 

Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013; Riddle and Bergstrőm, 2013; Cober 

et al., 2018). White (1973) explains that, cells of crop tissue are ruptured by freezing which then 

allows easy extraction of nutrients from them by water.  
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Controlled environment studies on the impact of FTC on WEP release by vegetation have 

mimicked winter temperature regimes (-18 to 10oC) pertinent to the study areas (Miller et al., 

1994; Bechmann et al., 2005; Elliott, 2013; Riddle and Bergstrőm, 2013). In fact, Riddle and 

Bergstrőm (2013) used an extreme range of -18 to 20oC. The amount of WEP from cover crops 

is affected by temperature range (Bechmann et al., 2005; Cober et al., 2018) due to the 

differences in degree of injury to the plant cell (Steponkus et al., 1983). For instance, greater 

temperature extremes (-18 to 4 °C and -18 to 10 °C) caused a greater release of WEP from five 

cover crops whereas a range of -4 and 4 °C had no impact (Cober et al., 2018). Temperature 

effects on nutrient release in the above cold regions may not be applicable to temperate areas. 

Although winter air temperatures could reach as low as -25°C in Southwestern Ontario, 

insulation by snowpack moderates temperature within it to about -4 to 0°C (Lozier et al., 2017 

cited Macrae’s unpublished data ).  

The differences in the anatomical structure of cover crops could lead to different response on 

WEP release due to FTCs. Differences in biomass amounts, nutrient uptake and distribution in 

the plant tissues will vary the amount of nutrients proportioned within the shoot and roots of 

cover crops. Significant differences in biomass amounts and P contents for both above and below 

ground biomass were found in eight cover crops comprising perennials and annuals (chicory, 

cocksfoot, perennial ryegrass, red clover, phacelia, white mustard, oilseed radish, and white 

radish) (Liu et al., 2015). Although red clover had the highest amount of whole plant biomass P, 

56 to 86 %  of the P was contained within the roots reflecting a higher root biomass which was 

accompanied by less above ground biomass P relative to the other crops (Liu et al., 2015). 

Differences in P release by different species of cover crops have been reported by several authors 

(Timmons et al., 1970; Burwell et al., 1975; Miller et al., 1994; Elliott, 2013; Riddle and 
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Bergstrőm, 2013; Cober et al., 2018). This has been attributed to frost tolerance vs intolerance 

(Cober et al., 2018), P capturing ability (Burwell et al., 1975), biomass amount, P and moisture 

content (Miller et al, 1994; Elliott, 2013; Riddle and Bergstrőm, 2013) and tissue hardiness 

(Steponkus et al., 1983; Liu et al., 2013) of the cover crops. 

Temporal variability in seasonal temperatures and plant anatomical structure can affect P release 

from plant tissues by FTCs. The impact of FTCs on cover crops that gradually acclimatize to 

lower temperatures in the fall may be less effected, relative to those experiencing an early killing 

frost. Gradual (slow) freezing and thawing causes less injury to plant cells (Levitt, 1960). Winter 

survival of frost tolerant plants and degree of injury to frost intolerant plants has been related to 

mechanisms that occur during the cold acclimation period (Santarius, 1973; Bachmann and 

Keller, 1995; Koroleva et al., 1998; Pearce et al., 1998; Gilmour et al., 2000; Reza Tabaei-

Aghdaei et al., 2003; Livingston et al., 2006). These include production of cold induced genes 

(Pearce et al., 1998; Gilmour et al., 2000; Reza Tabaei-Aghdaei et al., 2003) and carbohydrate 

allocation to specific plant regions to form barriers against the effects of cold temperatures, to 

stabilization of plant membranes and a regulatory effect on dehydrin production (a plant protein 

produced in response to cold and drought stress) during cold stress (Santarius, 1973; Koroleva et 

al., 1998; Bachmann et al., 1994; Reza Tabaei-Aghdaei et al., 2003; Livingston et al., 2006;). 

Livingston et al., (2006) found a hardier tissue and increased frost tolerance at the apical 

meristem (upper part) than the base (lower part) of the crown of winter hardy Wintok oats and 

cereal rye, which they suggested may be due to the accumulation of fructan within the apical 

region. Researchers have attributed differences in P release from cover crops under FTCs to cold 

acclimation ( Molteberg et al., 2004; Bechmann et al., 2005). 
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The response of cover crops to FTCs vary with crop age due to differences in plant yields, 

residue moisture content, tissue P concentrations, and tissue strength between young and actively 

growing vegetation versus senescing crops or residues (White, 1973; Miller et al., 1994; 

Bechmann et al, 2005; Elliott, 2013). Higher moisture and P contents resulted in higher P release 

from actively growing winter wheat resides than from senesced wheat stubble (Elliott, 2013). 

Bechmann et al. (2005) extracted 40% WEP from greenhouse raised annual ryegrass resides after 

one FTC against 15% in a field runoff study conducted by Miller et al. (1994), which they 

attributed to the difference in crop maturity and acclimation to winter freezing. The obvious 

increase in biomass amounts as a plant ages can potentially increase the total amount of P 

released in a water extract. Of course, higher amounts of biomass are expected to release more P 

by FTCs (Miller et al., 1994). The total P uptake of forage radish and cereal rye was more 

closely related to biomass production than was tissue P content (White and Weil, 2011). To the 

best of our knowledge, there is inadequate or no information on the effect of cover crop age and 

time of harvesting on WEP released from cover crops, at least for Southwestern Ontario winter 

conditions. 

Higher soil STP due to applications of synthetic P fertilizers, animal manures, or return of crop 

residues may stimulate more biomass production and higher P concentrations in cover crops 

(Singer et al., 2008; White and Weil, 2011; Liu et al., 2015). An average of 2.6 kg ha-1 extra P was 

recorded in cover crops grown on soil that was supplied with manure at P rates of 68, 118, and 177 

kg ha-1 compared to that in a soil that receiving no manure (Singer et al., 2008). In fact, P uptake 

was 31% higher in crops that had received 118 kg P ha-1 compared to that from 68 kg P ha-1. On 

six clayey soils with varying STPs, higher biomass production in eight cover crops was associated 

with soils with relatively higher STP levels (50 – 140 mg kg-1) than in soils with lower STP (34 – 
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39 mg kg-1). Additionally, the soil with the highest STP resulted in higher tissue P concentrations 

in most of the crops studied (Liu et al., 2015). Despite the relationship between STP and plant 

biomass or P content, information is lacking on the relationship between STP and WEP extracted 

from cover crops under laboratory simulated FTCs. Since STP is currently proposed as the major 

predictor of soil P levels of concern to water quality and fertilizer P recommendations, it is 

important to establish its contribution to WEP release from cover crops under FTCs. 

The above review indicates the potential impact STP and cover crop (species and time of 

harvesting) either in isolation or interacting on WEP release from cover crops under FTCs. 

Earlier similar works in Southwestern Ontario investigated the effects of temperature variation, 

cover crop species, and temporal variability on P release from cover crops under FTCs (Lozier et 

al., 2017; Cober et al., 2018) and reported inconsistencies with literature obtained from research 

conducted in colder climates. Therefore, there is need to explore these additional factors (STP 

and time of cover crop harvest), especially for the Lake Erie basin, where winters are relatively 

less severe with recent diminishing snowpack (often 20 to 25 cm maximum) (Environment, 

Canada). This information is essential for farmers, scientists, and policy makers in the selection, 

recommendation and management of cover crops as BMP for surface water quality in temperate 

regions with mild winters accompanied by little snow accumulation. 

4.2.1 Research objectives 
 

 To quantify WEP concentrations released by cover crops (cereal rye – Secale cereale, 

oats – Avena sativa, red clover – Trifolium pratense, mustard – Brassica nigra) as 

influenced by FTCs at different growth stage or time of cover crop harvest 
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 To determine the effects of STP, cover crop species (cereal rye, oats, red clover, mustard) 

and time of crop harvest on amount of WEP extracted from cover crops exposed to FTC 

 To determine the effects of STP, species (cereal rye, oats, red clover, mustard) and time 

of crop harvest on cover crop aboveground biomass and tissue P content. 
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4.3 Materials and methods 
 

Two experiments were conducted: a field study in 2016 and a pot study in 2018.  

4.3.1 2016 – Field experiment 
 

 4.3.1.1 Field plot establishment 
 

The site chosen for this study is characterized by Wattford fine sandy loam soil (Brunisolic Grey 

Brown Luvisol). In the spring of 2016, the site was divided into three sections and fertilizer P 

(triple superphosphate: 0 – 46 – 0) applied at 50 kg P ha-1 (Low Fertilizer - LF), 390 kg P ha-1 

(Medium – Fertilizer - MF) and 780 kg P ha-1 (High – Fertilizer - HF) to the sections in an 

attempt to establish STP concentrations of ~10, ~20 and ~30 mg kg-1 , respectively (Ribey & 

O’Halloran, 2016).  The fertilizer was broadcasted by hand and incorporated into the top 15 cm 

of the soil with several passes of a disc cultivator. Within each section, five 12 m x 3 m subplots 

were delineated for the establishment of five treatments-- no cover crop, rye, red clover, oats and 

mustard. 

The first sampling in October revealed that STP values were much higher than expected (LF = 

18, MF = 37, HF = 63 mg kg-1).  The second sampling in November, resulted in STP values 

lower than October values (LF = 18, MF = 31, HF = 45 mg kg-1) and closer to, but still higher 

than the intended STP values.  These data indicate a disproportionate increase in labile soil P 

fractions, likely due to the limited time for interaction between the fertilizer P and the soil as a 

new equilibrium STP is established. At least two years were used to establish STP (Bray P-1 

method: Frank et al., 1998) of soils used in another study (Roberson et al., 2007).  Given the STP 
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values were in a state of flux, these treatments will be referred to as medium, high and very high 

STP though we accept that they reflect the sum of biological available P and fertilizer residual P.   

4.3.1.2 Seeding of cover Crops 
 

Five cover crops were hand seeded on the plots at the following rates (kg ha-1) on 4th August 2016; 

335 of cereal rye, 335 of oats, 67 of red clover and 67 of mustard. These rates exceeded the 

recommendations of Southern Ontario in order to get sufficient biomass for the study. Irrigation 

was applied intermittently in response to prolonged days of drought.  

4.3.1.3 Biomass sampling 
 

Plant above ground biomass was sampled at two and three months after planting (October 5 and 

November 10, respectively). At the first sampling time, mustard had flowered, oat was at late 

booting stage, and both red clover and cereal rye were at vegetative growth stages. A month later 

when the second sampling was done, mustard and red clover were fruiting. Oats was senescing 

which was evident by yellowish, weak and fallen leaves. Cereal rye was still in vegetative growth, 

mostly wholly green leaves and a few that had brown colouring at their bases. At each sampling, 

three randomly selected 0.5 m2 areas of plant biomass were collected by clipping the plants off 

near the soil surface (a total of three individual samples per STP-cover crop treatment 

combination).  The biomass was immediately transported to the Agronomy Laboratory of the 

University of Guelph Ridgetown Campus for WEP extractions and analysis.  

4.3.1.4 Laboratory procedures and analysis 
 

The total biomass of each sample was recorded, and the sample mixed. A subsample was oven 

dried for 3 d at 60°C for the determination of dry matter production, for expression of WEP on a 

dry weight basis and chemical analyses for total P in the plant tissue.   



99 
 

4.3.1.4.1 Free-thaw procedure 

Forty (40) gram subsamples of fresh plant biomass were subjected to four FTCs. A single freeze-

thaw event consisted of freezing at -10 °C for 24 h and thawing at 4 °C for 24 h. The minimum 

temperature was estimated to be indicative of temperatures within the snowpack under winter 

conditions of southwestern Ontario. The biomass was kept in very thin (< 0.5 mm thick) plastic 

bags (W x D x H = 10 x 5 x 30.5 cm) during the FTCs to reduce insulation effect by the plastic 

bag.  

 4.3.1.4.2 Plant biomass WEP extraction 

Extraction of the fresh biomass was initiated in less than 1 h after being brought to the lab. A 

modified procedure of Roberson et al. (2007) was used for the extraction of both the fresh and 

FTC biomass.  Briefly, 40 g of fresh biomass was extracted with 400 mL of Millipore water (1:10 

solid-liquid ratio) by mechanical shaking (200 rpm oscillating shaker) in a 500 mL Erlenmeyer 

flask for 1 h at 23 oC. The liquid was then filtered through #40Whatman filter paper and the filtrate 

stored at 4 oC until analyzed for WEP (total and orthophosphate P).  

4.3.1.4.3 Analytical methods for plant biomass extracts 
 

Aliquots of the filtrate were analyzed in the Agronomy laboratory of the University of Guelph 

Ridgetown Campus for orthophosphates (inorganic P) by the ammonium molybdate-ascorbic acid 

technique (Murphy and Riley, 1962) using a LachatQuikChem 8500 Series 2 Flow Injection 

Analysis System, and for total P following digestion using H2O2/H2SO4 (Thomas et al., 1967). 

Dried, ground biomass samples were also wet digested using H2O2/H2SO4 for the determination 

of total P in plant tissues (Thomas et al., 1967). 
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4.3.1.5 Soil collection 
 

Approximately 1 week after each crop biomass sampling, soil from each plant-sampling area (5 

cores, 2.5 cm diameter, and 15 cm deep) including soils from control subplots were sampled, 

mixed and placed into plastic bags for laboratory extractions and analysis of STP. 

4.3.1.6 STP extraction 
 

 The soil was sieved through a 2-mm mesh and air dried. Soil test P was determined by extracting 

with 0.5 M NaHCO3 adjusted to a pH of 8.5 (Schoenau and O’Halloran, 2008). The extraction 

involved shaking (200 rpm) 2 g of soil mixed with 50 mL of NaHCO3 extraction solution in 125 

mL Erlenmeyer flask for 30 m using a Thermo Scientific Max 3000 shaker at 23 oC.  Extractant 

was filtered through #40 Whatman filter paper and the filtrate was stored at 4 oC until analysis for 

STP. Twenty grams of the soil was oven dried for 24 h at 105 oC for the expression of STP on dry 

weight basis. 

4.3.1.7 Analytical methods for soil extracts 

Orthophosphates in soil extracts were determined by the same method used for the plant extracts. 

The soil extracts were analyzed for P by the method of Murphy and Riley (1962) adapted for 

autoanalyzer. 

4.3.1.8 Statistical methods 

Data was analysed using the Generalized linear mixed model procedure (GLIMMIX) in SAS 

version 9.4 (SAS institute Inc., 2012). Fixed effects were cover crop species, sampling time, 

STP, and FTC with pseudo-replicates as random effects. Sampling time was a repeated measure; 

therefore, its correlated error was accounted for in the random statement. For the WEP data, a 

four-way analysis of variance (anova) was ran with to test for any interaction involving STP and 
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FTC. When no interaction existed, data was pooled over STP for a three-way anova between 

cover crops, STP and time. Due to our research objectives, further analysis focused on effects of 

sampling time and STP on WEP of the cover crop biomass subjected to FTC only. Analysis was 

split into sampling time to establish the details of cover crop and STP interactions anytime there 

was a three-way interaction. 

To meet the assumptions of the GLIMMIX procedure, formal test of studentized residuals and 

residual plots were deployed to test for normality and homogeneity of error variance. Fixed and 

random effects were tested with F-test and homogeneity test respectively. As a repeated measure 

with heterogeneity of random effects, different covariance structures were evaluated and the one 

that fits most normality assumptions and with the smallest Akaike Information Criterion (AICC) 

was applied. All dependent variables except biomass amount, and tissue P (concentration and 

amount) were not normally distributed, and consequently, subjected to lognormal distribution. 

Means and standard errors of the data in the lognormal distribution were back transformed to 

normal scale using log transformation and the Delta method of SAS respectively. The 

denominator degree of freedom was adjusted with a Kenward-Roger adjustment (ddfm=kr) for 

bias correction of standard error.   

Least significant means were calculated to show treatment significance at type 1 error of P≤ 0.05 

for all parameters and were separated using Tukey-Kramer multiple mean comparison with letter 

codes generated by pdmix800sas macro. Outliers were identified with Empirical Best Linear 

Unbiased Prediction (EBLUP). The outliers were not influential though their cause could not be 

identified, thus they were discarded.  
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4.3.2 2018 Pot experiment 
 

4.3.2.1 Soil collection 
 

In November 2016, soils (0-15 cm) from each P fertilizer (LF, MF and HF) treated area were 

collected and stored indoors at ambient temperatures.  In May 2018, the soil was thoroughly mixed 

and filled into cylindrical plastic pots (22 cm height and 19.5 cm diameter) at a bulk density of 1.2 

g cm-3.  Four (4) kg of soil was put in each pot to a height of 11 cm. Over the course of a week, 

water was added gradually to the soil surface to raise the soil moisture content to approximately 

220 g water kg-1 soil.  A day before planting, 50 kg ha-1 (0.8 g pot-1) of nitrogen – KNO3 was 

applied to the soil.  

4.3.2.2 Cover crop establishment 
 

The pots were arranged in an open space just outside of the greenhouse facility at the Ridgetown 

Campus of University of Guelph. The four crops – cereal rye, oats, mustard, and red clover were 

seeded on June 29, 2018 at OMAFRA recommended cropping rates for Southwestern Ontario (67 

kg ha-1 for oats and cereal rye; 10 kg ha-1 for red clover and mustard) (OMAFRA, 2009). These 

cropping rates, rather than lower rates recommended for cover cropping, were applied to obtain 

sufficient biomass for several laboratory analysis especially at the time of first sampling (two 

months after planting). Every 3 d pots were weighed, and water added to return the soil moisture 

content to 220 g kg-1 soil. Weeds were removed by handpicking. The pots were arranged in a split 

block design with time of harvest as main plot (factor), and cover crops and STP as subplots 

(Appendix B). 
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4.3.2.3 Biomass sampling 
 

First sampling of cover crops biomass was done at 5 weeks (w) after planting (9th August, 2018). 

At this time, mustard had reached 100% flowering with plants attaining heights of 60 - 90 cm. 

Oats and rye grass were at vegetative stages with heights of 40-60 cm and 25 -30 cm, 

respectively. Red clover was not sampled due to insufficient biomass resulting from poor 

growth. Only 2 to 4 plants with maximum height of 12 cm were present in most pots at the time 

of harvest. In fact, most red clover seeds had not germinated 3 w after planting. This was likely 

due to the extremely hot temperatures in the months of June and July when the crops were 

seeded. In practice, red clover is often frost-seeded into winter wheat because of its sensitivity to 

high temperatures.  

A second sampling of the cover crop biomass, except for red clover, took place 9 weeks after 

planting (7th September 2018). Mustard was senescing as shown by its brown, dried, thin, and 

leafless stems. Oats had fruited but lost some of their seeds due to birds that fed on them, and a 

few oat plants had broken stalks as a result of birds landing on them to feed. Cereal rye was still 

in vegetative growth stage but with visible mixture of brown and green leaves. Plant heights 

were similar to that of the first sampling for all crops. 

At each sampling, all plant biomass in each pot was collected by clipping the plants off near the 

soil surface.  The biomass, placed in paper bags, was immediately transported to the Agronomy 

Laboratory of the University of Guelph Ridgetown Campus for WEP extractions and analysis.  

Approximately a week after each crop biomass sampling, soil from each pot (5 cores, 2.5 cm 

diameter, and 11 cm deep) was collected for analysis of STP.  
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4.3.2.4 Laboratory procedures and analysis 
 

All methods and analysis followed procedures explained in sections 4.3.1.4.1, 4.3.1.4.2, and 

4.3.1.4.3 except for biomass to water ratio and container used for extraction. Twenty grams each 

of fresh and FTC biomass were extracted with 300 mL of DI water in cylindrical PVC tube of 41 

cm length and 3.6 cm internal diameter with corks fitted at both ends of the tube. This tube was 

used to overcome the limitations of using 500 mL Erlenmeyer flasks that required cutting plants 

into shorter lengths and forcing biomass through the thinner neck of the flask. Variations that may 

result from these shortfalls are reduced or prevented using these tubes as only a single cut was 

needed to place the harvested mustard plants in the tube; cereal rye and oat plants needed no 

additional cutting. The tubes were laid horizontal during shaking which allows total submersion 

of biomass and even distribution of water over the biomass for efficient extraction. 

4.3.2.5 Soil and plant analysis 
 

All procedures followed methods explained at sections 3.3.1.5, 3.3.1.6, and 3.3.1.7. Soil analysis 

showed STP (Olsen P) values of 21, 23 and 37 mg kg-1 in August, and 20, 25 and 34 mg kg-1 in 

September for LF, MF, and HF applied soils, respectively. Although these values reflect only 

medium and high STPs, they would be called medium, medium-high, and high STP for the LF, 

MF, and HF plots for the objective of this study, though we admit the medium and medium-high 

STPs are very close and that a significant difference of their influence on parameters measured is 

likely unexpected. 
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4.3.2.6 Statistical methods 
 

All methods followed procedures explained at 4.3.1.8 for the field biomass. However, the 

experimental design for this study was a split block in time, therefore, time together with replicates 

(blocks) were considered random effects. Except for biomass amount, all dependent variables, 

tissue P (concentration and amount) and biomass P (concentration and amount) were not normally 

distributed, and consequently, subjected to lognormal transformation. Means and standard errors 

of the lognormal data were back transformed to normal scale using log transformation and the 

Delta method of SAS, respectively 
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4.4 Results and Discussion 
 

4.4.1 2016 Field study 
 

4.4.1.1 Biomass production  

Biomass production of the cover crops differed with time and cover crop species (Table 4.1).  The 

biomass produced reflected expected differences in cover crop growth rates.  Red clover produced 

substantially less biomass than the other cover crops in October and November, highlighting the 

benefit of the common practice of frost-seeding this cover crop into the main crop (typically winter 

wheat) or seeding with a fast growing grass species, as opposed to simply planting as a lone species 

after the main crop harvest. Cereal rye, oats and mustard  produced similar amounts of biomass in 

October (1428 – 1862 kg ha-1), and mustard  produced greater amounts of biomass by November 

(3721 kg ha-1) than either oats (2515 kg ha-1) or cereal rye (2000 kg ha-1) (Table 4.2). Although all 

crop species increased in biomass production from October to November, the increase was only 

significant for the mustard and red clover cover crops.  

 Contrary to other reports, STP did not influence the amounts of cover crop biomass produced in 

this study (Table 4.1). More biomass production in soils with higher STP has been reported by 

other authors (White and Weil, 2011; Liu et al., 2015). Factors accounting for the contrast between 

these studies may be due to differences in the STP ranges of experimental sites relative to the P 

nutritional requirements of the crops under study. For instance, the initial STP (ammonium lactate 

extraction) of the sites (clayey soils in Sweden) in the work of Liu et al. (2015) ranged from 41 to 

142 mg kg-1  (medium-high to excessive P fertility classes) whereas that of our study was  18 to 

63 mg kg-1 (Olsen P) (medium to excessive P fertility classes). Other studies ( Pote et al., 1996; 

McDowell and Sharpley, 2001) have suggested that STP levels of 30-50 mg kg-1 Olsen P to be the 
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standard for optimum crop growth, which may be a higher value of STP than that required for a 

cover crop.  Thus, it is likely that under the condition of the current study of relatively high P 

availability due to recently added P fertilizer, P was not the limiting factor for biomass production. 

4.4.1.2 Plant above ground tissue P concentrations and P uptake 
 

Cover crops tissue P concentration (g kg-1) differed by species, STP, and time with no significant 

interactions (Table 4.1). Cereal rye had a higher concentration of P in above ground tissue than 

did the two dicots (mustard and red clover), whereas oats was not different from either cereal rye 

or the dicots (Table 4.2). In addition, higher P concentrations was observed in the tissues of the 

crops harvested in October (3.78 g kg-1) than November (3.14 g kg-1), typically reflecting a 

greater increase in biomass production than P uptake at later stages of plant growth.  

Expectedly, as STP increased, plant shoot tissue P concentration increased, although the only 

significant difference was between the crops grown on the very high STP and the other two STP 

treatments (Table 4.2). Studies have shown greater concentrations of P in tissues of cover crops 

grown on soils with high STP values ( Singer et al., 2008; Liu et al., 2015). Clayey soils of high 

(50-140 mg kg-1) versus low (34-30 mg kg-1) ammonium lactate P concentrations resulted in 

greater tissue P concentrations of eight cover crops in a study in Sweden (Liu et al., 2015).  

Roberson et al., (2007) reported a weak correlation between STP values and cover crop tissue P 

concentrations.     

Total amounts of P (kg ha-1) in cover crop aboveground biomass (P uptake), calculated as the 

product of above ground plant biomass and tissue P concentration, showed a significant STP by 

sampling time interaction, as well as significant main effects of cover crop species, STP and 

sampling time (Table 4.1).  Red clover had the lowest P uptake, which was reflective of its lower 
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biomass production, although somewhat lower tissue P concentrations were observed as well. 

Cober et al. (2018) made similar observations where differences in TP content of cover crops 

were due to the large variability in biomass rather than to TP concentrations. Therefore, it is not 

surprising that red clover usually has lower amounts of tissue total P than does oats and cereal 

rye (Lozier et al., 2017; Cober et al., 2018; Cober et al., 2019).   While mustard had the highest 

biomass, somewhat greater tissue P concentrations in oats and cereal rye resulted in these three 

crops having similar total P uptake.  Thus, from the perspective of a potential pool of biomass P 

that maybe lost through FTC, biomass alone would not be sufficient to estimate this pool, 

especially considering the fact that STP affected P uptake as well.        

The interactive effects that were observed between STP and sampling time with respect to total P 

was attributed to greater cover crop tissue P amounts in October for the very high STP soils than 

from medium STP soils, whereas no differences were observed in November. The differences in 

October are attributed to the higher P contents of crops raised on very high STP soils since STP 

had no impact on crop biomass amounts. A similar result was achieved when an extra P uptake of 

2.6 kg ha-1 was observed in cover crops grown in soils with a higher STP resulting from manure 

applications (Singer et al., 2008).  

However, the excess P uptake by the plants in the current study (Table 4.2) did not translate into 

biomass production as indicated earlier. Higher photosynthetic capacity in crops is a function of 

high P concentrations and leaf mass per area. Therefore, leaves may not achieve full day time 

photosynthetic capacities in dense populations (Lambers and Poorter, 1992; Veneklaas et al., 

2012). Thus, P use efficiency (PUE), photosynthesis and extra growth of crops raised on the 

relatively high STP soils might have been limited when optimum biomass amounts per area were 

produced. 
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Table 4. 1 Significance of sampling time (T) and soil test phosphorus (STP) effects - for 
biomass, tissue P concentrations (g kg-1) and P uptake (kg ha-1) by cover crops sampled from 2 
and 3 months after planting in the field in 2016. Sampling was done in October and November, 
respectively. 

Fixed effects df Biomass 

amounts 

Tissue P 

concentrations 

Tissue P 

amounts 

Main Effects     

       CC 3 < .0001 0.0018 <0.0001 

       STP 2 0.3293 < .0001 0.0004 

       T 1 < .0001 0.0059 0.0022 

2-way interactions     

       CC x STP 6 0.1788 0.6336 0.0871 

       CC x T 3 0.0187 0.2099 0.3371 

       STP x T 2 0.0724 0.1063 0.0339 

3-way interaction     

       CC x STP x T 6 0.1004 0.1851 0.7727 

Bolded indicates significant difference. CC = Cover crop, STP – Soil test phosphorus (Olsen P), 

T – Time of sampling, P - Phosphorus 
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Table 4. 2 Effects of sampling time and soil test phosphorus (STP) on tissue P concentrations (g 
kg-1), biomass and P uptake (kg ha-1) by cover crops sampled at 2 and 3 months after planting in 
the field in 2016. Crops were sampled in October and November, respectively. Values in 
parenthesis represent standard errors 

Variables Parameter 

 Biomass  

kg ha-1 

Tissue P  

g kg-1 

P uptake  

kg ha-1 

Crops October November *Oct / Nov *Oct/Nov 

Mustard 1631bc (178) 3721a (285) 3.27b (0.18) 8.04a (0.58) 

Red clover 639e (70) 970d (74) 2.94b (0.16) 2.32b (0.17) 

Cereal rye 1428cd (156) 2000bc (153) 4.13a (0.23) 6.97a (0.50) 

Oat 1862bc (204) 2515b (193) 3.54ab (0.19) 7.65a (0.55) 

      

STP *Oct/Nov  October November 

Medium 1531a (96) 2.96b (0.14) 3.59b (0.37) 5.73a (0.49) 

High 1753a (110) 3.27b (0.15) 4.64ab (0.48) 7.1a (0.60) 

Very High 1620a (102) 4.21a (0.20) 6.96a (0.72) 6.67a (0.57) 

      

Time      

October    3.78a (0.18)   

November   3.14b (0.11)   

a-c Means followed by same letter in each parameter (columns and rows) is not significantly 
different from each other. (p = 0.05). STP – Soil test P (Olsen P) P – Phosphorus, Conc – 
Concentration 
*Oct / Nov – Average of October and November due to no interactive effect with sampling time 
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4.4.1.3 Changes in water extractable phosphorus (WEP) concentrations of cover crops as 

affected by freeze-thaw cycles (FTC) and time of harvest  

A four-way analysis showed no differences in all interactions involving STP x freezing (Table 

4.3), so freezing treatments under all STPs were pooled together (averaged over STP) for a 3-way  

analysis of variance between cover crop, freezing, and sampling time. Because of the significant 

3-way interaction (cover crop x freezing x sampling time) (Table 4.4) the statistical analysis was 

conducted by slicing the data to explore the reasons for the interaction.   

Slicing of the analysis into time of biomass sampling indicated that FTC cycles increased WEP 

(µg g-1) in October for all cover crops, more so for the dicots (mustard and red clover -- ~11 fold 

increase) than the monocots (oats and cereal rye -- ~ 2 fold increase), and for dicots only in 

November (~ 2 fold increase) (Fig 4.1; Table 4.4, p < 0.0001). This overall effect was expected as, 

freezing and thawing causes the cells of crops to lyse allowing easy extraction of nutrients from 

them by water (White, 1973; Steponkus et al., 1983). Greater release of P from cover crops under 

freezing and thawing conditions has been previously documented (Miller et al., 1994; Bechmann 

et al., 2005; Roberson et al., 2007; Riddle and Bergstrőm, 2013; Lozier et al., 2017; Lozier and 

Macrae, 2017; Cober et al., 2018). 

The reduced impact of FTC in November could be due to more mature plants having more lignin 

and cellulose, or the acclimation of these more mature (3 month-old) crops to the gradual decline 

in late October to early November temperatures before plants were harvested. Nighttime 

temperatures had dropped close to zero at that period in 2016 before cover crops biomass sampling 

on November 10 (Environment Canada). During cold acclimation, both frost tolerant and 

intolerant plants adapt mechanisms such as production of cold induced genes (Pearce et al., 1998; 
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Gilmour et al., 2000; Reza Tabaei-Aghdaei et al., 2003), carbohydrate production to form barriers, 

stabilization of plant membranes and regulatory effects on dehydrin ( Santarius, 1973; Bachmann 

and Keller, 1995; Koroleva et al., 1998; Reza Tabaei-Aghdaei et al., 2003; Livingston et al., 2006). 

Also, higher moisture contents and reduced tissue strength of younger and actively growing 

vegetation contributes to higher P release by freezing and thawing ( Timmons et al., 1970;  White, 

1973; Miller et al., 1994; Bechmann et al., 2005; Elliott, 2013). Similar findings of lower DRP 

concentrations in field runoff water collected after alfalfa have gone through natural FTCs in 

December than DRP following a killing frost in October has been documented (Roberson et al., 

2007). The differences in WEP after FTC  between the two months of this study suggest that the 

impact of FTC on P losses after cover crops have acclimatized in the field  would be relatively low 

based on laboratory extractions. 

In many laboratory studies involving FTC and P losses, field grown cover crops are often harvested 

before freezing temperatures ( Roberson et al., 2007; Lozier and Macrae, 2017; Cober et al., 2018, 

2019) , with some crops being less than two months old, and in some studies grown in greenhouses 

(Bechmann et al., 2005; Riddle and Bergstrőm, 2013). When such plants are subject to FTC, the 

tissues sustain a higher degree of damage than do matured and acclimatized cover crops in the 

field. This emphasizes the assertion by Bechmann et al. (2005) that crop maturity and winter 

acclimation accounted for 40% of the WEP from a 21-day greenhouse raised study of annual 

ryegrass after one FTC against 15% in a field runoff reported by Miller et al. (1994). The results 

of this study imply that termination of cover crops would be best after crops have experienced 

close to freezing temperatures, thus, acclimatized to reduce excessive P release during FTC and 

potential P transport by fall runoff to surface waters. This is especially true for Southwestern 

Ontario where temperatures within the snowpack are -7 to -10°C (Lozier and Macrae 2017), a 
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range close to -4°C, which did not impact the release of P from cover crops in a study by Cober et 

al. 2018. Cober et al., (2018) added that, thawing temperatures may not be as important as freezing 

since they observed no difference in the WEP concentration released by cover crops that received 

FTC temperatures of -18 and 4 oC against those subjected to -18 and 10 oC. Combining the lack of 

FTC impact on the monocots in the month of November in this study and the lack of impact of the 

-4 and 4 oC FTC temperatures of Cober et al., (2018), suggests that winter surviving cover crops 

such as cereal rye and red clover may have a chance of surviving mild winter conditions in 

Southwestern Ontario without losing much of their tissue P. Thus, terminating these crops after 

winter snowmelt may help maintain their tissue nutrients for subsequent use by the main crops and 

minimize P losses. 

It is interesting that WEP extracted from the fresh biomass of the dicots was always less than that 

from the monocots and accounted for the wider margin between the FTC and fresh biomass of the 

dicots against the monocots (Fig 4.1). Similar observations were made as lower WEP was released 

by red clover than oats in October when FTC had not yet begun in Southwestern Ontario (Lozier 

et al., 2017). Also, total P from lysimeter leachates from soils planted to mustard was the same as 

from bare soils, whereas other dicots (red clover and white radish) used for the study showed 

otherwise before a FTC (Liu et al., 2014). However, there is evidence of more P partitioning within 

the roots of red clover and white radish, resulting in less nutrients extracted from their shoots (Liu 

et al., 2013). The results of the current study could be due to a combination of the lower P 

concentration (g kg-1) of the dicots than cereal rye, and to the resistance of their hardy stems tissues 

when fresh, which makes P less available for extraction. The importance of the hardiness of crop 

tissues against cells lysing and nutrient release from them has been reported (White, 1973; 

Steponkus et al., 1983; Livingston et al., 2006). This shows that cover crops with hardy stems 
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would provide a better option over grasses in reducing DRP losses from their cells during spring 

and early fall, given the same amount of biomass P. 
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Table 4. 3 Anova – Effects of soil test phosphorus (STP), cover crop sampling time (T) and 
freeze-thaw cycles (FTC) on the concentration of Water extractable P (WEP) (µg g-1) released 
from the above-ground biomass of cover crops sampled at 2 and 3 months after planting on the 
field in 2016. Special focus is on interactions involving FTC x STP 

Fixed Effects Df Pr > F 

Main Effects   

          Cover Crop (CC) 3 < .0001 

          FTC 1 < .0001 

          Time of sampling (T) 1 < .0001 

          Soil test phosphorus (STP) 2 < .0001 

2-way interactions   

          CC x FTC 3 0.0002 

          CC x T 3 0.0657 

          CC x STP 6 0.0006 

          FTC x T 1 < .0001 

         * FTC x STP 2 0.1296 

          STP x T 2 0.0001 

3-way interactions   

          CC x FTC x T 3 0.0076 

          *CC x FTC x STP 6 0.4184 

          CC x T x STP 6 0.0076 

          *T x FTC x STP 2 0.5770 

4-way interaction   

CC x FTC x T x STP 6 0.5925 

Bolded indicates significance. p = 0.05 
*Denotes interactions involving FTC x STP, for which all interactions were not significant. 
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Table 4. 4 Anova – Effects of sampling time and freeze thaw cycles (FTC) on water extractable 
phosphorus (WEP) concentrations (µg g-1) released from cover crops sampled 2 and 3 months 
after planting on the field in 2016. Means for analysis was averaged across soil test P (STP) 

Fixed Effects Df WEP Concentration 

   

          Cover Crop (CC) 3 < .0001 

          FTC 1 < .0001 

          Time of sampling (T) 1 < .0001 

2-way interactions   

          CC x FTC 3 < .0001 

          CC x T 3 0.0094 

          FTC x T 1 < .0001 

3-way interactions   

          CC x FTC x T 3 < .0001 

 Bolded indicates significant differences. p = 0.05 
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Fig 4. 1 Effect of freeze-thaw cycles (FTC) on water extractable phosphorus (WEP) 
concentrations released from shoot biomass of cover crops at different sampling times. Graphs 
are split between October and November; thus, letters A-D apply to October only, and a-d apply 
to November only. Letters A-D and a-d:  Graphs followed by same letter are not significantly 
different from each other. Bars on graphs represent standard errors. 
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4.4.1.4 Influence of cover crop species, soil test phosphorus (STP) and sampling time on 

water extractable phosphorus (WEP) from crop biomass subjected to freeze-thaw cycles 

(FTC) 

Water extractable P concentrations ranged between 1444 and 3729 and 108 and 860 µg g-1 for the 

FTC biomasses of October and November samplings, respectively (Appendix C). Concentration 

of WEP released from the FTC biomass was influenced by STP (Table 4.5 p = 0.0002) where very 

high STP caused the release of ~52% more WEP than from the other STP levels for all cover crops 

(Table 4.6). This simply reflects the P concentration in the cover crops as influenced by STP (Table 

4.2). There was a cover crop by time interaction on the concentration of WEP in plant tissues 

(Table 4.5, p < 0.0001). All crops had greater WEP concentrations in October (2230 µg g-1) than 

November (439 µg g-1) (Fig 4.2 A). Equal concentrations of WEP were found for all cover crops 

in October. As discussed earlier, the higher degree of injury caused by FTC in October might have 

accounted for this observation. The injury may be so severe that differences in tissue hardiness 

and P concentrations of the cover crops were not significant in contributing to the release of WEP.  

In November, WEP concentrations varied with cover crops where more WEP was extracted from 

the oat and cereal rye residues than those from red clover while equal concentrations were 

extracted from oats and mustard (Fig 4.2 A). The rate of change in WEP from October to 

November was greatest in red clover. Mustard and oat had similar rates of change and cereal rye 

had the least. Since the effect of FTC was less in November, the concentration of P in the cover 

crops tissues had significant influence on WEP extracted, thus, the higher the concentration of 

tissue P, the higher WEP extracted.  

The similar WEP concentration extracted from the FTC biomass of the cover crops in October for 

this study is contradictory to several reports from other works (Timmons et al., 1970; Miller et al., 
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1994; Roberson et al., 2007; Lozier et al., 2017; Lozier and Macrae, 2017; Cober et al., 2018). 

These works come from both different and similar temperature regimes as the current study; thus, 

the contrast cannot be attributed to this factor. The longer period of an FTC (24 hours of freezing 

and 24 hours of thawing) of the current work could be the reason for its variation from the other 

studies which mostly used 12 hours of freezing or thawing. Usually after the first FTC, plant cells 

that did not rupture become surrounded with more water from lysed ones making them susceptible 

to easy damage by subsequent FTCs (Bechmann et al., 2005; Elliott, 2013). The longer period of 

thawing in this study would allow more time for the movement of water from broken and partially 

broken cells to surround the resilient ones. Therefore, the availability of more water will cause a 

stronger ice formation on the resilient cells during the next freezing resulting in more severe 

damage (White 1973; Bechmann et al., 2005, Liu et al., 2013) beyond which the amount of P 

extracted cannot be distinguished by species differences in resilience when thawed. A positive 

correlation and other similar inferences have been established between cover crops moisture 

content and WEP released from them (Bechmann et al., 2005; Elliott 2013; Lozier et al., 2017). 

Since natural freezing and thawing can last for periods greater than 24 hours each, the phenomenon 

explained could be a possible real-world scenario in some winters.  

The equal degree of FTC effect coupled with equal tissue P concentrations from all the crops, 

except cereal rye (Table 4.2), likely accounted for the similar concentrations of P released under 

FTC. The quantities of WEP extracted from cover crop biomass reflected the content of their tissue 

P (Timmons et al., 1970; Miller et al., 1994; Roberson et al., 2007; Elliott, 2013; Liu et al., 2013; 

Riddle and Bergstrőm, 2013; Lozier et al., 2017) .  

The amounts of WEP released from all cover crops after FTC ranged from 0.12 to 6.83 kg ha-1 

(Appendix C). These values are within ranges reported by other researchers (Elliott, 2013; Lozier 
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et al., 2017; Cober et al., 2019). Unlike the current study that extracted P from harvested shoot 

biomass, Riddle and Bergstrőm (2013) reported relatively higher P amounts (6.23 – 40.51 kg ha-

1) from whole plants (shoot and roots) of honey herb, ryegrass, oil seed radish and chicory where 

roots contributed to a larger portion of WEP, especially for the tap rooted crops (oilseed radish and 

chicory). Similar findings have been reported for red clover and white radish due to their higher 

root biomass (Liu et al., 2013). This indicates a potentially critical role that roots of cover crops 

may play regarding P loss and cycling, especially under FTCs (Liu et al., 2013) as released WEP 

could possibly contribute to P export by tile flow. However, this may be mitigated by the fact that 

roots in the soil environments would experience much smaller ranges in temperature extremes and 

higher minimum temperatures.  

The amount of WEP contained in cover crops after FTC events determines the potential pool of P 

that may be lost as water soluble P.  There were greater WEP amounts released in October (1.31 

– 6.83 kg ha-1) than November (0.12 – 1.84 kg ha-1) for all crops (Fig 4.2B) though the magnitude 

of the differences varied with cover crop (Table 4.5, p = 0.0002). Eight times the amount of WEP 

extracted in November was extracted in October for red clover against two-three times for the 

other crops. The monthly differences in all crops are mostly due to the differences in WEP 

concentrations between the two months rather than differences in biomass. Only the dicots 

(mustard and red clover) produced significantly higher shoot biomass in November (2346 kg ha-

1) than October (1335 kg ha-1 ) (Table 4.4, p = 0.0187) and this difference contributed less (1.5 – 

2 times) to WEP amount relative to that contributed by the differences in WEP concentration (6 - 

12 times). Since similar WEP concentrations (2230 µg g-1) were extracted from all crops in 

October and for most crops in November, it is evident that a smaller biomass amount produced by 

red clover  accounted for its lower amounts of WEP than all the other crops in both months (Fig 
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4.2B). This agrees with results of Cober et al., (2018) in that differences in tissue P amount (kg ha-

1) among cover crops largely depend on their amount of biomass rather than the concentration of 

P in their tissues. Lower amounts of WEP released from red clover emphasizes the suggestion of 

Cober et al., (2018) that further investigation is essential on red clover as suitable candidate for 

providing soil cover whilst limiting P losses from the field. 

The amount of WEP extracted after freezing and thawing in October and November represented 

46 to 80% and 5 to 20% of the TP contained in the aboveground biomass, respectively. The 

October amounts are comparable to percentages from similar reports by authors such as Cober et 

al., (2018) (51% from oilseed radish), Riddle and Bergstrőm (2013) (50 – 90%) and Bechmann et 

al., (2005) (100% from annual ryegrass), whereas the November values were similar to the works 

of Miller et al., (1994) (20-30% from red clover and annual ryegrass), Roberson et al. (2007) (14 

% from alfalfa), Cober et al. (2018) (< 10 – 38%), and Timmons et al. (1970), (32%). Although 

these reports varied by different methods and crop species, the major distinguishing factors are the 

FTC temperatures and age of crops. For instance, Cober et al., (2018) found that less than 10% of 

the biomass TP was extracted as WEP under a FTC range of -4 to 4°C, whereas under -18 to 10°C, 

21-38% was extracted. After 6 FTCs, Bechmann et al. (2005) reported that all biomass TP was as 

WEP from 21-day-old annual ryegrass raised in the greenhouse. In contrast, Miller et al. (1994) 

reported that only 15% was in field runoff from mature crops that had acclimatized to winter 

freezing and thawing. These factors could contribute to the contradictory conclusions that cover 

crops contribute more to DRP in agricultural runoff than does soil (Bechmann et al., 2005; Elliott, 

2013; Riddle and Bergstrőm, 2013) whereas other researchers have claimed the opposite (Ulén, 

1997; Lozier et al., 2017; Cober et al., 2019). Therefore, it is important for researchers to consider 
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FTC temperatures, sampling time and age of cover crops when reporting potential threats of cover 

crops to field DRP runoff losses.  

4.4.1.5 Impact of soil test phosphorus on water extractable phosphorus (WEP) released 

from the freeze-thaw cycle (FTC) cover crop biomass 

Soil test P impacted WEP (Table 4.5, p = 0.0004) after FTC, where the very high STP treatment 

(45 – 63 mg kg-1 Olsen P) resulted in greater WEP (70% more) than the medium STP, while the 

high STP treatment was not different from either STP levels (Table 4.6). This outcome was 

primarily due to the higher tissue P concentrations of the cover crops that were grown on very high 

STP soils since STP did not influence the amounts of cover crop biomass produced. It is reasonable 

to expect that the availability of more P in the very high STP soils resulted in greater P uptake and 

storage by the crops. Although a direct relationship between soil STP and WEP from crops grown 

was not thoroughly investigated, there are reports of a higher WEP release under FTC from cover 

crops with higher tissue P content than low (Timmons et al., 1970; Miller et al., 1994; Roberson 

et al., 2007; Elliott, 2013; Liu et al., 2013; Riddle and Bergstrőm, 2013; Lozier et al., 2017).  

The results of this study agree with the strong positive correlation between STP and WEP (soluble 

P) extracted from frozen and dried biomass of alfalfa as observed by Roberson et al., (2007). 

Despite the lack of an effect of STP on biomass amounts, the increase in biomass P concentrations 

which resulted in higher amounts of WEP from the crops harvested from the very high STP soils 

indicates higher risks of DRP losses from such crops. Therefore, it may not be advisable to use 

cover crops to manage environmental DRP losses in very high STP soils. 
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Table 4. 5 Anova - Effects of sampling time and soil test phosphorus (STP) on water extractable 
phosphorus (WEP) concentrations (µg g-1) and amounts (kg ha-1)) released from biomass of 
cover crops sampled at 2 and 3 months after planting on the field and subjected to freeze-thaw 
cycle (FTC) in 2016. NB: Interest is on WEP release from FTC biomass only, so fresh biomass 
is not included. 

Fixed effects df WEP Concentration WEP amount 

Main Effects    

      Cover crop (CC) 3 0.0022 < .0001 

       Soil test phosphorus (STP) 2 0.0002 0.0004 

       Time of sampling (T) 1 < .0001 < .0001 

2-way interactions    

       CC x STP 6 0.0898 0.5150 

       CC x T 3 < .0001 0.0002 

       STP x T 2 0.8983 0.3587 

3-way interaction    

       CC x STP x T 6 0.4395 0.5348 

Bolded indicates significant differences. p = 0.05 
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Fig 4. 2 Effect of species and sampling time on biomass water extractable phosphorus (WEP) 
concentration and amount released from freeze-thaw cycle (FTC) biomass of cover crops. (A) 
WEP concentration (B) WEP amount. *a-d: Graphs followed by the same letter are not 
significantly different from each other. Bars on graphs represent standard error. 
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Table 4. 6 Means of (WEP) concentrations (µg g-1) and amounts (kg ha-1) extracted from above 
ground biomass  of cover crops sampled at 2 and 3 months after planting on the field and 
subjected to freeze-thaw cycle (FTC) as influenced by soil test phosphorus (STP) in 2016. 
Values in parenthesis represent standard errors. 

STP WEP 

µg g-1 

WEP 

kg ha-1 

Medium 764 b (56) 1.17 b (0.09) 

High 875 b (64) 1.54 ab (0.12) 

Very High 1246 a (91) 1.99 a (0.14) 

 a-b Means followed by the same letter under same category (parameter) are not significantly 
different. STP – Soil test phosphorus. WEP – Water extractable phosphorus 
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4.4.2 2018 Pot study 
 

4.4.2.1 Biomass production of cover crops in the 2018 pot study 
 

A three-way interaction (CC x STP x sampling time) was observed for cover crop above ground 

biomass (Table 4.7, p = 0.0210). Since there was no STP x time interaction, it was obvious that 

the 3-way interaction was caused by differences in cover crop response either with time or STP. 

With our research focus on the influence of STP at each sampling time, further contrast analysis 

showed a similar pattern of cover crop biomass response to STP in both months for mustard and 

oats, but not for cereal rye (Table 4.7). Biomass amounts were not influenced by STP for 

mustard and oats in both months (Table 4.8a).  Of course, there was not much difference in the 

STPs between the medium and medium-high STP soils so differences in biomass of the crops 

grown on these soils were not expected. However, it is surprising that biomass production of 

mustard and oats grown on the high STP soils was equal to that in the medium STP soils (Table 

4.8a), as increased biomass amounts of cover crops with increasing soil STP have been reported 

(White and Weil, 2011; Liu et al., 2015). The pot study results for these two cover crops, 

however, agree with the observations made in the previous experiment with field grown crops. In 

August, more cereal rye biomass was produced on the medium-high STP soils than either the 

medium or high STP soils which were also not different from each other (Table 4.8a). However, 

the crop biomass increased with increasing STP in September as expected (Table 4.8a).  

Higher amounts of biomass were produced in September for oats and mustard, but not for cereal 

rye where equal amounts were produced for both months (Table 4.8b). It is possible that the 

growth of cereal rye was slowed by the hot summer temperatures as it grows well under cooler 

fall temperatures than summer. Cereal rye is recommended to be planted in September to 
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October in Ontario as it can germinate at temperatures as low as1°C (OMAFRA Agronomy 

Guide, Publication 811) and vegetative growth requires temperatures of 3 to 4°C or more 

(Sustainable Agriculture and Research Education (SARE), 2007, OMAFRA). In fact, there were 

conspicuous mixture of brown and green leaves at the time of harvest. It was observed on the 

days of irrigation that, the soils in the pots containing cereal rye were drier than those of mustard 

and oats. As biomass amounts followed a significant decreasing order of mustard (2074 kg ha-1) 

> oat (1501 kg ha-1) > cereal rye (1169 kg ha-1) in August, equal amounts were produced for 

mustard (2804 kg ha-1) and oats (2861 kg ha-1), which was higher than for cereal rye (1135 kg ha-

1) in September (Table 3.8b). This represents a 149% greater increase in aboveground biomass 

production for oats and mustard (averaged) than for cereal rye in September.  

4.4.2.2 Phosphorus uptake by cover crops in the 2018 pot study 
 

Equal P concentrations were found in the tissues of all crops grown on the low and medium STP 

soils and was less than that from the high STP soils (Table 4.9) and agrees with the observation 

made in the previous experiment which had relatively  higher STP ranges. Unlike the previous 

experiment, the equal concentration of P in the tissues of crops grown on soils with lower STP 

concentrations is not surprising since there was not any significant difference between these STP 

values.  

A significant two-way interaction between cover crop and time was observed (Table 4.7) for 

concentration of tissue P. Tissue P concentrations in all three crops were equivalent in both 

months. Each crop had equal tissue P concentrations in both months except for oats which had 

higher tissue P concentrations in August (4.43 g kg-1) than September (2.78 g kg-1) (Table 4.9). 

The oat crop may have developed a mycorrhizal root extension for more P uptake coupled with 
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excessive P demand at the early vegetative stage of growth (first month). Although cereal rye 

would be expected to behave similarly as observed in the previous experiment, the temperature 

regime of 18 - 25°C in July (Environment, Canada) was not optimal for cereal rye as discussed 

earlier, and that might have affected its physiology and nutrient uptake. This same reason may 

account for the equal tissue P in all three cover crops in both months (Table 4.9) contrary to the 

previous experiment where cereal rye had greater concentrations of P in their tissues than 

mustard.  

The total amounts of P accumulated in the tissues of mustard and oats were equal, but greater 

than amounts in cereal rye (Table 4.9) due to their higher biomass amounts (Table 4.8b) since  

all crops had equal P concentrations in their tissues at each sampling time. This is similar to the 

results of the previous experiment where the smaller amounts of tissue P in red clover resulted in 

its smaller biomass relative to the other crops. Again, higher biomass amounts produced by 

mustard and oats in September resulted in their increased total amounts of tissue P. Although 

both biomass amount and tissue P concentrations between the two months were not statistically 

different for cereal rye, the total amounts of tissue P differed where September accumulated 

more tissue P than August. All crops grown on the highest STP soils had greater amounts of 

tissue P than plants grown on the other soils (Table 4.9), which reflected the pattern of P 

concentration in the crops as influenced by STP. From the results of the two experiments, it is 

clear that STP is influential on amounts of P taken up by cover crops, whereas cover crop species 

and age are more influential on the biomass amounts produced.  
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Table 4. 7 Anova - Effects of sampling time and soil test phosphorus (STP) on biomass amount 
(kg ha-1) and tissue phosphorus (concentration - µg g-1 and amount – kg ha-1) of  cover crops 
grown in pots and sampled at 5 and 9 weeks after planting in 2018. Sampling was done in 
August and September respectively. 

Fixed effects df Biomass 

amount 

Tissue P 

concentration 

Tissue P 

amount 

Main Effects     

       Cover crop (CC) 2 < .0001 0.9969 < .0001 

       Soil test phosphorus (STP) 2 0.0021 0.0042 0.0031 

       Time of sampling (T) 1 < .0001 0.1611 0.0293 

2-way interactions     

       CC x STP 4 0.0077 0.8350 0.3225 

       CC x T 2 < .0001 0.0275 0.2427 

       STP x T 2 0.0656 0.2631 0.1565 

3-way interaction     

       CC x STP x T 4 0.0210 0.3836 0.6833 

Contrast Analysis     

(Aug - Cereal rye) Med vs Med-High STP 

(Aug - Cereal rye) Med vs High STP 

(Aug - Cereal rye) Med-High vs High STP 

(Sept - Cereal rye) Med vs Med-High STP 

(Sept - Cereal rye) Med vs High STP 

(Sept - Cereal rye) Med-High vs High STP 

1 

1 

1 

1 

1 

1 

0.0154 

0.5698 

0.0443 

0.0001 

0.0063 

0.0233 

  

Bolded indicates significant differences. p = 0.05.  
Aug – August, Med – Medium, STP – Soil test phosphorus 
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Table 4. 8a Differences in biomass of cover crops at 5 (August) and 9 (September) weeks after 
planting in pots as influenced by soil test phosphorus (STP) level. Values in parenthesis represent 
standard errors. 

Month STP Cover crop biomass 

kg ha-1 

  Crop 

August  Mustard Oats Cereal rye 

 Medium  2288a (137) 1415a (85) 1020b (61) 

 Medium-High 1784a (199) 1398a (155) 1446a (161) 

 High  2187a (188) 1709a (147) 1084b (93) 

September     

 Medium  2670a (198) 2562a (190) 841c (62) 

 Medium-High 2701a (177) 3181a (209) 1443b (75) 

 High  3056a (285) 2874a (268) 1521a (142) 

Means followed by same letter within each category (column) under each month are not 
significantly different from each other                                
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Table 4.8b Effects of sampling time and species on cover crop biomass sampled after 5 (August) 
and 9 (September) weeks after planting in pots in 2018. Standard errors are shown in parenthesis.  

Crop Biomass 

kg ha-1 

 August September 

Mustard 2074b (106) 2803a (127) 

Oats 1501c (76) 2861a (130) 

Cereal rye 1169d (60) 1135d (52) 

Means followed by same letter (rows and columns) are not significantly different from each other 
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Table 4. 9 Means showing the effects of sampling time and soil test phosphorus (STP) on tissue 
phosphorus (concentration - µg g-1 and amount – kg ha-1) of cover crops at 5 and 9 weeks after 
planting in pots. Crops were sampled in August and September of 2016. Standard errors are 
shown in parenthesis.  
 
Treatment Tissue P concentration 

g kg-1 

Tissue P amount 

kg ha-1 

Crop *August *September  

        Mustard  3.46ab (0.45) 3.50ab (0.44) 9.18a (0.80) 

        Oat 4.43a (0.41) 2.78b (0.23) 8.00a (0.50) 

        Cereal rye 3.37ab (0.32) 3.63ab (0.35) 4.41b (0.27) 

    

STP  August/September  

        Medium 2.96b (0.25) 5.56b (0.61) 

        Medium-High 3.26b (0.25) 6.55b (0.54) 

        High 4.43a (0.26) 9.47a (0.56) 

   

Time   

        August  8.00a (0.47) 

        September  6.39b (0.45) 

Means followed by same letter within each parameter/column under each treatment are not 
significantly different from each other. *Interaction between cover crop and time 
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4.4.2.3 Comparison between water extractable phosphorus (WEP) released from fresh and 

Freeze-thaw cycle (FTC) biomass of the cover crops in the 2018 pot study 

Generally, low concentrations of WEP were recorded for the pot study relative to that recorded 

in October for the field study. The crops in both experiments had similar amounts of tissue P and 

biomass (not statistically analysed) despite differences in crop age and initial STP of the soils. 

Usually, higher concentration of WEP is extracted from younger than old plants, but it was the 

opposite in this case where less WEP concentration was extracted from the pot than field 

biomass. Therefore, the argument of the differences in crop age and initial STP between the two 

experiments as the potential factors that caused the differences in WEP extracted in the two 

studies is ruled out suggesting that differences were due to extraction procedures (flasks versus 

tubes for extraction) as indicated in the methodology section.  

 A four-way analysis showed no differences in all interactions involving STP x freezing (Table 

4.10), so freezing treatments under all STPs were pooled  (averaged over STP) for a 3-way variance 

analysis between cover crop, freezing, and sampling time. With interest on the effect of FTC, two-

way interactions were found between FTC and species, as well as FTC and time (Table 4.11, p = 

0.0031 and p = 0.0540 respectively). Freeze-thaw cycles caused higher release of WEP from all 

the cover crops (Fig 4.3). This agrees with findings of the field biomass extractions and several 

other works (Miller et al., 1994; Bechmann et al., 2005; Roberson et al., 2007; Liu et al., 2013; 

Riddle and Bergstrőm, 2013; Lozier et al., 2017; Lozier and Macrae, 2017; Cober et al., 2018). 

Cereal rye had higher WEP concentrations from fresh biomass than did oats and mustard. Just like 

the field biomass, the resistance of the fresh biomass of mustard to P extraction, highlights its 

potential for soil cover before fall FTCs. The magnitude of the impact of FTC was in the order of 

oats (~ 7 times) > mustard (~ 4 times) > cereal rye (~ 2 times).  The higher effect of FTC on oat 
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residues caused resulted in a WEP equal to concentrations in cereal rye after FTC and both were 

higher than mustard.  

Although the effect of FTC was not pronounced in the second sampling of the field experiment 

(November collection) (Fig 4.1), it had a much greater impact in this experiment (Fig 4.4). This 

suggests that crop acclimation to cold weather is more significant to WEP release by FTC than 

plant age since difference in plant age did not reflect in the concentration of WEP release in both 

months (Fig 4.4). A second biomass sampling was done during the hot September temperatures 

of 16 -23°C (Environment Canada) which exposed the crops to higher degrees of shock by the 

abrupt artificial freezing and thawing at -10°C and 4°C than was experienced with the 6 – 9°C 

November temperatures in the field experiment. It can be inferred that the effects of plant age on 

WEP release from cover crops under FTC could be secondary to crop acclimation to cold 

temperatures.  
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Table 4. 10 Anova – Effects of soil test phosphorus (STP), cover crop sampling time and freeze-
thaw cycles (FTC) on the concentration of water extractable P (WEP) (µg g-1) released from  
cover crops sampled at 5 (August) and 9 (September) weeks after planting in pots. Special focus 
is on interactions involving FTC x STP 

Fixed Effects df Pr > F 

Main Effects   

          Cover Crop (CC) 3 < .0001 

          FTC 1 < .0001 

          Time of sampling (T) 1 < .0001 

          Soil test phosphorus (STP) 2 < .0001 

2-way interactions   

          CC x FTC 3 < .0001 

          CC x T 3 0.0124 

          CC x STP 6 0.0002 

          FTC x T 1 0.0049 

          *FTC x STP 2 0.3030 

          STP x T 2 0.1123 

3-way interactions   

          CC x FTC x T 3 0.6008 

          *CC x FTC x STP 6 0.3468 

          CC x T x STP 6 0.1435 

          *T x FTC x STP 2 0.1850 

4-way interaction   

          *CC x FTC x T x STP 6 0.6766 

Bolded indicates significance. p = 0.05 
*Interactions involving FTC x STP  
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Table 4. 11 Anova – Effects of sampling time and freeze thaw cycles (FTC) on water extractable 
phosphorus (WEP) concentrations (µg g-1) from cover crops sampled at 5 and 9 weeks after 
planting in pots in 2018. *Means for analysis were averaged across soil test P (STP) 

Fixed Effects df WEP Concentration 

   

          Cover Crop (CC) 3 < .0001 

          FTC 1 < .0001 

          Time of sampling (T) 1 0.0014 

2-way interactions   

          CC x FTC 3 0.0031 

          CC x T 3 0.0259 

          FTC x T 1 0.0540 

3-way interactions   

          CC x FTC x T 3 0.4471 

 Bolded indicates significant differences. p = 0.05 
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Fig 4. 3 Effects of freeze-thaw cycles (FTC) and cover crop species on water extractable 
phosphorus (WEP) concentration released from cover crops. *a-d: Graphs followed by same 
letter are not significantly different from each other. Bars on graphs represent standard errors 
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Fig 4. 4 Effects of freeze-thaw cycles and sampling time on the concentrations of water 
extractable phosphorus (WEP) released from cover crops.  *a-c: Graphs followed by the same 
letter are not significantly different from each other. Bars on graphs represent standard errors 
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4.4.2.4 Influence of cover crop species and sampling time on water extractable phosphorus 

(WEP) in crop biomass subjected to freeze-thaw cycles (FTC) for the 2018 pot study 

There were significant two-way interactions between cover crop and sampling time as well as 

cover crop and STP on WEP concentration of the cover crops (Table 4. 12, p < 0.0001 and p = 

0.0077 respectively). Mustard had lesser WEP concentrations than did oats in August and cereal 

rye in September (Table 4.13), although oat and cereal rye did not differ in their WEP contents 

(Table 4.13).  

The amounts of WEP extracted from the FTC biomass of the cover crops fell within ranges of 

0.44 – 2.34 kg ha-1 in August, and 0.35 – 2.12 kg ha-1 in September (Appendix D). It was 

interesting to observe that the minimum values were recorded from mustard grown on soils with 

medium STP while oats grown on soils of medium-high STP recorded the maximum values for 

both months. Although these values fall within reported ranges (Elliott 2013; Lozier et al., 2017; 

Cober et al., 2019), they are far below those recorded in October for the field biomass 

experiment (Table 4.3). Since 46 to 80% of tissue P was extracted as WEP in October for the 

field trial and that the current study recorded only 6 to 27% suggests that differences were due to 

extraction procedures as indicated earlier.  

There were significant two-way interactions in the WEP amounts (kg ha-1) between cover crop 

and sampling time as well as cover crop and STP (Table 4. 12, p = 0.0191 and p = 0.0062 

respectively). Similar to the previous experiment, no significant differences in WEP amounts 

among the three cover crops (cereal rye, oats, and mustard) were observed in the first sampling 

(August), but oat and cereal rye residues contained higher amounts of WEP than did those of 

mustard in the second sampling (September) (Table 4.13). Mustard usually had greater or equal 

biomass than cereal rye and oats, therefore, the lower amounts of P released by mustard in 



140 
 

September were due to the lower P concentrations in their extracts (Table 4.13). As indicated 

earlier (Table 4.9), since mustard had higher amount of tissue P than cereal rye, therefore the 

lesser amounts of WEP released than cereal rye in September suggests its potential preference 

for soil cover than cereal rye in areas with mild FTCs when these crops are maturing. Again, 

greater WEP amount was extracted from mustard in August (0.72 kg ha-1) than September (0.42 

kg ha-1), but no significant difference was observed in both months for the cereal rye and oats.  

From both experiments (field and pot), there seem to be similar patterns in biomass amounts, 

tissue P and WEP release from oat and cereal rye. In most cases they had equal or slightly 

different levels of these parameters, which is contrary to other reports (Cober at al., 2018; Cober 

et al., 2019). However, the results from this study could be backed by the two crops belonging to 

the same family of grasses. Therefore, similarities in their genetic constitution and physiology 

could lead to similar patterns of nutrient requirements and use efficiency, thus, would probably 

be more likely to respond to FTC in a similar manner and have a comparable subsequent release 

of P from their tissues. Similar to observations made by Cober et al. (2019), the differences in 

WEP amounts of the field grown cover crops were as a result of biomass differences between the 

crops, whereas the difference in the current experiment (crops raised in pots) was due to the 

lower concentration of P extracted from mustard after FTC. Therefore, further investigation is 

needed to ascertain which of the two factors (biomass amount or WEP concentration) is of more 

relevance to the amounts of P released from different species of cover crops under FTCs if other 

factors remain constant. This will give a proper insight in the selection and management of cover 

crops for reducing the risk of WEP losses. For instance, since only a 30% cover can reduce soil 

erosion by 60% or more, it will be more effective to reduce excess biomass of cover crops to 

reduce the amounts of WEP extracted from them under FTCs. On the other hand, a species that 
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has higher concentrations of WEP, even with little biomass, may not be ideal for the purpose of 

managing P losses from the soil. 

4.4.2.5 Influence of soil test phosphorus (STP) and cover crop species on water extractable 

phosphorus (WEP) in crop biomass subjected to freeze-thaw cycles (FTC) for the 2018 pot 

study 

For individual crops, STP did not affect WEP concentrations except oat (Table 4.14) even 

though there was a higher P concentration in the tissues of crops harvested from the high STP 

soils.  Between cover crops on individual STP soils, there were no differences except on the high 

STP soils where oat and cereal rye residues had higher WEP concentrations than mustard (Table 

4.14). This implies that mustard, just like oats and cereal rye, can take up more available P from 

the soil but release relatively lesser quantities of P under FTCs than the others given equal 

amounts of biomass.  

For cereal rye and mustard, equal amounts of WEP were released at all STP levels but oats released 

more at high STP (2.23 kg ha-1) than medium (0.75 kg ha-1) and low levels (1.04 kg ha-1) (Table 

4.14). This reflects the WEP concentration extracted from oats against the non-significance of STP 

on biomass of all the crops, except cereal rye (Table 4.13). In fact, there was more P in the tissues 

of all the crops grown on the high STP (4.43 g kg-1) soils than the medium-high (3.26 g kg-1) and 

medium STPs (2.96 g kg-1). Practically, oats harvested from high STP soils had more tissue P 

(Appendix D) than did the other crops on the same STP soil, though they were not statistically 

different. Other studies have reported higher P pools in oat tissues than cereal rye and red clover 

(Cober et al., 2018; Cober et al., 2019). Therefore, it is not surprising that more WEP might be 

released from tissues of oats grown on higher STP soils than oat tissues from lower STP soils. 

Thus, excess P in the tissues of oats harvested from the higher STP soils was enough to cause an 
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extra release of WEP from it after FTC compared to oat harvested from lower STP levels but was 

not so for the other crops. Therefore, farmers should be cautious of using oats as a cover crop on 

soils with high STP in order to reduce potential DRP losses to runoff. 

At medium-high STP concentrations, equal amounts of WEP were extracted from all three cover 

crops. High and medium STP levels had similar patterns of WEP release amongst the crops such 

that oats released higher amounts of WEP than mustard, but cereal rye was not different from 

either of them (Table 4.14). Again, the lower WEP concentration released from mustard, 

especially at the high STP, accounted for this as mustard produced equal biomass as oats on the 

high STP soils and had even higher amounts on soils with medium STP.  
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Table 4. 12 Anova - Effects of sampling time and soil test phosphorus (STP) on water 
extractable phosphorus (WEP) concentrations (µg g-1) and amount (kg ha-1)) released from cover 
crop biomass sampled at 5 and 9 weeks after planting in pots and subjected to freeze-thaw cycles 
(FTC) in 2018. NB: Interest is on WEP release from FTC biomass only, so fresh biomass is not 
included. 

Fixed effects df WEP Concentration WEP amount 

Main Effects    

       Cover crop (CC) 2 < .0001 < .0001 

       Soil test phosphorus (STP) 2 0.0260 0.0004 

       Time of sampling (T) 1 0.0175 0.4232 

2-way interactions    

       CC x STP 4 0.0256 0.0062 

       CC x T 2 0.0104 0.0191 

       STP x T 2 0.1160 0.3318 

3-way interaction 4 0.4574 0.3342 

       CC x STP x T 4 0.4574 0.3342 

Bolded indicates significant differences. p = 0.05 
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Table 4. 13 Means showing the interaction between cover crops species and sampling time on 
the water extractable P (WEP) concentrations (µg g-1) and amount (kg ha-1) extracted from 
biomass of cover crops sampled at 5 and 9 weeks after planting in pots and subjected to freeze-
thaw cycles (FTC). Crops were sampled in August and September of 2018. Standard errors are 
indicated in parenthesis.   

Crop Sampling time 

 WEP 
µg g-1 

 

WEP 
kg ha-1 

 August September August September 

Mustard 365 bc (41) 192 c (43) 0.72 b (0.08) 0.42 c (0.05) 

Oat 875 a (114) 453 abc (86) 1.12 ab (0.18) 1.30 a (0.10) 

Cereal rye 551 ab (70) 725 a (138) 0.77 b (0.11) 0.87 ab (0.16) 

a-c: Means followed by the same letter under the same parameter (rows and columns) are not 
significantly different.  
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Table 4. 14 Means showing interaction between cover crop species and soil test phosphorus 
(STP) on water extractable phosphorus (WEP) concentrations and amount extracted from cover 
crops that were grown in pots and subjected freeze-thaw cycles (FTC) after sampling in 2018. 
Standard errors are shown in parenthesis 

Cover crop STP 

 WEP 
µg P g-1 

 

WEP 
kg P ha-1 

 
 Low Med High Low Med High 

Mustard 251c 

(63) 

296c  

(60) 

249c 

(50) 

0.39c 

(0.05) 

0.69bc 

(0.10) 

0.60 bc 

(0.09) 

Oat 539bc 

(139) 

390bc  

(61) 

1187a 

(200) 

1.04b 

(0.17) 

0.75bc 

(0.11) 

2.23a 

(0.35) 

Cereal rye 576bc 

(144) 

574bc  

(95) 

764ab 

(129) 

0.59bc 

(0.11) 

0.84bc 

(0.17) 

1.10ab 

(0.24) 

a-c: Means followed by the same letter under the same category (parameter) are not significantly 
different.  
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4.5 Conclusions 
 

This research supports the hypothesis that FTCs cause cover crops to release more WEP from 

their tissues suggesting that they are a potential DRP source to surface waters by runoff. 

However, the impact of FTC under Southwestern Ontario conditions on P release is minimized 

when mature crops acclimatize to the gradual decrease in fall temperature and before extreme 

freezing temperatures set in. Therefore, it would be better for farmers in the region to terminate 

cover crops late in the fall to reduce the amounts of DRP that could be lost to runoff. 

Alternatively, they could leave them throughout the non-growing season (NGS) as this may 

decrease the loss of P from the cover crops. The tissues of young cover crops that have not 

acclimatized coupled with their usually high moisture contents subjects them to more severe 

damage by the artificial FTC in laboratory studies than they would experience under field 

conditions. Therefore, research should consider time of biomass sampling and age of cover crops 

when investigating laboratory extracted WEP to predict potential amounts of DRP that could be 

contributed by cover crops to runoff. We postulate that species selection at a particular planting 

time is essential in managing WEP losses from cover crops under FTCs, or potentially the time 

when a cover crop is chemically terminated. The dicots (mustard and red clover) contained less 

WEP in their fresh biomass collected from both field and pot trials and they reflect a resistance 

to extraction due to their relative hardy stems. The offer a better option in reducing DRP losses 

in the fall before freezing temperatures.  

Monocots such as oats and cereals are less sensitive to FTC, but may still contain equal or 

greater concentrations of WEP in their fresh biomass than do the dicots, red clover and mustard. 

In both field and pot experiments, red clover and mustard contained lesser amounts of WEP than 

did monocots making them suitable for reducing DRP losses. Whereas the small biomass 
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amounts of red clover accounted for its lower amount of WEP than the rest of the crops in the 

field study, mustard released a lower amount of WEP in the pot study due to its lower 

concentrations of WEP. Therefore, further investigation is needed to evaluate which of the two 

factors (biomass amount or WEP concentration) is of more relevance to assist farmers in their 

selection of cover crop species, especially for multiple goals such as runoff control, nutrient 

filtering, and supply of nutrients to succeeding main crops. 

The highest levels of STP in both pot and field soils resulted in higher accumulations of P in the 

tissues of the crops they supported than soils with lower STP levels. This translated to the release 

of higher amounts of WEP from crops grown on the very high STP soils in the field study. For 

crop biomass harvested from the high STP soils in the pot study, oats released more WEP than 

did mustard and red clover, indicating potentially higher surface water risk if establishing oats on 

soils with high STP. Since STP did not influence biomass amounts, except for cereal rye in the 

pot study, it is evident that the influence of higher levels of STP on WEP extracted from cover 

crop tissues is due to the higher concentrations of P stored in the crop tissues rather than is their 

impact on biomass amounts. Thus, cover crops that incorporate lesser amount of P in their 

tissues will serve as a better cover crop on high STP soils to reduce DRP losses.  

 The amounts of WEP extracted from all the cover crop residues harvested from all the STP 

levels at any time in both experiments exceeds levels of eutrophic concerns to surface water 

quality (0.03 mg/L), emphasizing the potential risk of excessive P loading into surface waters by 

runoff from cover cropping systems. However, it must be stressed that the values only represent 

potential DRP risk from cover crops as the P released from the cover crops may not necessarily 

be lost from the field but adsorbed directly to the soil.  

 



148 
 

References 
 

Bachmann, M., and F. Keller. 1995. Metabolism of the raffinose family oligosaccharides in 

leaves of Ajuga reptans L. Inter- and intracellular compartmentation. Plant Physiol. 109(3): 

991–998. doi: 10.1104/pp.109.3.991. 

Bechmann, M.E., P.J.A. Kleinman, A.N. Sharpley, and L.S. Saporito. 2005. Freeze-Thaw Effects 

on Phosphorus Loss in Runoff from Manured and Catch-Cropped Soils. J. Environ. Qual. 

34(6): 2301–2309. doi: 10.2134/jeq2004.0415. 

Burwell, R.E., D.R. Timmons, and R.F. Holt. 1975. Nutrient Transport in Surface Runoff As 

Influenced By Soil Cover and Seasonal Periods. Proc Soil Sci Soc Am 39(3): 523–528. doi: 

10.2136/sssaj1975.03615995003900030040x. 

Cober, J.R., M.L. Macrae, and L.L. Van Eerd. 2018. Nutrient release from living and terminated 

cover crops under variable freeze–thaw cycles. Agron. J. 110(3): 1036–1045. doi: 

10.2134/agronj2017.08.0449. 

Cober, J.R., M.L. Macrae, and L.L. Van Eerd. 2019. Winter Phosphorus Release from Cover 

Crops and Linkages with Runoff Chemistry. J. Environ. Qual. 48(4): 907–914. doi: 

10.2134/jeq2018.08.0307. 

Congreves, K.A., and L.L. Van Eerd. 2015. Nitrogen cycling and management in intensive 

horticultural systems. Nutr. Cycl. Agroecosystems 102(3): 299–318. doi: 10.1007/s10705-

015-9704-7. 

Dabney, S.M. 1998. Cover crop impacts on watershed hydrology. J. Soil Water Conserv. 53(3): 

207–213. 

Dabney, S.M., J.A. Delgado, and D.W. Reeves. 2001. Using winter cover crops to improve soil 

and water quality. Commun. Soil Sci. Plant Anal. 32(7–8): 1221–1250. doi: 10.1081/CSS-

100104110. 

Elliott, J. 2013. Evaluating the potential contribution of vegetation as a nutrient source in 

snowmelt runoff. Can. J. Soil Sci. 93(4): 435–443. doi: 10.4141/CJSS2012-050. 

Environment Candada.  https://climate.weather.gc.ca/climate_data/daily_data_e.html 

Gilmour, S.J., A.M. Sebolt, M.P. Salazar, J.D. Everard, and M.F. Thomashow. 2000. 

Overexpression of the arabidopsis CBF3 transcriptional activator mimics multiple 

biochemical changes associated with cold acclimation. Plant Physiol. 124(4): 1854–1865. 



149 
 

doi: 10.1104/pp.124.4.1854. 

Koroleva, O.A., J.F. Farrar, A.D. Tomos, and C.J. Pollock. 1998. Carbohydrates in individual 

cells of epidermis, mesophyll, and bundle sheath in barley leaves with changed export or 

photosynthetic rate. Plant Physiol. 118(4): 1525–1532. doi: 10.1104/pp.118.4.1525. 

Lambers, H., and H. Poorter. 1992. Inherent Variation in Growth Rate Between Higher Plants: A 

Search for Physiological Causes and Ecological Consequences. Adv. Ecol. Res. 23(C): 

187–261. doi: 10.1016/S0065-2504(08)60148-8. 

Levitt, J. 1960. Freezing injury of plant tissue. Annals of the New York Academy of Sciences, 

Vol.85, pp.570-5 

Department of Botany, University of Missouri, Columbia, Mo 

Liu, J., G. Bergkvist, and B. Ulén. 2015. Biomass production and phosphorus retention by catch 

crops on clayey soils in southern and central Sweden. F. Crop. Res. 171: 130–137. doi: 

10.1016/j.fcr.2014.11.013. 

Liu, J., B. Ulén, G. Bergkvist, and H. Aronsson. 2014. Freezing–thawing effects on phosphorus 

leaching from catch crops. Nutr. Cycl. Agroecosystems 99(1): 17–30. doi: 10.1007/s10705-

014-9615-z. 

Liu, J., R. Khalaf, B. Ulén, and G. Bergkvist. 2013. Potential phosphorus release from catch crop 

shoots and roots after freezing-thawing. Plant Soil 371(1–2): 543–557. doi: 

10.1007/s11104-013-1716-y. 

Livingston, D.P., R. Premakumar, and S.P. Tallury. 2006. Carbohydrate partitioning between 

upper and lower regions of the crown in oat and rye during cold acclimation and freezing. 

Cryobiology 52(2): 200–208. doi: 10.1016/j.cryobiol.2005.11.001. 

Lozier, T.M., and M.L. Macrae. 2017. Potential phosphorus mobilization from above-soil winter 

vegetation assessed from laboratory water extractions following freeze–thaw cycles. Can. 

Water Resour. J. 42(3): 276–288. doi: 10.1080/07011784.2017.1331140. 

Lozier, T.M., M.L. Macrae, R. Brunke, and L.L. Van Eerd. 2017. Release of phosphorus from 

crop residue and cover crops over the non-growing season in a cool temperate region. 

Agric. Water Manag. 189: 39–51. doi: 10.1016/j.agwat.2017.04.015. 

Macrae, M.L., M.C. English, S.L. Schiff, and M. Stone. 2007a. Capturing temporal variability 

for estimates of annual hydrochemical export from a first-order agricultural catchment in 

southern Ontario, Canada. Hydrol. Process. 21(13): 1651–1663. doi: 10.1002/hyp.6361. 



150 
 

McDowell, R.W., and A.N. Sharpley. 2001a. Approximating Phosphorus Release from Soils to 

Surface Runoff and Subsurface Drainage. J. Environ. Qual. 30(2): 508–520. doi: 

10.2134/jeq2001.302508x. 

Miller, M.H., E.G. Beauchamp, and J.D. Lauzon. 1994. Leaching of Nitrogen and Phosphorus 

from the Biomass of Three Cover Crop Species. J. Environ. Qual. 23(2): 267–272. doi: 

10.2134/jeq1994.00472425002300020007x. 

Murphy, J., and J.P. Riley. 1962. A modified single solution method for the determination of 

phosphate in natural waters. Anal.Chim.Acta. . 27:31–36.  

Pearce, R.S., C.E. Houlston, K.M. Atherton, J.E. Rixon, M.A. 1998. Localization of Expression 

of Three Cold-Induced Genes , and Developing Leaves of Cold-Acclimated Cultivated 

Barley bitl0l , bIt4 . 9 , and bIt14 , in Different Tissues of the Crown. Plant Physio. Vol. 

117, No. 3, pp. 787-795 

Pote, D.H., T.C. Daniel, P.A. Moore, D.J. Nichols, A.N. Sharpley, et al. 1996. Relating 

Extractable Soil Phosphorus to Phosphorus Losses in Runoff. Soil Sci. Soc. Am. J. 60(3). 

doi: 10.2136/sssaj1996.03615995006000030025x. 

Reza Tabaei-Aghdaei, S., R.S. Pearce, and P. Harrison. 2003. Sugars regulate cold-induced gene 

expression and freezing-tolerance in barley cell cultures. J. Exp. Bot. 54(387): 1565–1575. 

doi: 10.1093/jxb/erg173. 

Ribey, M.A., and I.P. O’Halloran. 2016. Consequences of Ontario P index recommendations for 

reduced manure and fertilizer phosphorus applications on corn yields and soil phosphorus. 

Can. J. Soil Sci. 96(2): 191–198. doi: 10.1139/cjss-2015-0072. 

Riddle, M.U., and L. Bergström. 2013. Phosphorus leaching from two soils with catch crops 

exposed to freeze-thaw cycles. Agron. J. 105(3): 803–811. doi: 10.2134/agronj2012.0052. 

Roberson, T., L.G. Bundy, and T.W. Andraski. 2007. Freezing and Drying Effects on Potential 

Plant Contributions to Phosphorus in Runoff. J. Environ. Qual. 36(2): 532–539. doi: 

10.2134/jeq2006.0169. 

Ryder, M. H., and A. Fares. 2008. Evaluating cover crops (sudex, sunn hemp, oats) for use as 

vegetative filters to control sediment and nutrient load from agricultural runoff in a 

Hawaiian watershed. J. of the Am. Wat. Res. Asso. 44 (3): Agricola pg. 640 

Santarius, K.A. 1973. The protective effect of sugars on chloroplast membranes during 

temperature and water stress and its relationship to frost, desiccation and heat resistance. 



151 
 

Planta 113(2): 105–114. doi: 10.1007/BF00388196. 

Schoenau, J.J. andI.P. O’Halloran. 2008. Sodium bicarbonate-extractable phosphorus. Pp 89–94 

in M.R. Carter and E.G. Gregorich, eds. Soil sampling and methods of analysis. Taylor & 

Francis Group, CRC Press, Boca Raton, FL. 

Singer, J.W., C.A. Cambardella, and T.B. Moorman. 2008. Enhancing nutrient cycling by 

coupling cover crops with manure injection. Agron. J. 100(6): 1735–1739. doi: 

10.2134/agronj2008.0013x. 

Steponkus, P.L., M.F. Dowgert, and W.J. Gordon-Kamm. 1983. Destabilization of the plasma 

membrane of isolated plant protoplasts during a freeze-thaw cycle: The influence of cold 

acclimation. Cryobiology 20(4): 448–465. doi: 10.1016/0011-2240(83)90035-4. 

Thomas R.L., R.W. Sheard, and J.R. Moyer. 1967. Comparison of conventional and singfe 

automated procedures for nitrogen, phosphorus, and potassium analysis of plant material 

using adigestion. Agronomy Journal 59: 240-243. 

Thorup-Kristensen, K., J. Magid, and L.S. Jensen. 2003. Catch crops and green manures as 

biological tools in nitrogen management in temperate zones. Adv. Agron. 79: 227–302. doi: 

10.1016/S0065-2113(02)79005-6. 

Timmons, D.R. 1970. Leaching of crop residues as a source of nutrients in surface runoff water. 

Water Resour. Res. Vol. 6, no. 5. pp 1367-1375.  

Ulén, B. 1997. Nutrient losses by surface run-off from soils with winter cover crops and spring-

ploughed soils in the south of Sweden. Soil Tillage Res. 44(3–4): 165–177. doi: 

10.1016/S0167-1987(97)00051-2. 

Veneklaas, E.J., H. Lambers, J. Bragg, P.M. Finnegan, C.E. Lovelock, et al. 2012. Opportunities 

for improving phosphorus-use efficiency in crop plants. New Phytol. 195(2): 306–320. doi: 

10.1111/j.1469-8137.2012.04190.x. 

Verhallen, A. 2013. Soil meant to be covered. Ontario Ministry of Agriculture, Food and Rural 

Affairs. http://www.omafra.gov.on.ca/english/crops/organic/news/2013/2013-02a3.htm 

White, E.M. 1973. Water‐Leachable Nutrients from Frozen or Dried Prairie Vegetation. J. 

Environ. Qual. 2(1): 104–107. doi: 10.2134/jeq1973.00472425000200010015x. 

White, C.M., and R.R. Weil. 2011. Forage Radish Cover Crops Increase Soil Test Phosphorus 

Surrounding Radish Taproot Holes. Soil Sci. Soc. Am. J. 75(1): 121–130. doi: 

10.2136/sssaj2010.0095. 



152 
 

CHAPTER FIVE 

5.0 Effect of cover crops and soil test phosphorus levels on phosphorus loss in rainfall 

runoff following winter snowmelt 

5.1 Abstract 
 

Surface water enrichment by excessive phosphorus (P) loading is of water quality concern due to 

algal proliferation in the presence of P. Cover cropping has been recommended as a best 

management practice for water quality control by reducing total P (TP) loads. However, current 

studies show that cover crops could be potential sources of dissolved reactive P (DRP) to runoff 

from agricultural lands during the non-growing season due to tissue cell lysis by winter freeze-

thaw cycles (FTC). Soil test P (STP) effects runoff DRP losses but its interaction with cover 

crops on such losses is not known. This study evaluated the effects of cover crops -- oats (Avena 

sativa), cereal rye (Secale cereale) and mustard (Brassica nigra), and varying STP on runoff P 

from a sandy loam and a clay loam soil in Southwestern Ontario, Canada. Simulated rainfall 

runoff following snowmelt was collected from soils grown with cover crops after they had gone 

through winter FTC. Runoff was analysed for DRP, TP and particulate P (PP). For the sandy 

loam soil, oat residues released higher DRP amounts (30.92 g ha-1) to runoff than did the other 

cover crops (7.84 g ha-1) and bare soil (4.22 g ha-1), which were not different from each other. 

The DRP amounts in runoff from the clay loam soils followed the order of oats (47.10 g ha-1) > 

cereal rye (21.14 g ha-1) > mustard (8.22 g ha-1) > control (bare soil) (2.02 g ha-1) and reflected 

their biomass and tissue P amounts. Soil test P did not impact runoff TP amounts in all 

treatments (cover crop and bare soils) on the clay loam soils, and only affected DRP losses for 

the bare sandy loam soil. Cover crops did not affect runoff PP amounts in the sandy loam soil 

due to their small biomass, but oats and cereal rye reduced runoff PP amounts by 54 and 40%, 
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respectively on the clay loam soils. Soil test P impact on runoff PP was not found in the clay 

loam soils whereas on the sandy loam soils, all treatments on medium-high STP soils had more 

PP (69.12 g ha-1) in their runoff than those from lower STP soils (43. 57 g ha-1). Therefore, the 

abundance of cover crops can mask STP effects on TP and PP losses but present a source of DRP 

to rainfall runoff after winter snowmelt. Oat crop presents a more severe threat to P losses in 

rainfall runoff following spring snowmelt than does cereal rye and mustard. Although STP 

ranges of this study (11 to 32 mg kg-1 Olsen P) may not be of concern to surface water quality, 

interactions between cover crops, STP, and soil texture must be considered in environmental P 

risk management. 
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5.2 Introduction 

Eutrophication of surface waters with consequent algal (cyanobacteria) blooms is of global 

concern. The Great Lakes of Canada and USA are not exempted from this problem, with 

agriculture identified as the major non-point source of nutrient loading into surface waters in 

Canada (Chambers et al., 2001) and the USA (USEPA, 2002). Phosphorus (P), the major nutrient 

that limits algae growth in fresh waters is primarily transported by field runoff. In particular, 

snowmelt during winter non-growing season (NGS) and early spring represent significant 

periods for runoff P losses from agricultural fields (Nicholaichuk, 1967; Rekolainen, 1989;  

Ontkean et al., 2005;  Glozier et al., 2006; Little et al., 2007; Macrae et al., 2007a,b; Tiessen et 

al., 2010; Ball-Coelho et al., 2012; Elliott, 2013) as soil conditions (frozen and/or saturated) 

result in large volumes of runoff that carries dissolved P (Nicholaichuk, 1967; Ontkean et al., 

2005; Glozier et al., 2006; Elliott, 2013).  

For decades, cover cropping has been viewed as a best management practice (BMP) to control 

the loss of soil and associated nutrients carried in erosion from agricultural lands, especially over 

the NGS. They impede speed of running water, filter nutrients and sediments, reduce impact of 

rain splash, improve infiltration, and decrease runoff volumes (Dabney, 1998; Dabney et al., 

2001; Thorup-Kristensen et al., 2003; Ryder and Fares, 2008), thus their role in reducing total P 

losses in runoff and thereby protecting surface water quality cannot be overemphasized. In 

Ontario, 30% land cover throughout the year is recommended to reduce erosion by 60% or more 

(Verhallen, 2013). Despite their control of soil and total P losses, cover crops have been reported 

to be potential sources of dissolved reactive P (DRP) in runoff when their tissue cells are lysed 

by winter freeze-thaw cycles (FTC) (Timmons et al., 1970; Uhlen 1989; Miller et al., 1994;  

Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013; Riddle and Bergstrőm, 2013; Cober 
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et al., 2018). This assertion is based on laboratory simulated and field studies from different 

geographical locations, and this sometimes leads to contrary results. Although studies have 

established significant releases of P that are of water quality concern from cover crops under 

FTCs, the amount of P released and its fate of being transported by field runoff depends on 

several factors, such the degree of freezing and thawing temperature variation (Cober et al., 

2018), species of cover crop (Burwell et al., 1975; Timmons et al., 1970; Miller et al., 1994; 

Elliott, 2013; Riddle and Bergstrőm, 2013; Cober et al., 2018), soil texture (Zheng et al., 2003; 

Wang et al., 2010; Duminda et al., 2016), and STP (McDowell and Sharpley, 2001a; Maguire 

and Sims, 2002; Wang et al., 2010; Wang, 2012). 

Many of the studies reporting significant release of DRP from cover crops are representative of 

colder regions in North America and Europe (Timmons et al., 1970; Uhlen 1989; Miller et al., 

1994; Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013; Riddle and Bergstrőm, 2013). 

For instance, temperature ranges of -18 to 10°C by used by several authors (Miller et al., 1994; 

Bechmann et al., 2005; Elliott, 2013; Riddle and Bergstrőm, 2013) may not be representative of 

the milder winter temperatures within the snowpack in the temperate regions of Southwestern 

Ontario. Although winter air temperatures in Southwestern Ontario can be lower than -25°C, the 

insulation provided by snowpack moderates soil temperatures within it to about -4 to 0°C (Lozier 

et al., 2017 cited Macrae’s unpublished data). Therefore, the freezing effect on crops and soil 

within the region may not be as severe as in colder regions and may likely impact nutrient losses 

by runoff differently. For instance, Cober et al. (2018) found that a FTC temperature (-4 to 4°C) 

to simulate under snowpack conditions in Southwestern Ontario did not affect P release from 

five cover crops, whereas a range typical of Northern colder regions of America (-18 to 4°C) 

elevated crop P release.  It is also likely that with colder temperature regimes, runoff volume 
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could be affected as well.  In the Canadian prairies, large volumes of runoff and nutrient losses 

during snowmelt have been attributed to limited infiltration into frozen soils (Nicholaichuk, 

1967; Ontkean et al., 2005; Glozier et al., 2006). Climate change may also affect the amount of 

snowpack present and the dynamics of soil freezing and thawing in temperate regions (Henry, 

2008). A diminished snowpack could lead to a greater degree of soil freezing as well as more 

numerous occurrences of FTC. The net effect of such conditions on soil biological and physio-

chemical processes affecting P losses remain uncertain.  

Nutrient released by vegetation is subject to water infiltration, adsorption to soil surfaces or 

remaining in soil solution depending on soil temperature (frozen vs thawed) in the NGS. On 

thawed soils, there is the possibility of the soil and vegetation to be saturated by the snowmelt 

water that does not join runoff, a condition emphasized by reports from Southwestern Ontario 

(Macrae et al. 2010; Van Esbroeck et al. 2016).  

On a relatively flat topography and moderate surface inundations, ponding of snowmelt waters 

on the soil allows for extended contact time between vegetation and runoff water, and thus 

potential for residue P extraction (Lozier et al., 2017, Lozier and Macrae, 2017).  This extracted 

P would potentially be susceptible to runoff losses in subsequent rainfall induced runoff. In 

laboratory extraction studies, steeping crop residues in water to simulate ponding was the most 

significant method of crop biomass WEP extraction (Lozier and Macrae, 2017) and extended 

simulated ponding times of 20 hour plus leached out almost all P from crop residues (Ginting et 

al., 1998; Cermak et al., 2004). What is not clear is whether the melting snow would similarly 

extract plant P, or if it is subsequent rainfall events that are the main drivers for P extraction from 

crop residues.  
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There are several reports of cover crops species differentiating the amounts of DRP released 

under FTCs and in runoffs (Timmons et al., 1970; Burwell et al., 1975; Miller et al., 1994; 

Elliott, 2013; Riddle and Bergstrőm, 2013; Cober et al., 2018). This has been attributed to factors 

such as frost tolerance vs intolerance (Cober et al., 2018), P capturing ability (Burwell et al., 

1975), biomass amounts, tissue P concentrations and moisture contents (Elliott, 2013; Miller et 

al, 1994; Riddle and Bergstrőm, 2013) and tissue hardiness (Steponkus et al., 1983) of cover 

crops. For example, Elliott (2013) reported that new clover forage was more susceptible  to FTC 

effects on P release than were grasses such as riparian grasses, winter wheat and barley stubbles, 

whereas others (Lozier and Macrae, 2017; Cober et al., 2018) found grasses (oats and cereal rye) 

were more sensitive to P losses than were legumes such as red clover. 

There is a significant positive correlation between soil test P (STP) and soluble or bioavailable P 

in runoffs and leachates (McDowell and Sharpley, 2001a; Maguire and Sims, 2002; Wright et al., 

2006; Little et al., 2007; Volf et al., 2007; Wang et al., 2010; Wang, 2012). Increased STP 

increases the amounts of labile and weakly-sorbed P, which leads to a higher equilibrium 

concentrations of solution P.  McDowell and Sharpley (2001) found an increased amount of 

desorbed P in solution as STP concentration increased. Higher rates of P added to increases in 

the rate of desorption (Raven and Hosner, 1994), and consequently to amounts of P in solution 

(Raven and Hosner, 1994; Xu et al., 2013; Bai et al., 2017). Levels of STP considered optimum 

for crop growth (30 mg/kg Mehlich – 3 P (Pote et al., 1996) and 50 mg/kg Bray – 1 P (Sibbesen 

and Sharpley, 1997) released levels of DRP (0.025-0.5 mg/L) which exceeded eutrophic levels 

required to prevent algal blooms (0.03 mgP/L) implying that even soils with STP levels that meet 

optimum P needs of the crop can still be of water quality concern (McDowell and Sharpley, 

2001).  
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However, there is inadequate information on the influence of the interaction between STP and 

vegetation on P losses from agricultural lands. Higher STP promotes biomass production and 

elevated P content of cover crops (Singer et al., 2008; White and Weil, 2011; Liu et al., 2015;). 

Cover crops with higher biomass and P concentrations are expected to return relatively more P to 

the soil after decomposition or FTC damage. Cover crops that incorporate high amounts of P in 

their shoots may also increase the buildup of soil P at the soil’s surface in no till management 

systems (White and Weil, 2011). Although several factors may account for P losses from 

agricultural soils, the amounts of P in runoff and leachates from cover cropped soils were mainly 

attributed to higher P released from the cover crops after FTC (Miller et al., 1994; Bechmann et 

al., 2005; Elliott, 2013; Riddle and Bergstrőm, 2013). However, such contributions are relatively 

low compared to their biomass P and the DRP amounts released from them due to interactions 

between the cover crops and soil. (Elliott, 2013; Riddle and Bergstrőm, 2013; Lozier et al., 2017; 

Cober et al., 2019). 

Soil particle size influences the sorption capabilities of soil, and consequently, the forms, amounts 

and distribution of P in soil as well P release to solution (Dong et al., 1983; Atalay et al., 2001; 

Wang et al., 2001; Scalenghe et al., 2007; Poirier et al., 2012). In a spatial variability study in 

Saskatchewan, O’Halloran et al., (1985) found that P variability was largely (90 %) influenced by 

soil texture. However, soil texture together with topography and rainfall controls P runoff amounts 

and partitioning of runoff pathways (surface vs subsurface) from the field (Ford et al., 2018; 

Kokulan et al., 2018). For instance, surface runoff contributed 57% of annual DRP loads on a loam 

soil but only to 20% on clay-textured soils in Southern Ontario (Plach et al., 2019). Fine textured 

soils lost less DRP amounts to runoff than did coarse textured soils due to their higher P sorption 

and buffering capacities (Zheng et al., 2003; Wang et al., 2010; Duminda et al., 2016).  However, 
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saturated P levels in soils may cause fine-textured soils to release more P into solution due to less 

infiltration despite their higher buffer capacities. Thus, fine-textured soils can contribute higher P 

losses to runoff in prolonged reaction time as more P may be desorbed into soil solution (Wang et 

al., 2010). However, little is known about the interactive effects between cover crops and soil 

texture on DRP losses in runoff from agricultural lands. 

Many of the studies emphasizing cover crops as potential pools of runoff DRP have come from 

laboratory WEP extractions (Bechmann et al., 2005; Elliott, 2013; Riddle and Bergstrőm, 2013; 

Roberson et al., 2013; Lozier and Macrae, 2017; Cober et al, 2018;) and may not reflect cover 

crops contribution to runoff. Harvesting plants for laboratory extractions interferes with their 

physiological abilities such as acclimation to lower temperatures. The use of harvested biomass 

in these experiments could represent farmer practices of leaving harvested cover crops residues 

on the soil prior to winter, but does not answer the question about the contribution of living 

vegetation to runoff losses.  

The few field studies undertaken have come with limitations by natural events and difficulty in 

controlling sources of variation. For instance, Lozier et al., (2017) could not collect runoff 

consistently from one study site due to occasional surface ponding that did not yield runoff. 

Similar problems occurred where only small volumes of runoff could be collected in one of the 

two years of study due to weather (Ulén, 1997). These issues coupled with uncertainty of truly 

replicating the experiment in different years calls for a simulated study that overcomes the 

limitations of both laboratory and field studies, but would give a more confident validation of 

patterns established in laboratory studies before testing on field. The known runoff simulated 

studies on this subject still used harvested cover crops biomass (Roberson et al., 2007; Elliott, 

2013; Riddle and Bergstrőm, 2013) except Bechmann et al. (2005) who collected runoff from 
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alfalfa grown on soils in runoff boxes. Therefore, simulated snowmelt and rainfall studies on 

DRP losses from intact cover crop plants would be important in Southwestern Ontario where 

such studies have not been done before and would set the stage for further investigations.  

The dearth of information provided indicates the significant roles that factors such as cover crop 

species, medium of runoff (rainfall vs snowmelt), STP, and texture play in contributing to runoff 

losses from agricultural systems during the NGS especially for regions that experience harsh 

winters. However, studies on the combined effects of these factors on runoff DRP losses are 

lacking. This work sets the prominence to investigate the impacts of the interaction between 

cover crop species, STP, and soil texture on DRP losses in rainfall following winter snowmelt in 

Southwestern Ontario. This information will assist farmers, scientists, and policy makers in the 

selection, recommendation, and management of cover crops as BMP for controlling runoff DRP 

losses in temperate regions where winters are relatively mild.  

5.2.1 Research objectives 
 

 To determine the effect of STP on cover crops biomass and P content   

 To investigate the effects of STP and cover crop species (cereal rye, oat, and mustard) on 

the amount of DRP, total dissolved P (TDP) and TP lost in snowmelt and then a 

subsequent rainfall event from two soils of different texture 

 To determine the relationship between STP and WEP after runoff on soils of different 

texture established with cover crops 

 To determine if the P content of cover crops reflects the DRP amount in runoff collected 

after winter from soils that support them 
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5.3 Methods 
 

5.3.1 Preparation of soil in runoff boxes 
 

Soils from two previous research studies conducted on the University of Guelph Ridgetown 

Campus Research Station in Ridgetown, Southwestern Ontario were used for this experiment. 

The first soil, a Brookston clay loam (Ortho Humic Gleysol) was from an experimental site 

where the impact of varying amounts of P inputs were used over several years (2004-2007) 

(Ribey and O’Halloran 2016). The original experimental plots where mapped out and sampled to 

identify soils where the STP values were approximately 10, 20 or 30 mg P kg-1.  The second soil 

is characterized by a Wattford fine sandy loam soil (Brunisolic Grey Brown Luvisol). This site 

had three sections (20 m x 15 m)) treated with triple superphosphate to achieve STP levels of 

approximately 11, 20 and 30 mg P kg-1, based on estimates reported by Ribey and O’Halloran 

(2016).  In the spring of 2016, fertilizer P ( 0 – 46 – 0) was applied at 50 kg ha-1 (Low Fertilizer - 

LF), 390 kg ha-1 (Medium – Fertilizer - MF) and 780 kg ha-1 (High – Fertilizer - HF) to one of 

the three sections.  The fertilizer was broadcast by hand and incorporated into the top 15 cm of 

the soil with several passes of a disc cultivator.   

In August of 2017, 16 runoff boxes (Fig 5.1) for each STP range (48 boxes in total) were buried 

in each soil such that the top of the runoff box was at the soil surface. Each box had holes on all 

its faces including the bottom to allow aeration, water drainage and plant root penetration. Cover 

crops were planted in the buried boxed in September, but growth was extremely poor and 

followed by a killing frost in mid-November. Not enough biomass cover was obtained to 

continue the study that year. Therefore, the boxes were removed from the field in late November 

and stored in an outdoor shelter until further use.  
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Approximately a week before planting in the fall of 2018, soils from 5 runoff boxes from each 

LF, MF, and HF sandy loam soils  (5 cores, 2.5cm diameter, and 7.5 cm deep) were sampled, 

mixed, and collected into plastic bags for laboratory extractions and analysis of STP. Soil test P 

values of 14, 16, and 24 mg kg-1 were measured for LF, MF, and HF soils, respectively. 

Although there was no statistical difference in STP between LF and MF soils, they were termed 

low for STP for LF soils, low-medium STP for MF soils, and medium-high for HF soils based on 

their STP values and for clarity of discussion. The clay loam soils were not re-analysed, thus 

their initial STP of 11, 20, and 30 mg kg-1 were considered low, medium, and high STP. Each 

box from both soils was wrapped on the sides with about 1-mm thick plastic to prevent water 

leachate loss from the sides of the box. 

 

 

 

Fig 5. 1 Steel mesh runoff box 

 

5.3.2 Cover crops establishment 
 

The boxes were hand weeded and soils were levelled to the surface of the box. Four treatments – 

no cover (control), mustard, oats, and cereal rye were set out at four replicates each to establish a 

4 cover crop x 3 STP x 4 replicates factorial experiment. The boxes were arranged in a 

randomized complete block design. Cover crops were hand seeded at the equivalent of 10 kg ha-1 

for mustard, and 67 kg ha-1 for oats and cereal rye (OMAFRA recommendation) on September 

10, 2018, and September 13, 2018 for clay loam and sandy loam soils, respectively. All cover 

100 cm 

7.5 cm 
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crops germinated 5 to 6 days after seeding. In weeks of little or no rain, the boxes were irrigated 

at three (3) day intervals. After 2 months of growth in the open area, boxes were moved into the 

greenhouse (November 7 to 12, 2018) to avoid killing frost and to give them more time for plant 

growth. The boxes of sandy loam soils had snow fallen on them on November 8th to 10th before 

they could be moved on November 12th, 2018. Inside the greenhouse, crops were irrigated at 

three-day intervals.  

5.3.3 Biomass sampling for tissue analysis 
 

Above-ground biomass for analysis of plant biomass and P content was sampled by clipping 

plants just at the soil surface from a 15 cm x 20 cm area of each box on December 19, 2018.  

5.3.4 Freezing and thawing of crops 
 

The runoff boxes were set outside of the greenhouse, their soils saturated with water to ensure 

surface and subsurface freezing in winter, and left in the open from December 20, 2018 to May 

16, 2019 to expose the cover crops to the winter freezing and thawing conditions. However, they 

were covered with a thin layer of plastic sheet to prevent loss of nutrient by snowmelt or rain 

before time for runoff collection. 

5.3.5 Runoff collection 
 

Runoff boxes were mounted on wooden platforms designed to achieve a 5% slope along their 

length. Each platform had four compartments with four boxes. The joints of the compartments 

were sealed with a waterproof latex caulking. After placing the boxes in the compartments, a 

wooden blockade with a plastic bag attached at the base of a slit cut in the wood was erected at 

the front part (downslope end) of each compartment to collect runoff. (Plate 5.1).  On February 

28, 2019, 5 kg of fresh uncontaminated natural snow (equivalent to 25 cm of fresh snow height) 
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collected from open areas around the greenhouse was placed on each box to simulate snowmelt 

runoff. We could not collect runoff upon thawing a week later due to leakages in the set up 

resulting from the caulking’s failure to properly cure. The platform was reconstructed to seal all 

leakages for subsequent rainfall runoff. This time, each compartment was lined with a plastic 

sheet such that the interior dimensions fit tightly against the exterior of the runoff boxes placed 

in them. The sides and back of the compartment extended   5 cm above the box to channel all 

runoff to the front side.  The plastic liner extended up and over the front side of the compartment 

and was shaped into a funnel to direct the runoff into a 3-L collection bottle.  The frontside of the 

compartment rose to 1 cm below the soil surface in the box to allow the collection of both 

surface and shallow subsurface (1 cm below the soil surface) runoff. Wooden shields were 

placed to prevent simulated rainfall from directly entering the funnel (Plate 5.2).  

Rainfall runoff was collected during the end of spring; 18th – 19th May, 2019. A structurally 

modified NPRP (2001) protocol was used for the rainfall simulation. Briefly, a FULLJET 3/8 

HH SS 24 W nozzle installed on a wooden square frame was raised to 3 m above the boxes and 

set to simulate a rainfall intensity of 50 mm/h (approximately 1 in 10 year of return in Ontario) 

by a water pressure controller. A 2-mm thick plastic sheet was wrapped around the frame to 

shelter from wind and ensure uniform distribution of rain on the boxes. Uniform rainfall 

distribution within 1 m diameter (width of each platform) was attained in all four uniformity tests 

prior to actual raining on the boxes. The rainfall simulator still attached to the wooden frame was 

moved from platform to platform after two sets of 1.5 L (totaling 3 L) of runoff were collected 

from each of the four runoff boxes on a platform.  
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5.3.6 Soil collection 
 

Approximately a week after runoff collection, soils from each runoff box (5 cores, 2.5cm 

diameter, and 7.5 cm deep) were sampled, mixed, and collected into plastic bags for laboratory 

extractions and analysis of WEP and STP. 

5.3.7 Laboratory analysis 

5.3.7.1 Runoff samples 

Runoff samples were immediately taken to the laboratory and their total runoff volumes measured. 

Subsamples were collected, filtered through 0.45 μm filter for DRP analysis and filtrate further 

digested for total dissolved P (TDP). The unfiltered sample was acid (H2O2/H2SO4) digested using 

an autoclave for the determination of total P (TP). Quantification of P was based on the ammonium 

molybdate-ascorbic acid technique (Murphy and Riley 1962) using LachatQuikChem 8500 Series 

2 Flow Injection Analysis System. Method number 10-115-01-1-Q was used for DRP, and number 

10-115-01-1-F for TDP and TP. Particulate P (PP) was determined by subtracting TDP from TP.  

5.3.7.2 STP extraction and analysis 
 

Soil extractions and analysis for STP followed procedures explained at sections 4.1.6 and 4.1.7 

5.3.8 Biomass/tissue P 
 

Biomass was weighed and oven-dried at 60°C for 3 days. Dried biomass was wet digested 

(H2O2/H2SO4) using a block digester for the determination of total P in plant tissues (Thomas et 

al., 1967). 
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5.3.9 Statistical analysis 
 

A generalized linear mixed model procedure (GLIMMIX) in SAS version 9.4 (SAS institute Inc., 

2012) was used to analyse all data. Fixed effects were cover crop species, STP, and FTC with 

blocks (replicates) as random effects. Round of runoff collection was a repeated measure; 

therefore, its correlated error was accounted for in the random statement.  

To meet the assumptions of the GLIMMIX procedure, formal test of studentized residuals and 

residual plots were deployed to test for normality and homogeneity of error variance. Fixed and 

random effects were tested with F-test and homogeneity test respectively. As a repeated measure 

with heterogeneity of random effects, different covariance structures were evaluated and the one 

that fits most normality assumptions and with the smallest Akaike Information Criterion (AICC) 

was applied. Variables that were not normally distributed were subjected to lognormal 

distribution. The denominator degree of freedom was adjusted with a Kenward-Roger adjustment 

(ddfm=kr) for bias correction of standard error.   

Least significant means were calculated to show treatment significance at type 1 error of P≤ 0.05 

for all parameters and were separated using Tukey-Kramer multiple mean comparison with letter 

codes generated by pdmix800sas macro. Outliers were identified with Emperical Best Linear 

Unbiased Prediction (EBLUP). The four outliers found were identified to have come from one 

platform that received simulated rainfall from a different water tap and hose in the greenhouse 

because our regular hose could not reach that platform. These outliers had extremely higher DRP 

amounts, thus could be that the hose might have had P contamination. The outliers were 

discarded from the data because they were influential outliers. Pearson’s correlation coefficient 

was used to establish the relationships between plant, runoff and soil P. 
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5.4 Results and discussion 
 

5.4.1 Biomass production 
 

Mixed results on biomass production and treatment effects were observed for the two soils in this 

study.  Above ground biomass amount was neither affected by cover crop species nor STP (Table 

5.1, p = 0.1772 and 0.3025 for cover crops and STP, respectively) on the sandy loam soil. For the 

clay loam soil, however, above ground biomass amount differences were observed with cover crop 

species (Table 5.1, p <.0001), where oats and cereal rye produced equal amounts that were higher 

than mustard (Table 5.2).  Biomass amounts of the crops grown on the sandy loam soil were very 

low relative to those grown on the clay soil (Table 5.2) and that in other reports (White and Weil, 

2011; Liu et al., 2015; Cober et al., 2018; Cober et al., 2019).  It must be acknowledged that 

biomass differences between crops grown on low (14 mg kg-1) and low medium (16 mg kg-1) STP 

soils were not expected as statistical analysis of the two STP for the sandy loam soil did not show 

any significant differences (data not shown). While poor biomass yields on the sandy loam might 

have masked the effects of species and STP, the clay loam soil also displayed no significant STP 

effect (P = 0.8455) on cover crop biomass. The above ground biomass amounts for the clay soil 

are within reported ranges (Liu et al., 2015) and close to reports of others (White and Weil, 2011; 

Cober et al., 2018; Cober et al., 2019) indicating better growth of crops on these soils than the 

sandy loam.  The STP ranges in these two soils (~11 - 32 mg kg-1) may not be adequate to cause 

significant biomass differences this early in the crop growth cycle under the given environmental 

conditions. Similar results were obtained for two other experiments (one field and one pot study) 

conducted in different years (unpublished). Differences in cover crop biomass have been observed 

when STP (ammonium lactate extraction) varied by > 90 mg kg-1 (Liu et al., 2015). A strong linear 

relationship was established between Olsen P and ammonium lactate P (AL-P) by the equation 
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Olsen P = 2.35 + 0.45 AL-P, and P was extracted from the same sources (Horta et al., 2015). By 

this equation, 90 mg kg-1 AL-P is equivalent to 43 mg kg-1 Olsen P.  

5.4.2 Phosphorus uptake by above ground biomass of plants 
 

Similar ranges of tissue P concentration were found in cover crops grown on both soils; 4.78 - 5.36 

g kg-1 for sandy loam and 4.49 - 5.31 g kg-1 for clay loam. Whereas cover crop tissue P 

concentration was not impacted by cover crop nor STP for the clay loam grown crops, it was 

influenced by STP of the sandy loam (Table 5.1, p = 0.0030), where crops on the medium-high 

STP soils had higher P concentration in their tissues than those on the low-medium (Table 5.2). 

The net effect of the treatments on the sandy loam soil, however, was no significant difference in 

the amount (kg ha-1) of biomass P. Approximately 100 to 300 % more  tissue P was found in the 

cover crops grown on the clay loam soils than the sandy loam soils, which was primarily due to 

the higher amount of biomass.  Since tissue P concentrations were not affected by treatments on 

the clay loam soil, the significant effect of cover crop on P uptake (kg ha-1) mirrored the differences 

observed in biomass production (Table 5.1 and 5.2). Similar observations of variability in tissue P 

amounts by biomass is reported (Cober et al., 2018), and reflected in lower amounts of tissue P in 

red clover than oats and cereal rye (Lozier et al., 2017; Cober et al., 2018; Cober et al., 2019). 

Despite the biomass size dominance on tissue P amounts in the current study, there have been 

reports of greater concentration of P in tissues of cover crops grown on soils with higher STP 

values (Singer et al., 2008; Liu et al., 2015). Liu et al., (2015) observed cover crop tissue P 

concentration differences on soils with wider STP range of 41 – 142 mg kg-1 (ammonium lactate 

method) against a close range of 11 - 32 mg kg-1 Olsen P in the current study. As much as biomass 

amounts could determine potential pool of biomass P that may be released by cover crops through 
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FTC, soils with extremely high STP might further P losses if tissue P concentration is increased 

and this needs to be assessed in greater detail.   

Table 5. 1 Anova for the effect of soil test phosphorus (STP) and cover crop species on biomass 
amounts, tissue P concentration and P uptake (kg ha-1) by cover crops grown on soils of different 
texture 

  Sandy loam Clay loam 

Fixed effects df Biomass 

amount 

Tissue P 

Conc 

 P  

uptake 

Biomass 

amount 

Tissue P 

Conc 

P  

uptake 

Main effects        

Cover crops (CC) 2 0.1772 0.2329 0.5252 < 0.0001 0.1391 < 0.0001 

Soil test P (STP) 2 0.3025 0.0030 0.1194 0.8455 0.1089 0.6493 

2 – way interaction        

CC x STP 4 0.5672 0.0699 0.7256 0.1273 0.0617 0.6384 

Bolded indicates significant difference. p = 0.05. Conc = concentration 
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Table 5. 2 Effect of soil test phosphorus (STP) cover crop species on biomass amount, tissue P 
concentration and tissue P amounts (kg ha-1) of cover crops grown on soils of different texture – 
sandy loam and clay loam. Standard errors are shown in parenthesis 

                         Sandy loam                           Clay loam 

Treatments 

 

 

Biomass 

amount 

 

kg ha-1 

Tissue 

P  

Conc 

g kg-1 

P 

uptake 

 

kg ha-1 

 Treatments Biomass 

amount 

 

kg ha-1 

Tissue 

P 

Conc 

g kg-1 

P 

uptake 

 

kg ha-1 

CC     CC 

 

   

Oat  489a 

(69) 

4.78a 

(0.27) 

2.07a 

(0.31) 

 Oat 1731a 

(183) 

5.31a 

(0.29) 

8.81a 

(0.69) 

Cereal rye 416a 

(33) 

5.38a 

(0.27) 

2.08a 

(0.20) 

 Cereal rye 1486a 

(183) 

4.49a 

(0.29) 

6.58a 

(0.81) 

Mustard 364a 

(25) 

5.36a 

(0.27) 

1.84a 

(0.13) 

 Mustard 699b 

(187) 

4.76a 

(0.31) 

2.91b 

(0.14) 

         

STP     STP    

Low 466a 

(56)  

5.21ab 

(0.40) 

2.34a 

(0.25) 

 Low 1358a 

(183) 

5.33a 

(0.28) 

6.28a 

(0.71) 

Low-med 374a 

(31) 

4.62b 

(0.20) 

1.59a 

(0.21) 

 Medium 1269a 

(187) 

4.73a 

(0.36) 

5.67a 

(0.46) 

Med-High 426a 

(49) 

5.68a 

(0.15) 

2.09a 

(0.22) 

 High 1289a 

(183) 

4.50a 

(0.23) 

6.36a 

(0.67) 

a-b: Means followed by same letter under each parameter (column) are not significantly different 
from each other.  
Low-Med = Low medium, Med-High = Medium high, CC = Cover crops, Conc = concentration                                              
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5.4.3 Amount of phosphorus loss in rainfall runoff 
 

The unsuccessful collection of the snowmelt runoff made it impossible to assess the amounts of P 

that may have been lost in snowmelt runoff.  However, the subsequent rainfall event after the 

snowmelt was used to assess whether any treatments effects after snowmelt runoff existed.  There 

was not any difference between the first and second runoff sample for all the parameters measured 

(DRP, PP, and TP) except for PP and TP of the clay loam soils (Table 5.3). The first sample had 

more PP and TP than the second sample and may be due to diminishing amounts of P as runoff 

continued over time (data not shown). A similar observation was made by Riddle and Bergstrőm, 

2013). In a 3-day interval period of simulated rainfall leaching experiments from cover cropped 

soils in Sweden, there were large differences in TP between first and second leachates from clay 

soils but little or no difference from sandy soils (Riddle and Bergstrőm, 2013). Given the non-

significant differences between the first and second runoff collection for most of the parameters in 

this study, the amounts of P in the first and second runoff were summed to represent total P 

amounts collected in 3 L of runoff water. 

The amounts of P lost in the rainfall runoff ranged from 2.02 to 47.10 g/ha DRP (0.002 to 0.047 

kg/ha) and 54.68 to 153.44 g/ha TP (0.055 to 0.153 kg/ha), which is within ranges reported by 

Ule`n (1997) but extremely low relative to other reports (Burwell et al., 1975; Bechmann et al, 

2005; Little at al., 2007; Elliott 2013; Lozier et al., 2017; Cober et al., 2019). Although differences 

in temperature regimes, soil properties, and experimental methods could contribute to this 

difference, the extremely low values in this study are partly due to the previous snowmelt-
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generated runoff that was not successfully collected, although simulation of a subsurface frozen 

soil could also play a role.  

Reports show that spring snowmelt is the major transport medium by which P is lost from 

vegetation and soil (Nicholaichuk 1967; Glozier et al., 2006; Little et al., 2007; Macrae et al., 

2007a; Elliott, 2013; Lozier et al., 2017; Van Esbroeck et al., 2017) which could lead to > 90 % of 

P loss in runoff (Little et al., 2007) and 50 to 60 % of the P loss in tile drains (Macrae et al., 2007a; 

Lam et al., 2016; Lozier et al., 2017). Higher amounts of P lost during snowmelt is largely due to 

higher runoff volume and concentration caused by large amounts of snowpack (Liu et al, 2013b), 

ponding and extended contact time between snow and vegetation (Lozier et al., 2017), and less 

infiltration of frozen surface soil (Granger et al., 1984; DeBaets et al., 2011; Elliott 2013). Under 

natural conditions, rainfall often occurs during the major spring snowmelt period.  At a non-critical 

runoff-erosion period (identified as periods exclusive of time of planting of corn to two months 

after, and time of melting of snow and ice), rainfall mobilized small amounts of P from different 

vegetation compared to snowmelt. (Burwell et al., 1975).  

5.4.3.1 Dissolve reactive phosphorus (DRP) release in runoff 

There were no significant interactive effects on DRP losses (Table 5.3). Despite the potential for 

P losses from cover crops by snowmelt leaching/runoff, there were still DRP differences in rainfall 

runoff due to cover crops on both soils (Table 5.3. p < 0.0001). There are several reports of cover 

crop effects on DRP losses in rainfall runoff from the fall through to spring (Timmons et al., 1970; 

Burwell et al., 1975; Miller et al., 1994; Elliott, 2013; Liu et al., 2013; Riddle and Bergstrőm, 

2013; Cober et al., 2019;). On the sandy loam soils, mustard and cereal rye did not increase runoff 

DRP amounts relative to the bare soil control, but oats did (Table 5.4) with an addition of 21- 26 

g ha-1 more DRP than the other two crops and control. On the clay loam soils, runoff DRP 
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decreased in the order of oats > cereal rye > mustard > control, with oats contributing an addition 

45 g ha-1 more DRP than the control.  

Since all crops grown on the sandy loam soils contained equal amounts of P in their tissues, the 

differences in their runoff DRP could be due to differences in leaching of DRP by snowmelt. 

Previous studies on the WEP following FTC (Chapter 4) of similarly mature cover crops did not 

definitively demonstrate a greater absolute increase in WEP due to FTC with oats relative to 

mustard.  Thus, if the FTC had similar impacts on the WEP content of each cover crop, the snow 

melt may not have leached the WEP as effectively from the oat tissue as it did the mustard, and 

thus more P was available to be leached from the oat tissue by the simulated rainfall.  On the other 

hand, there might have been substantial amounts of P release from oat during the rainfall runoff in 

May when it further decayed during the warmer spring temperatures.  

Regardless of the possible causes for the differences observed, DRP accounted for almost half 

(40%) of the runoff P from oats whereas the other cover crops and bare soils had less than one-

fifth of their runoff P as DRP (Table 5.5).  Cober et al., (2019) made similar observations of 48% 

and 12% of DRP in runoff from oat plots and bare soils, respectively. Cereal rye is winter tolerant 

and might have released lesser amounts of DRP than oat. This also agrees with the findings of 

Cober et al., (2019). Therefore, the amount of WEP following the winter FTC in the cereal rye 

might have been insignificant when compared to the bare soil. Although both mustard and oat are 

not winter tolerant, mustard’s soft leaves and leafy stems during the winter decayed faster than oat 

which could potentially lead to faster nutrient release and more P mobilization in the March 

snowmelt runoff leaving insignificant amounts of P on the soil. Studies in other parts of southern 

Ontario with similar mild winters have found oats to be more sensitive to FTC and pose higher 

risk with DRP release to runoff than cover crops such cereal rye, red clover, and hairy vetch (Lozier 
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and Macrae, 2017; Cober et al., 2018; Cober et al., 2019). Higher WEP amounts were extracted 

from oat biomass sampled between February and April than from red clover (Lozier et al., 2017) 

which is the period between the snowmelt and rainfall runoff collection for this study.  

Unlike the sandy loam soils, the clay loam soils had greater DRP amounts in runoff from all cover 

cropped soils than the bare soils. The greater tissue P amounts reflected in the greater biomass of 

the crops grown on the clay loam soils likely accounted for these differences. This would also 

explain why oats and cereal rye had more DRP in their runoff than mustard on the clay loam soil 

(Table 5.4) as they had more P in their tissues (Table 5.2).  Again, it is also possible that mustard 

may have lost proportionally more P during the snowmelt. Cover crop contribution to higher DRP 

levels in runoff from vegetated soils have been reported (Miller et al., 1994; Bechmann et al., 2005; 

Elliott, 2013). Minimal DRP (2%) contribution to total P loss by the clay loam soil relative to the 

higher DRP contributions by cover crops grown on it (Table 5.5) shows the non-significance of 

the clay loam soil to DRP losses in this study. There is usually less DRP amounts lost to runoff 

from fine textured soils than coarse textured soils due to their higher P sorption and buffering 

capacities (Zheng et al., 2003; Wang et al., 2010; Duminda et al., 2016). Although extended 

reaction time between runoff water and fine textured soils could cause more DRP desorption into 

runoff solution (Wang et al., 2011), which might be true for the snowmelt losses in this study, it is 

not true for the short rainfall period. Our results indicate that there should be substantial amounts 

(average of ≥1305 kg ha-1) of cover crop biomass on the soil before they would make significant 

contributions to DRP losses in rainfall runoff after winter.  

Soil test P did not affect DRP amounts in the runoff collected from both soils (Table 5.3, p = 

0.0661 for sandy loam soils, p = 0.2290). This could be due to a combined effect of the lack  of 

STP impact on tissue P after removal from the soil surface, minimal contribution of DRP relative 
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to PP in the runoff and narrow range of STP  (10 – 34 mg kg-1 Olsen P) of the soils for this study.  

In addition, no tissue P difference by STP means no expected differences in DRP contributed by 

cover crops. Lozier et al., (2017) suggested that cover crops have very minimal contribution to 

runoff DRP and for that matter, DRP loss in runoff is largely controlled by soil water extractable 

P (WEP). However, DRP contribution by soil to this rainfall runoff is relatively low in relation to 

contribution by cover crops on the clay loam soils even after extraction of nutrients from cover 

crops by snow. There were wider margins of 50 to 300 mg kg-1 (Modified Kelowna Method: M 

NH4F, HOAc, M NH4OAc; and Mehlich-III : 0.2MCH3COOH, 0.25 M NH4NO3, 0.015 M 

NH4F, 0.013 M HNO3, 0.001 M EDTA) STP differences before DRP amounts or concentrations 

increased with STP of soils in Alberta (Wright et al., 2006; Little et al., 2007; Volf et al., 2007). 

In fact, in close margins of 5 to 20 mg kg-1, there was weak or no correlation between STP and 

DRP collected in rainfall runoff (Little et al., 2007, Volf et al., 2007). Little et al., (2007) found a 

change point between 30 – 50 mg kg-1 (Modified Kelowna Method: M NH4F, M NH4OAc) after 

which STP began to impact P losses in runoff. Studies in the USA and Ontario that predicted an 

increase in runoff DRP with STP involved soils with far wider ranges of STP than in the current 

study; 0 – 150 mg kg-1 Olsen P, 0 – 600 mg kg-1 Mehlich-3 P (McDowell and Sharpley, 2001a) 

and 0 – 150 mg kg-1 Olsen P, 0 – 500 Mehlich-3 P (Wang et al., 2015). Change points of >185 

mg kg-1  Mehlich-3 P and > 35 mg kg-1  Olsen P resulted in significantly higher increases in DRP 

with STP (McDowell and Sharpley, 2001a).  After studying the P sorption behaviour of 60 soils 

from different regions in Ontario, Wang et al., (2015) predicted that DRP increases in runoff 

would be associated with soils of STP > 30 mg kg-1.   
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5.4.3.2 Particulate phosphorus (PP) release in runoff 

Although PP in runoff from cover cropped soils were equal to that of the bare sandy soils (Table 

5.3, p = 0.1489), lesser amounts were found relative to the that of the bare clay loam except for 

mustard treatment (Table 5.3 (p = 0.0103) and Table 5.4). The similar and low amounts of biomass 

for the cover crops on the sandy loam soils implies that sufficient cover may have not been 

provided by the cover crops to slow and filter out sediments from the runoff.  On the clay soil, 

greater overall biomass amounts and cover crop treatment differences did significantly impact PP 

losses in runoff. Relative to bare soils, oats and cereal rye reduced the amounts of PP in runoff by 

54 and 40% respectively, for the clay loam soil. There was about 30 to 40% more PP in the runoff 

from bare sandy soils, which suggests higher amounts of sediments in them than runoff from the 

cover cropped soils, but due to variability it was not enough to cause a significant difference.  

Such variability may arise from the simulated nature of the study. Particulate P tends to be greater 

in laboratory simulated than field studies due to relatively high kinetic energy of runoff water 

(Nash et al., 2002). It would be expected that higher STP indicates higher amounts of P attached 

to soil particles and thus comparable soil loses would result in greater PP loss. For the sandy loam, 

runoff from the medium-high STP soil had more PP than did runoff from lower STP soils (Table 

5.4). For the clay soil, however, Particulate P was not influenced by STP, although numerical 

values were slightly higher for higher STP values.  

5.4.3.3 Total phosphorus (TP) release in runoff  

On the sandy loam soils, there was an interaction between cover crop and STP on the amount of 

TP contained in the runoff (Table 5.3). There was no change or small non-significant change (0.17 

- 6.46 g ha-1) in TP as STP increased in the cover cropped soils, and there was wider changes 

(10.99 – 22.46 g ha-1 ) in TP as STP increased in the bare soils (Fig 5.2 A). Increasing TP with 
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STP has been reported (Little et al., 2007; Schroeder et al., 2004). Almost all P in the runoff from 

the bare soils were in PP forms (Table 5.5), which emphasizes the earlier assertion of more PP 

detachment from soil surfaces into solution as STP increased. On bare soils that have not received 

manure or fertilizer, PP typically controls TP amounts in rainfall runoffs. Also, runoff from low 

STP soils planted with oats contained higher amounts of TP than did that from the bare soils with 

the same STP. This might be due to the higher proportion (40%) of DRP contributed by oat 

residues to the runoff from their soils.  

There was only a cover crop effect on TP in runoff from the clay loam soils (Table 5.3) Higher 

amounts of TP were observed in the runoff from the soils grown with oats than the other cover 

crops and bare soils (Fig 5.2 B). Some studies have found higher TP amounts from cover cropped 

soils than bare soils (Little et al., 2007; Cober et al., 2019). Our higher TP in runoff from a soil 

with vegetation than bare soil contradicts many reports (Bechmann et al., 2005; Roberson et al., 

2007; Elliott, 2013). An explanation to this contradiction is the loss of P in earlier snowmelt and/or 

the amount of DRP contributed by oats to the TP in runoff, although other site or soil specific 

characteristics maybe be important as well.  Given that the oat cropped soil runoff contained DRP 

amounts that were 130 to 2200% more than the other cover crops and the control,  DRP addition 

to TP by oats was 30% compared to 2, 9 and 20% in bare soils, cereal rye, and mustard, respectively 

(Table 5.5). Unlike the sandy loam soils, TP amounts were not affected by STP on the clay loam 

soil, although the effect was significant at P= 0.067 (Table 5.3) and the trend was for greater 

numerical TP losses with greater STP values.  The outcome of our study disagrees with the results 

of Little et al., (2007) but may be the result of the relatively narrow STP ranges in our study. In a 

study by Liu et al., (2013), which used STP concentrations (7 to 23 mg kg-1 Olsen P) within the 

STP range of our study, soil P did not significantly drive P losses in snowmelt runoff and was 
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attributed to the narrow STP range. The findings of this study show that close range of 11 to 32 

mg kg-1 STP influence TP loads in runoff from sandy soils but not from clays. 
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Table 5. 3 Anova - Significance of soil test phosphorus (STP), cover crops, and round of runoff 
collection on dissolved reactive phosphorus (DRP) (g ha-1), particulate phosphorus (PP) (g ha-1), 
and total phosphorus (TP) (g ha-1) in rainfall runoff following snowmelt from cover cropped soils 

  Sandy loam  Clay loam 

Treatment df DRP PP TP  DRP PP TP 

Main effects         

Cover crops (CC) 3 < .0001 0.1849 0.0163  < .0001 0.0103 0.0009 

Soil test P (STP) 2 0.0661 0.0033 0.0002  0.2290 0.8810 0.0676 

Round of Runoff (RoR) 1 0.3832 0.3180 0.2927  0.0908 < .0001 < .0001 

2-way interactions         

CC x STP  6 0.0750 0.1039 0.0049  0.3804 0.7020 0.4099 

CC x RoR 3 0.3026 0.5555 0.4085  0.5869 0.3611 0.3470 

STP x RoR 2 0.9046 0.4639 0.0932  0.7797 0.6361 0.7106 

3-way interaction         

CC x STP x RoR 6 0.2464 0.4670 0.2604  0.1152 0.1028 0.1035 

Bolded indicates significant difference. p = 0.05 
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Table 5. 4 Means showing the effects of soil test phosphorus (STP) and cover crop species on 
dissolved reactive phosphorus (DRP) (g ha-1), and particulate phosphorus (PP) (g ha-1), in rainfall 
runoff following snowmelt from cover cropped soils. Standard errors are shown in parenthesis 

Sandy loam soil  Clay loam soil 

 

 DRP PP   DRP PP 

Crop g ha-1  Crop g ha-1 

Control 4.22b (0.89) 61.06a (6.85)  Control 2.02d (0.39) 100.2a (9.32) 

Oats  30.92a (7.23) 46.52a (6.50)  Oats  47.10a (9.02) 63.26b (8.84) 

Cereal rye  6.74b (1.60) 39.64a (6.91)  Cereal rye  21.14b (4.48) 59.74b (9.28) 

Mustard 

 

8.94b (1.79) 47.52a (6.49)  Mustard 

 

8.22c (1.57) 86.18ab (8.8) 

STP    STP   

Low 7.16a (2.69) 44.06b (6.10)  Low 8.94a (1.54) 74.18a (7.68) 

Low-

medium 

9.16a (1.67) 43.08b (5.62)  Medium 12.14a (2.00) 79.20a (7.62) 

Medium-

high 

 

13.68a (1.29) 69.12a (5.65)  High 13.48a (2.33) 78.6a (8.23) 

a-c Means followed by same letter under each parameter are not significantly different from each 

other.   
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Table 5. 5 Percentage of dissolved reactive phosphorus (DRP) (g ha-1), and particulate 
phosphorus (PP) (g ha-1) in rainfall runoff following snowmelt from cover cropped soils  

 Sandy loam soil  Clay loam soil 

Crop DRP(% RP) PP(% RP) DRP(% PTP)  DRP(% RP) PP(% RP) DRP(% PTP) 

Control 7 x101 -  2 95 - 

Oats 40 60 0.64  30 41 0.27 

Mustard 14 77 0.13  9 82 0.14 

Cereal rye 14 73 0.08  20 55 0.16 

x PP was almost equal to TP. This makes DRP + PP slightly exceed 100 %.  

Subscript: (% RP) – Percentage relative to runoff total P. (% PTP) – Percentage relative to plant 

tissue P 
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Fig 5. 2 Effects of cover crop species and STP on TP amounts in runoff from cover cropped 
soils. Graphs followed by same letter are not significantly different from each other. A (Sandy 
loam soil), and B (Clay loam soil). Bars on graphs represent standard errors. 
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5.4.3.4 Relationship between phosphorus in plant tissue, runoff and soil  
 

There was as strong positive correlation between cover crop tissue P and runoff DRP for the clay 

loam soil, but not for the sandy loam soil (Table 5.6). This suggests that with sufficient amounts 

of biomass P (as for the clay loam soil) a significant relationship between biomass P and DRP in 

runoff can be identified, while biomass P values below a critical threshold (as for the sandy loam) 

do not appear to impact DRP losses in rainfall runoff after snowmelt.  Studies conducted in 

Saskatchewan have reported a similar relationship and less DRP from wheat stubble that had small 

amounts of tissue P (Elliott 2013). Since biomass amount was the driver for cover crop tissue P 

content and DRP amounts in this study, and tissue P for another study (Cober et al., 2019), attention 

is needed on the amount of biomass cover on the soil in managing P losses over the NGS.  

To establish effectiveness of soil P contribution to runoff, relationship between STP of the soils 

just after runoff and runoff DRP and TP was considered. Only DRP of the sandy loam soils had a 

significant but weak positive linear relationship with STP (Table 5.6). As indicated earlier, the 

STP ranges of 11 to 32 mg kg-1 of soils in this study might be the reason for the no and weak linear 

relationship between STP and runoff P.  These results are somewhat similar to the findings of 

Wang et al. (2010), in that for Ontario soils with STP values below 37 mg kg-1 had very little 

impact on the DRP concentrations in runoff.   These relationships highlight cover crops as the 

major source of DRP in spring rainfall runoff following snowmelt than from the soil when there 

is abundance of cover crop biomass on soils with STPs within the range of this study (11 to 32 mg 

kg-1 Olsen P)  
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Table 5. 6 Pearson’s correlation coefficients between phosphorus in plant P (g ha-1) and STP 
(mg kg-1) with runoff dissolved reactive P (g ha-1) and runoff total P (g ha-1) 

Soil Variable Runoff Dissolved Reactive P Runoff Total P 

  r p - value r p value 

Sandy loam Plant P 0.19 0.2905 -0.08 0.6491 

 STP 0.35 0.0203 -0.23 0.1286 

      

Clay loam Plant P 0.72 <.0001 0.52 0.0028 

 STP 0.15 0.3403 0.15 0.3403 

 
Bolded indicates significance. p = 0.05.  STP = Soil test phosphorus 
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5.5 Conclusion 
 

Rainfall runoff following a snowmelt released amounts of DRP that were relatively small 

compared to that in snowmelt as reported by others.  This is likely due to longer contact time 

between snowmelt waters and vegetation and/or soil for P mobilization, and to lower water 

infiltration of frozen surface soil during snowmelt runoff and thus higher runoff volumes. Cover 

crops increased DRP amounts in rainfall runoff following snowmelt, and the effect was more 

significant on clay loam soils than on sandy loams. Even with smaller biomass cover on soils 

relative to standard cover and a probable loss of P to snowmelt, oats increased the quantity of DRP 

in runoff from the sandy soil, and when this would pose a greater risk for P loss later in the spring 

than would the other cover crops.  Unfortunately, without the snowmelt runoff values, it cannot be 

determined if this is a net increase in risk (i.e. entire spring season) or simply a delayed risk. On 

clay loam soils, cover crops present a potential threat to rainfall induced P loss even after 

snowmelt. The contribution of cover crops to runoff TP depends upon the soil and may be higher 

on clay loam soils than sandy loams. Although mustard cannot survive winter, it may be more 

promising as winter cover against rainfall runoff following snowmelt as its smaller biomass size 

and tissue P amount caused it to release lesser quantities of DRP to runoff than did the other crops 

on the clay loam soils and even equal amounts as the bare sandy loam soils. The order of P release 

reflects cover crop biomass total P and sensitivity to FTC, though less than 1% of their biomass P 

is released as DRP.  

Increase in STP within the range of this study (10 – 32 mg kg-1) did not add extra DRP to rainfall 

runoff following spring snowmelt and therefore may not be of immediate concern to surface water 

quality. However, STP influenced quantities of TP in bare sandy loam soils but not clayey soils. 

Although snowmelt runoff was not collected, the usually higher DRP proportion (48 to > 90%) in 
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such runoffs (Bechmann et al., 2005; Little et al., 2007; Cober et al., 2019), which is mainly 

contributed by vegetation, implies that our STP ranges may still not impact their DRP amounts 

since STP did not affect tissue P amounts. In fact, STP did not have an effect on biomass P amounts 

whereas other studies established such differences with a wider range in STP. The increase in 

runoff PP and TP by STP in the runoff from the sandy soils calls for attention since PP can be 

desorbed from the soil surface into waterbodies over time which would lead to higher DRP levels 

in waterbodies. 

Runoff TP amounts decreased with time in clay loam soils indicating its ability to bind P when P 

is not saturated. Therefore, sandy soils present a higher threat to total P losses even in extended 

runoff periods.  

To address the problem of eutrophication in surface waters, cover crop species selection, and soil 

texture are essential. Oats presents a longer term threat than mustard and cereal rye in spring 

rainfall runoff P losses. Cover crops can minimize STP influence on total P loss in runoff from 

sandy loam soils and reduce runoff PP in clay loam soils, thus, they would appear to be beneficial 

for PP and TP control on these soils.  
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CHAPTER SIX 

6.0 Influence of herbicide application, soil test phosphorus and cover crop species on 

phosphorus loss in seasonal rainfall runoffs 

6.1 Abstract 
 

Despite their control of sediment-bound phosphorus (P) losses, cover crops release dissolved 

reactive P (DRP) when their cells are ruptured by freeze-thaw cycles (FTC) or killed by 

herbicides. The contribution of this DRP to runoff would presumably be affected by timing (fall 

vs spring) of the runoff as well as by potential interactions between cover crop P content and soil 

test P (STP). This experiment examined the effects of herbicide termination of winter survival 

cover crops, STP and runoff season on DRP contained in simulated rainfall runoffs. Simulated 

rainfall runoff was collected in the non-growing season (NGS) of both fall and early spring from 

late summer seeded red clover and cereal rye grown on soils with varying STP (low = 10 

medium = 20, and medium = 30 mg kg-1). The crops were grown in runoff boxes (100 L x 20 W 

x 7.5 H cm) and half of them were sprayed with glyphosate (540 g L-1 active ingredient) three 

weeks prior to fall runoff collection. Runoff water was analyzed for DRP, total P (TP) and total 

suspended solids (TSS). Particulate P (PP) was calculated as the difference between TP and 

DRP. More runoff DRP was collected in fall (6.77 g ha-1) than winter (0.8 g ha-1), indicating a 

negligible impact of winter conditions on P release in the spring simulated rainfall event. 

Application of glyphosate completely killed the cereal rye and increased the amount of DRP in 

runoff, however, it only had a moderate impact on red clover and consequently no detectable 

influence on DRP in runoff. Higher DRP amounts were observed in runoff from cereal rye 

compared to that from bare soils and red clover for both herbicide and non-herbicide treatments, 
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and reflected the higher tissue P and biomass amounts of cereal rye. While cover crops reduced 

total suspended solids (TSS) in runoff, this did not translate into lower TP amounts with cereal 

rye due to increased losses of DRP in the fall runoff. Therefore, red clover is recommended for P 

risk management in runoff from agricultural lands. Managing crop biomass size and leaving it to 

grow through the winter is a potential best management practice (BMP) to reduce rainfall runoff 

P losses in the winter. Runoff P loss was not affected by the STP ranges of this study. Runoff 

DRP amounts represented less than 1% of plant tissue P, were relatively low (0.002 – 0.012 mg 

L-1) and even below levels of eutrophic concern (< 0.03 mg L-1) to fresh waterbodies, indicating 

a possibility of cover crops not being a problem to eutrophication if rainfall runoff is the 

transport medium. However, this simulated study sets the stage for further field investigations.   
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6.2 Introduction 

Environmental P management has involved cover cropping to reduce erosional P losses from 

agricultural fields, especially in the nongrowing season (NGS). Cover crops are able to impede 

speed of running water, filter nutrients and sediments, reduce impact of rain splash, improve 

infiltration, and decrease runoff volumes (Dabney et al., 2001; Thorup-Kristensen et al., 2003; 

Ryder and Fares; 2008). However, rupturing of cover crop cells by winter freeze-thaw cycles 

(FTC) causes them to release dissolved reactive P (DRP) to runoff and leachates (Timmons, 

1970; Miller et al., 1994; Bechmann et al., 2005; Roberson et al., 2007; Elliott, 2013; Riddle and 

Bergstrőm, 2013; Cober et al., 2018) implicating them as potential threats to the quality of 

surface waters including Lake Erie, the most severely affected by eutrophication among the 

Great Lakes of Canada and USA.  

Many of these studies are extrapolations from laboratory water extractions of P (Timmons, 1970; 

Bechmann et al., 2005; Roberson et al., 2007), simulated runoff (Miller et al., 1994; Bechmann 

et al., 2005; Elliott, 2013; Riddle and Bergstrőm, 2013), and field studies (Timmons et al., 1970; 

Burwell et al., 1975) within colder climates than southwestern Ontario. The degree of cell 

damage is affected by extremities of FTC temperatures (Steponkus et al., 1983) which 

subsequently affects P release from cover crops (Cober et al., 2018). For instance, Cober et al., 

(2018) found higher WEP released from cover crops subjected to FTC temperatures of colder 

regions (-18 to 10°C) whereas mild temperatures under snowpack in temperate climates (-4 to 4 

oC) did not impact on P release.  

While laboratory extractions may not truly reflect the actual level of risks with cover crops, the 

known field study within southern Ontario had setbacks such as inability to collect runoff due to 

runoff direction and topography of the site (Lozier et al., 2017). The region of Waterloo has 
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more snowpack which may provide more insulation for crops and soils than the area in 

southwestern Ontario nearer Lake Erie. Thus, a simulated study on cover crop DRP losses to 

runoff that mimics the prevailing weather and soil conditions within the region could reveal if 

cover crops pose serious threats, and therefore set the stage for further field testing.  

Although runoff is the major transport mechanism of P from agricultural fields to surface waters, 

the agent of transport (snowmelt vs rainfall) and period of runoff are critical to the levels of P  

transported (Burwell et al., 1975; Little et al., 2007; Tiessen et al., 2010; Ball Coelho et al., 2012; 

Lozier et al., 2017). Limited infiltration into frozen soils causes large volumes of runoff and 

nutrient losses in snowmelt runoff (Burwell et al., 1975; Little et al., 2007; Macrae et al., 

2007a,b; Tiessen et al., 2010; Ball Coelho et al., 2012; Elliott 2013). Site specific conditions 

such as topography, plant species, and cover crop management (fall terminated with herbicide, 

winter killed etc.) may cause rainfall runoff to be more significant to P losses after few FTC 

either in the fall or winter. For instance, one would expect DRP released from cover crops on 

sloping lands to be primarily related to biomass P extracted at time of either by snowmelt or 

rainfall directly on the biomass cover.  In contrast, snowmelt ponded in depressions and not able 

to runoff or readily infiltrate the soil surface may result in a greater contact time with cover crop 

biomass and thus extract more P (Lozier et al, 2017; Cober et al., 2019). Subsequent rainfall that 

exceeds this surface storage capacity for water would then presumably flush some of the   P 

enriched ponded water out of the field.  

Cover crop species can also affect the amount of P contained in the biomass as well as the 

amount released upon FTC.  Laboratory water extractable P (WEP) was extracted from frost 

intolerant species such as oat and oil seed radish than frost tolerant species (red clover, cereal 
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rye, and hairy vetch) after subjecting to artificial (Cober et al., 2018) and natural FTC in the fall 

(Lozier et al., 2017; Cober et al., 2019). 

The dynamics of FTC is influenced by climate change, primarily through its effect on the amount 

of snowpack (Henry, 2008). Higher degree of freezing and frequent FTC on soil and vegetation 

are expected in the absence of insulation by snow cover. In recent years, diminishing snowpack 

is very noticeable in southwestern Ontario, thus, winter rainfall may be a significant transporter 

of P after cover crops cells are lysed by winter FTC. Information on the interaction between 

cover crops and rainfall runoff in the fall and winter is lacking for this area. 

Cover crops are either terminated chemically with herbicide application, mechanically through 

tillage or through winter kill for non-winter surviving crop species.  Timing and method of 

termination could potentially impact release and transport of P from the crop tissue.  Fall 

termination by herbicide with crop residues left on the soil or allowed to grow through the non-

growing season especially for winter survival species to provide soil cover throughout the period. 

More P was extracted from red clover after glyphosate application (Lozier et al., 2017) whereas 

runoff from living vegetation released higher P amounts in runoff than senescing wheat stubble 

owing to higher tissue P amounts and  moisture content. (Elliott, 2013). However, drying alfalfa 

biomass at 60°C for 48 h in forced air dryer released higher levels of P from it than  FTC (24 h at 

-5°C  followed by 24 h at 23°C), freezing alone (24 h at -5 o C), and no freezing (Roberson et al., 

2007). In the same study, applications of paraquat simulated the effects of drying on DRP and 

total dissolved P (TDP). Glyphosate works by rapidly translocating through water pathways 

(phloem cells) to accumulate in roots and shoots of plants (Segura et al., 1978) which kills the 

plants after interfering with enzymatic processes. The death of plants is characterized by 

dehydration and desiccation, conditions explained by Roberson et al., (2007) to enhance nutrient 
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release more than FTC. Combined effects of fall FTC, and plants that die after fall herbicide 

application may accelerate nutrient release from residues in the fall, but uncertainty remains on 

degree of impact of such releases relative to impact by winter FTC. 

 Cover crop selection is essential for managing P losses to runoff since different species respond 

to FTC and herbicides differently. Differences in WEP extracted from cover crop biomass and 

runoff DRP from cover cropped soils after FTC have been documented (Timmons et al., 1970; 

Burwell et al., 1975; Miller et al., 1994; Elliott, 2013; Riddle and Bergstrőm, 2013; Cober et al., 

2018). Frost tolerant cover crops such as red clover and cereal rye released less P than non-

winter surviving species, oats and radish (Lozier and Macrae, 2017; Cober et al., 2018, 2019). 

Winter survival species have developed mechanisms such as production of cold induced genes, 

formation of carbohydrate barriers, stabilization of plant membranes and regulatory effects0 on 

dehydrin production to resist cold stress (Santarius, 1973; Bachmann and Keller, 1995; Koroleva 

et al., 1998; Gilmour et al., 2000; Reza Tabaei-Aghdaei et al., 2003; Livingston et al., 2006; 

Pearce et al., 1998). Tissue hardiness distinguishes between P amounts extracted from different 

cover crops ( Steponkus et al., 1983; Livingston et al., 2006).  

The amounts of TP and DRP measured in snowmelt runoff were positively related to the tissue P 

amount of cover crops (Elliott, 2013). Since tissue P amount is dependent on biomass amount 

and P concentration, the different amounts of biomass and P uptake capacity will vary their 

tissue P amounts and consequent release to runoff. Also, some species are more resistant to 

herbicides than others (Segura et al., 1978) which will vary the amounts of P they will release 

before and after FTC. Segura et al., (1978) found less sensitivity of red clover to glyphosate than 

Italian ryegrass which they attributed to less translocation of 14 C in glyphosate to the roots and 

apical regions of the crop. In fact, glyphosate rates less than 0.4 kg ha-1 did not affect dry matter 
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production of two-month old red clover after 30 days of application but did for Italian ryegrass. 

Cereal rye and red clover are two common winter surviving cover crops grown in southwestern 

Ontario, thus, they become relevant when evaluating cover crop response to FTC and herbicide 

with respect to their P release to runoff.  

Soil test P, an analysis commonly used to evaluate an indicator of P that are of concern to water 

quality, has been found to have strong positive relationship with soluble or bioavailable P in 

runoff and leachates (Paulter and Sims, 2000; McDowell and Sharpley, 2001; McDowell et al., 

2001; Maguire and Sims, 2002; Schroeder et al., 2004; Wright et al., 2006; Little et al., 2007; 

Wang et al., 2010, 2012). Addition of higher levels of P increases rate of desorption  (Raven and 

Hosner, 1994) and consequently amounts of P in solution (Raven and Hosner, 1994; Xu et al., 

2014; Bai et al., 2017). Even optimum STP levels for crop growth (30 mg/kg Mehlich – 3 P 

(Pote et al., 1996) and 50 mg/kg Bray – 1 P (Sibbesen and Sharpley, 1997) could release levels 

of DRP that are of concern to water quality (McDowell et al., 2001). 

In the presence of vegetation, the influence of STP on runoff P losses could come from the 

aforementioned direct soil contributions and indirectly from influencing tissue P amounts of the 

vegetation that may be released to runoff. Greater STP levels may produce greater biomass 

and/or tissue P contents (Singer et al., 2008; White and Weil, 2011; Liu et al., 2015). 

Consequently, elevated amounts of P may be released from cover crops after decay or FTC to 

soils on which they are grown. Under a no till system, increased cover crop biomass P  addition 

by cover crops with greater biomass P promoted P build up in the surface soil layer (White and 

Weil, 2011), which would presumably enhance DRP losses in soil runoff.  Greater P amounts in 

runoff and leachates after FTC owing to greater biomass P of cover crops have been reported 

(Miller et al., 1994; Bechmann et al., 2005; Elliott, 2013; Riddle and Bergstrőm 2013). However, 
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the interaction between cover crops and soils of varying STP on P losses to runoff is 

inadequately explored. 

With respect to the background information provided, it is important to explore the effects of 

STP, cover crops, herbicide application and time of rainfall runoff, and their interactions on P 

transported by runoff. Such information are essential assets to the management of P to water 

quality protection of surface waters. 

6.2.1 Objectives 

 To determine the effect of STP on cover crop biomass amounts and P concentrations,   

 To investigate the effects of STP and cover crop species (cereal rye, and red clover) on 

the partitioning and amounts of DRP, total dissolved P (TDP) and TP lost in fall and 

subsequent spring rainfall runoffs, 

 To determine the effects of fall herbicide application and cover crop species on the 

partitioning and amount of DRP, TDP, and TP lost in fall and subsequent spring rainfall 

runoff, and 

 To determine if the P content of cover crops reflects the DRP amount in rainfall runoff 

collected from them in the fall and spring. 
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6.3 Methods 
 

6.3.1 Preparation of soil in runoff boxes 

Research plots from previous research studies conducted on the University of Guelph Ridgetown 

Campus Research Station in Ridgetown, southwestern Ontario were used for this experiment. 

The site is characterized by Brookston clay loam (Ortho Humic Gleysol) which has received 

inputs of varying amounts of P over a several years (2004-2007) (Ribey and O’Halloran 2016). 

The experimental plots were mapped out and sampled to identify areas where the STP values 

were approximately 10, 20 or 30 mg P kg-1 representing low, medium, and high STP levels.  

In August of 2017, 24 runoff boxes (in chapter 5, Fig 5.1) per each STP range (72 boxes in total) 

were buried such that the top of the runoff box was at the soil surface. Each box consisted of a 

metal mesh on all its faces including the bottom to allow aeration, water drainage and plant roots 

penetration. Cover crops were planted on the buried boxes in September, but growth was 

extremely poor by the time of a killing frost in mid-November. Since not enough biomass cover 

was obtained to continue the study that year, the boxes were removed from the field in late 

November and stored in an outdoor shelter until further use.  

6.3.2 Treatment establishment 

In July 2018, each box was wrapped on the sides with about 1-mm thick plastic to prevent 

moisture loss from the sides of the box. Runoff boxes from each of the three STP levels were 

grouped into two – “herbicide treatment” and “no herbicide treatment”. Three cover crop 

treatments – no cover (control), cereal rye and red clover were applied to establish a 2-herbicide 

x 3-cover crop x 3-STP design with four replicates. The boxes were arranged in a randomized 

complete block design and placed outside. Cover crops were hand seeded on the boxes at 10 
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kg/ha for red clover, and 67 kg/ha for cereal rye (OMAFRA recommendation) on July 27, 2018. 

Both cover crops germinated 5 to 6 d after seeding. Boxes were watered at 3-d intervals when 

required.  

6.3.3 Biomass sampling 
 

Above-ground biomass was sampled from each box by clipping plants in a representative 10 cm 

x 20 cm area at the soil surface on October 25, 2018 for analysis of plant tissue P and biomass 

assessment. The plant material was dried at 60°C for 3 days in an oven, and ground before 

analysis. 

6.3.4 Herbicide application  

Boxes were moved into the greenhouse on October 31, 2018 and herbicide (glyphosate 540 g L-1 

active ingredient) was applied at 1.66 L ha-1 to the herbicide treatment boxes one week later.  

Rates were based on OMAFRA recommendation for 15 – 30 cm height of cereal rye as 

suggested by Robinson and Callow (2013). While the cereal rye appeared to be completely killed 

within 3 weeks of herbicide application, some boxes with red clover did not die completely. All 

boxes received moderate quantities of water intermittently to prevent the soil from drying out, 

but care was taken to minimize potential nutrient losses from vegetation and soil by leaching 

water.  

6.3.5 Runoff collection 
 

Pre-winter runoff collection in the greenhouse was done from December 7 to 13, 2018 before 

boxes were exposed to winter FTCs (section 5.3.4) and a second runoff (post-winter) was 

collected from March 25 to 28, 2019. A structurally modified NPRP (2001) protocol was used 

for the rainfall simulation. Briefly, a FULLJET 3/8 HH SS 24 W installed on a metal frame was 
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raised at 3 m above the runoff boxes and set to simulate a rainfall intensity of 50 mm/h 

(approximately 1 in 10 year of return in Ontario) by a water pressure controller. 

The metal runoff boxes together with their content were placed sealed in wooden boxes set on a 

5% slope platform to direct runoff into collection bottles. Two sets of approximately1000 mL 

each (making a total of 2000 mL) of runoff were collected from each box in both fall and spring. 

Runoff samples together with soils collected in March (after post winter runoff collection) were 

immediately taken together with the runoff samples to the laboratory for further analysis.  

6.3.6 Laboratory analysis 

Laboratory analysis of runoff samples, plant tissue biomass and soil followed procedures 

explained at sections 5.3.7. and 5.3.8 of chapter 5.  

6.3.7 Statistical analysis 
 

A generalized linear mixed model procedure (GLIMMIX) in SAS version 9.4 (SAS institute Inc., 

2012) was used to analyse all data. Fixed effects were cover crop species, STP, and FTC with 

blocks (replicates) as random effects. Fixed and random effects were tested with F-test and 

homogeneity test respectively. A repeated measure covariance structure was used introduced as 

random statement to correct correlated errors since dependent variables were repeatedly 

measured in the second (winter) season. Different covariance structures were entertained till the 

one that fits most normality assumptions and with the smallest Akaike Information Criterion 

(AICC) was identified and subsequently deployed.  

Various tests to pass the assumptions of the GLIMMIX procedure, such as formal test of 

studentized residuals and residual plots were ran to test for normality and homogeneity of error 

variance. Except for tissue P amount, lognormal distribution was applied to all parameters since 
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they were not normally distributed. Kenward-Roger adjustment (ddfm=kr) was added to the 

model statement to correct standard error bias by adjusting the denominator degree of freedom.   

Least significant means were calculated to show treatment significance at type 1 error of P≤ 0.05 

for all parameters and were separated using Tukey-Kramer multiple mean comparison with letter 

codes generated by pdmix800sas macro. Empirical Best Linear Unbiased Prediction (EBLUP) 

was used to test for outliers but none were found.  
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6.4 Results and Discussion   

 

6.4.1 Biomass production and phosphorus uptake 

Cover crop treatment was the only significant factor observed to impact biomass amount (Table 

6.1, p <.0001), where cereal rye produced more biomass than did red clover (Table 6.2). The 

biomass amounts in this study were similar to other reports with the same crops but a month 

younger (White and Weil, 2011; Cober et al., 2018, 2019). The STP effect (both main and 

interactions) for cover crop biomass was not significant, indicating P availability was not a limiting 

factor for plant growth under these experimental conditions.  Although Liu et al. (2015) reported 

greater cover crop biomass at greater STP, the observed result in this study is consistent with 

previous studies reported in Chapters 4 and 5 of this thesis. One contributing factor could be the 

STP ranges of this study (10 – 30 mg kg-1 Olsen P) for which there is a moderate to low expected 

crop response to applied P fertilizer (OMAFRA, 2009, Publication 811).  Thus, this range in STP 

may be not be enough to cause significant changes in the cover crops biomass. On one 

experimental site, Liu et al. (2015) reported significantly higher amounts biomass of cover crops 

grown on soils with STP of 142 mg kg-1 than that with STPs of 50 and 40 mg kg-1 (ammonium 

lactate extraction). On another site of the same experiment, such crop differences were not 

observed for soils with closer STP ranges of 34 and 39 mg kg-1.   

The average P concentration of the cover crops, 2.73 g kg-1, is similar to ranges in other reports 

(White and Weil, 2011; Liu et al., 2015) and was not influenced by any treatment or treatment 

interactions (Table 6.1). However, differences in tissue P concentration have been reported for 

cover crops that were grown on soils with wider STP range (41 – 142 mg kg-1 -- ammonium lactate 

method) (Singer et al., 2008; Liu et al., 2015). Cereal rye accumulated higher amounts (kg ha-1) of 

P in its tissue than red clover, a reflection of its higher biomass amount (Table 6.2). Thus, biomass 



206 
 

amount was the determinant factor that distinguished the total tissue P amounts between the two 

crops. A similar finding was made by Cober et al., (2018) and this observation is consistent with 

previous results presented in this thesis. Other researchers have reported lower tissue P amounts 

in red clover than grasses like oat and cereal rye (Lozier et al., 2017; Cober et al., 2018, 2019).  
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Table 6. 1 ANOVA for the effect of soil test phosphorus (STP) and cover crop species on 
biomass amounts, tissue P concentration and tissue P amounts (kg ha-1) of cover crops  

Fixed effects df Pr > F 
 
 

  Biomass amount Tissue P conc Tissue P amount 

Main Effects     

Cover crops (CC) 1 < 0.0001 0.8109 0.0001 

Soil test phosphorus (STP) 2 0.0839 0.9039 0.8168 

Herbicide Treatment (HT) 1 0.7088 0.5681 0.5911 

2-way Interactions     

CC x STP 2 0.3293 0.2494 0.1132 

CC x HT 1 0.8322 0.4850 0.9717 

STP x HT 2 0.3813 0.4865 0.1539 

3-way Interactions     

CC x STP x HT 2 0.6399 0.7022 0.3064 

Bolded indicates significant effect. p= 0.05. Conc - Concentration 
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Table 6. 2 Effect of soil test phosphorus (STP), cover crop species and herbicide application on 
biomass amount, tissue P concentration and tissue P amounts of cover crops. Values in 
parenthesis are standard errors 

Treatment Biomass amount 

kg ha-1 

Tissue P Concentration 

g kg-1 

Tissue P amount 

kg ha-1 

Cover crops    

Cereal rye 2696a (153) 2.71a (0.244) 8.85a (0.703) 

Red clover 1412b (59) 2.62a (0.263) 3.96b (0.781) 

    

STP    

Low 2165a (134) 2.77a (0.268) 6.83a (0.754)  

Medium 1777a (103) 2.57a (0.348) 6.12a (1.274) 

High 1930a (123) 2.67a (0.305) 6.28a (0.539) 

    

Herbicide     

Herbicide 1977a (100) 2.57a (0.203) 6.13a (0.813) 

No herbicide 1925a (95) 2.86a (0.302) 6.70a (0.665) 

*a-b Means followed by same letter in each parameter (column) are not significantly different 
from each other 
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6.4.2 Phosphorus in runoff 

A comparison between the two 1-L volumes of runoff collected from each box revealed no 

differences between the two rounds for DRP and TSS amounts, although TP and PP amounts did 

decrease slightly from the first to second sample (results not shown). Due to our research interest, 

the data for the two rounds of runoff were summed for all parameters (DRP, TP and PP, and TSS) 

and statistically analyzed as total amounts on a per ha basis.  

6.4.2.1 Dissolved reactive phosphorus in runoff 

The amounts of DRP in runoff ranged from 4.15 to 24.6 and 0.45 to 4.91 g ha-1 for fall and spring, 

respectively, which are very low relative to other reports (Burwell et al., 1975; Bechmann et al., 

2005; Little et al., 2007; Elliott, 2013; Lozier et al., 2017; Cober et al., 2019), but comparable to 

results of chapter 5. This could be due factors such as medium of transport (rainfall versus 

snowmelt), FTC temperatures, and nature of the studies. There may be inefficient extraction and 

mobilization of nutrients from the plant materials due short contact time between the simulated 

rain and the plant material for the current study. In other simulated rainfall studies, 20 g ha-1 of 

DRP (Bechmann et al., 2005), 62 g ha-1 of TDP (Roberson et al., 2007) were collected from bare 

soils with even higher amounts from cover cropped soils. These studies  collected runoff for a 

minimum of 30 to 60 minutes (Bechmann et al., 2005; Roberson et al., 2007) allowing for more 

rainfall impact and soil-water interaction for potentially more P extraction. As high as 230 to 410 

g ha-1 of TDP was recorded in a snowmelt runoff from an active layer (0 – 5 cm) of soil (Elliott, 

2013) showing the effect of more contact time for efficient P extraction (Lozier et al., 2017). The 

higher range of FTC temperatures (Burwell et al., 1975; Bechmann et al., 2005; Roberson et al., 

2007) could cause severe damage to plant cells (White, 1973; Steponkus et al., 1983) for easy and 

more nutrient extraction especially by snowmelt (Little et al., 2007; Macrae et al., 2007a; Tiessen 
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et al., 2010; Elliott, 2013; Van Esbroeck et al., 2017) due to extended contact time for interaction 

between runoff water and vegetation (Little et al., 2007; Lozier et  al., 2017).  

The minimum and maximum monthly air temperatures recorded for the area of the current study, 

Ridgetown, was -5.5 and 3.7°C respectively (Environment Canada) (Appendix A), which is a 

narrow range relative to other study areas (Bechmann et al., 2005; Little et al., 2007; Elliott, 2013). 

The simulated nature of this study could even shorten the contact time relative to the field runoff. 

Higher kinetic energy of laboratory simulated, and plot scale rainfall runoff limits the interaction 

time between runoff and substrate (plant and soil) which causes less DRP mobilization in their 

runoffs relative to field scale (Nash et al., 2002, Little et al., 2007). In fact, less than 1% of crop 

tissue total P was measured as DRP in both fall and winter runoffs, whereas 15% was recorded by 

Bechmann et al. (2005). Since the bottom of our boxes were sealed, the faster runoff with relatively 

less P was intended to simulate what happens on soil with a frozen subsurface layer in the field. 

The effect of herbicide application on DRP losses to runoff varied by cover crop treatment as 

indicated by the significant CC x HA interaction (Table 6.3). Cereal rye gave a greater loss of DRP 

in runoff than either bare soil or red clover, whether herbicide was applied or not, and herbicide 

application increase the amount of DRP lost in runoff (Fig 6.1). The higher tissue P amounts in 

cereal rye and the effective termination of the cereal rye with herbicide likely accounted for this 

observation. Cover crop species influence on WEP from crop biomass and runoff DRP have 

previously been reported (Timmons et al., 1970; Burwell et al., 1975; Miller et al., 1994; Elliott, 

2013; Riddle and Bergstrőm, 2013; Cober et al., 2018). Higher DRP released by cereal rye 

indicates that it has greater risk to runoff P losses relative to red clover, thus, may warrant 

additional management measures to diminish such losses if this result is indicative of what happens 

in the field. As expected, herbicide application to the bare soil did not impact DRP losses (Fig 6.1).  
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Somewhat unexpectantly, DRP runoff losses from red clover were similar to the bare soil treatment 

and also not impacted by herbicide application. This suggests that red clover did not significantly 

enhance DRP losses compared to a bare soil, likely a reflection of its lower amount of biomass P.  

This herbicide effect for cereal rye agrees with Roberson et al. (2007) on the paraquat effect on 

DRP losses in runoff  from alfalfa. Desiccation and dehydration of plant biomass after herbicide 

killing enhances nutrient release from them even more than FTC (Roberson et al., 2007). The 

equal DRP amounts in runoff between the non-herbicide and herbicide treated red clover might 

be because of an inefficacy of the glyphosate on the red clover. There was observable mixture of 

brown and green red clover leaves (Plate 6.1) indicating partial killing by the glyphosate at the 

time of runoff. The increased resistance of red clover to glyphosate than Italian ryegrass has been 

documented (Segura et al., 1978). In southwestern Ontario where recently there has been little to 

no snowpack and subsequently less runoff during spring snowmelt, red clover might be a good 

option for soil cover in the winter since there is less DRP losses if rainfall is the medium of P 

runoff. In fact, less than 1 % of the tissue P of both crops was extracted as runoff DRP. This 

helps to explain the assertion that cover crops may not pose a potential risk to DRP losses 

relative to soil WEP under freeze-thaw conditions in Southern Ontario (Lozier et al., 2017).   

There were differences in seasonal (fall vs spring) DRP losses to runoff (Table 6.3) where higher 

amounts were lost in fall (6.77 g ha-1) than spring (0.80 g ha-1), although surprisingly, no significant 

interaction with cover crop or herbicide application was observed. Thus, the seasonal effect 

impacted DRP losses from the bare soil in a similar manner as the cropped soils, suggesting no 

measurable impact of FTC on the release of DRP to runoff induced by simulated rainfall.  It is 

reasonable that the already leached nutrient from the crops biomass in the fall might have 

contributed to the lower DRP amounts in the spring. Similarly, the application of herbicide had 
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the same effect on DRP losses in the fall and winter.  This was unexpected as it was anticipated 

that herbicide application would increase DRP losses in fall rainfall runoff, while plants not 

terminated by herbicide (i.e., only subjected to winter kill) would presumably show greater DRP 

in the spring rainfall runoff.  Inability of rainfall to mobilize P during winter has been suggested 

as the reason of no periodic changes in WEP from oats (Lozier et al., 2017). 

The STP values in this study did not influence the amount of runoff DRP in either a direct or 

indirect manner (Table 6.3).  It appears the STP margin (11 to 32 mg kg-1 Olsen P) used for this 

study is not wide enough to make any significant detectable direct contribution to runoff DRP. 

Differences in DRP runoff are usually associated with soils with wider STP margins -- 50 to 300 

mg kg-1; Modified Kelowna Method: M NH4F, HOAc, M NH4OAc; and Mehlich-III : 

0.2MCH3COOH, 0.25 M NH4NO3, 0.015 M NH4F, 0.013 M HNO3, 0.001 M EDTA (Wright 

et al., 2006; Little et al., 2007; Volf et al., 2007). Studies in Alberta found weak to no correlation 

in rainfall runoffs between STP and runoff DRP when the margin was as narrow as 5 to 20 mg 

kg-1 (Little et al., 2007, Volf et al., 2007), but a change point of 30 – 50 mg kg-1 (Modified 

Kelowna Method: M NH4F, M NH4OAc)  was the level after which DRP was influenced by 

STP (Little et al., 2007). Similarly predictions have been made with wider STP ranges in the 

USA and Ontario; 0 – 150 mg kg-1 Olsen P, 0 – 600 mg kg-1 Mehlich-3 P (Mc,Dowell and 

Sharpley, 2001) and 0 – 150 mg kg-1 Olsen P, 0 – 500 Mehlich-3 P (Wang et al., 2015) with 

change points of >185  mg kg-1 Mehlich-3 P and > 35 mg kg-1 Olsen (McDowell and Sharpley, 

2001a). Ontario soils are susceptible to higher DRP losses to runoff in soils with STPs higher 

than 37 mg kg-1 (Wang et al., 2015). From the results of the current study and others in Ontario, 

maintaining STP at high level (30 mg kg-1) could be recommended to boost main crop yield 

without environmental consequences to DRP losses in seasonal rainfall runoffs though a field 
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study may be needed to validate this assertion. Indirectly, the lack of and significant impact of 

STP levels in this study to increase plant biomass or tissue P concentration would imply little 

difference in risk of DRP losses from soils with less than 30 mg kg-1 bicarb P. 
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Table 6. 3 ANOVA - Significance of soil test phosphorus (STP), cover crops, herbicide 
application and runoff season on dissolve reactive phosphorus (DRP) (g ha-1), particulate 
phosphorus (PP) (g ha-1), total phosphorus (TP) (g ha-1) and total suspended solids (TSS) (mg L-

1) in rainfall runoff  

Fixed effects df Pr > F 

 

  DRP PP TP TSS 

Main effects      

Cover crop (CC) 2 <.0001 0.0163 0.016 0.0003 

Soil test phosphorus (STP) 2 0.1650 0.4109 0.5106 0.6838 

Herbicide Application (HA) 1 0.0281 0.0183 0.0132 0.7274 

Runoff Season (RS) 1 <.0001 0.2955 0.0149 0.4332 

2-way interactions       

CC x STP 4 0.8321 0.9576 0.7087 0.9648 

CC x HA 2 0.0438 0.1633 0.0855 0.1885 

CC x RS 2 0.1396 0.1993 0.0427 0.8870 

STP x HA 2 0.1511 0.3742 0.2028 0.3130 

STP x RS 2 0.8983 0.4828 0.3504 0.4549 

HA x RS 1 0.7111 0.7848 0.8188 0.3139 

3-way interactions      

CC x STP x HA 4 0.4550 0.3293 0.3129 0.7117 

CC x STP x RS 4 0.9924 0.3995 0.0862 0.6080 

CC x HA x RS 2 0.7577 0.7471 0.5810 0.5358 

STP x HA x RS 2 0.2353 0.2526 0.5668 0.8336 

4-way interaction      

CC x STP x HA x RS 4 0.5985 0.0936 0.1261 0.2486 

Bolded indicates significant effect p = 0.05 
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 Fig 6. 1 Herbicide and species effects on dissolved reactive phosphorus (DRP) in rainfall runoff. 
Graphs with the same letter (s) are not significantly different from each other. Bars on graphs 
represent standard errors. 
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6.4.2.2 Total and particulate phosphorus in runoff 

There were significant cover crop and herbicide application effects for PP (Table 6.3).   The cover 

crops similarly decreased the amounts of PP relative to the control (Table 6.4), suggesting potential 

benefit of the cover crops to reduce sediment bound P losses, which is supported by the lower 

amount of TSS found in the runoff (Tables 6.3 and 6.4).  The herbicide effect with respect to PP 

loss was consistent across the control and cover crop treatments (i.e., lack of a cover crop x 

herbicide interaction).  Glyphosate binds tightly to the soil and an application of 160 g ha-1 of P 

(18.3 % of P in 540 g L-1 active ingredient of glyphosate applied at 1.66 L ha-1) suggests that the 

increase in PP may be due to the herbicide itself. 

The net changes in DRP and PP losses are reflected in the TP losses. There was cover crop by 

season interaction for the amount of TP lost in runoff (Table 6.3).  The seasonal effect was only 

significant for the cereal rye where greater total P was lost in fall compared to winter (Fig. 6.2).  

The red clover displayed a similar trend, but the difference between fall and winter was not 

significant, and the control treatment gave almost identical amounts for the two runoff sampling 

times. Equal amounts of TP between runoff from cover cropped and bare soils is not in agreement 

with other reports (Bechmann et al., 2005; Little et al., 2007; Roberson et al., 2007; Elliott, 2013; 

Cober et al., 2019). Higher runoff TP is either shifted to bare soils (Bechmann et al., 2005; 

Roberson et al., 2007; Elliott, 2013) due to PP loss increases or to runoff from cover crops (Little 

et al., 2007; Cober et al., 2019) due to increase in DRP.  Although there was cover crop protection, 

the lack of infiltration in the set up might force water to runoff faster, thus, masking the cover crop 

effect. The higher amounts of runoff TP in fall than spring for cereal rye is due to its higher 

magnitude of numerical difference (not statistical) in DRP and PP amounts between fall and winter 

relative to bare soil and red clover. Both PP and DRP in runoff from cereal rye were 13 g ha-1 more 
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in fall than spring amounting to 26 g ha-1 more in its fall runoff TP. The numerical difference 

between fall and spring runoff TP was only 0.93 and 6.5 g ha-1 (non-significant) for bare soil and 

red clover, respectively. Like PP, equal amounts of TSS was found in runoff from both seasons 

(Table 6.4). The 50 mm/hr rainfall intensity may have had a higher splashing impact on the 7.5 cm 

soil column, leading to the detachment and transport of equal amounts soil particles by the fast-

moving runoff in both seasons. In a field study, Burwell et al. (1975) reported differences in 

sediment amounts when they compared natural rainfall in fall to late winter runoff. Particulate P 

fractions represented 84 and 97% of TP runoff for fall and winter, respectively. The DRP fraction 

was higher in micro-watershed scale due to an extended contact time between runoff and plant 

material (Little et al., 2007). The higher kinetic energy in laboratory simulated and plot scale 

runoffs facilitated sediment loading which shifted a higher percentage of runoff TP to PP (Nash et 

al., 2002). Bare soils and red clover also had more DRP in fall than spring though the levels were 

not as much as that of cereal rye to cause significant changes in TP amounts between the two 

seasons (Table 6.5).  

It is important to acknowledge the sediment control by the cover crops as less TSS was found in 

their runoff than the bare soils, which translated to a lower PP amounts in their runoff than bare 

soil (Table 6.4). Higher amounts of TP (77.6 g ha-1) and PP (70.1 g ha-1) were observed in runoff 

from treatments that received herbicide treatments than those that did not (63.6 and 50.6 g ha-1 for 

TP and PP, respectively). The dominance of the PP portion in the runoff TP translated similar 

effects in the TP amounts, though TSS between the herbicide treatments were equal. For herbicide 

treated cereal rye, its higher runoff DRP amounts also contributed to this difference. Similar higher 

runoff TP and PP amounts from paraquat killed than full growing alfalfa crops was observed in 

simulated rainfall and field runoffs (Roberson et al., 2007).  
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Soil test P did not have an effect on any of the three parameters -- TP, PP, and TSS. Some studies, 

however, involving wider relatively wider STP ranges (Mehlich 3-P, and Modified Kelowna 

Method: M NH4F, HOAc, M NH4OAc) than the current study have established a positive linear 

relationship between STP and runoff DRP (Little et al., 2007; Schroeder et al., 2004). In non-

manured sites with narrow range of 3 – 45 mg kg-1, there was extremely poor relationship between 

STP and runoff TP (Little et al., 2007). Schroeder et al., (2004) recommends the inclusion of site 

specific details on Fe and Al to improve the relationship between STP and runoff P since the 

addition of Al-P and Fe-P increased the strength of the relationship between STP and runoff P in 

their study. Since several studies have shown an increase in DRP over a wider STP range, similar 

comparison of STP with TP, PP, and TSS would be necessary as later P-desorption could increase 

DRP amounts in surface waters.  
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Fig 6. 2 Effect of cover crop species on TP in seasonal rainfall runoffs. Graphs with the same 
letter (s) are not significantly different from each other. Bars on graphs represent standard errors.  
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Table 6. 4 Effects of soil test phosphorus (STP), cover crops, herbicide application and runoff 
season on particulate phosphorus (PP) (g ha-1) and total suspended solids (TSS) (kg ha-1) in 
rainfall runoff. Values in parenthesis are standard errors 

Treatments PP (g ha-1) TSS (kg ha-1) 

Runoff Season   

Fall 65.9a (3.96) 866a (67) 

Spring 

 

61.2a (2.74) 936a (75) 

Herbicide Application   

Herbicide  70.1a (4.13) 46a (4) 

No herbicide  

 

57.6b (3.16) 44a (4) 

Crops   

Control 75.6a (5.12) 65a (6) 

Red clover 57.6b (4.33) 37b (4) 

Cereal rye 

 

58.9b (3.87) 

 

 38b (5) 

STP   

Low 59.3a (4.21) 48a (5) 

Medium 64.9a (4.58) 42a (4) 

High 67.6a (4.50)  45a (5) 

a-b Means followed by same letter are not significantly different from each other. 
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Table 6. 5 Dissolved reactive phosphorus (DRP) (g ha-1) and particulate phosphorus (PP) (g ha-1) 
fractions in seasonal rainfall runoffs from cover cropped soils together DRP percentage relative 
plant tissue phosphorus 

 Fall  Winter 

Crops DRP(% RP) PP(% RP) DRP(% PTP)  DRP(% RP) PP(% RP) DRP(% PTP) 

Herbicide Applied        

Bare soil 6 73 -  0.7 82 - 

Red clover 6 77 0.11  0.8 66 0.012 

Cereal rye 

 

21 71 0.20  3.9 55 0.024 

No herbicide        

Bare soil 5 73 -  0.8 75 - 

Red clover 10 46 0.07  1.2 47 0.009 

Cereal rye 14 61 0.12  1.6 50 0.010 

 

Subscript: (% RP) – Percentage relative to runoff total P. (% PTP) – Percentage relative to plant 

tissue P 
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6.5 Conclusion 

Fall rainfall accounted for more DRP transport in runoff than early spring rainfall with higher 

risk of loss associated with the cereal rye crop killed with herbicide. Winter FTC air 

temperatures -- 2 to -10°C (Environment Canada) in the study area did not affect P release from 

winter survival cover crops since extremely very low DRP amounts were measured in spring 

runoff. Therefore, it may be advisable to leave winter hardy cover crops to grow into the winter 

to provide soil cover since herbicide killing in the fall results in higher DRP release to fall runoff 

for some crops. Differences in DRP released from the cover crops reflect their tissue P amounts 

with cereal rye having more DRP in their runoffs than red clover and bare soil. The crop tissue P 

amounts were controlled by their biomass size rather than tissue P concentrations. Hence, 

management of cover crop biomass size to optimize levels that would provide sufficient cover to 

trap sediments that could potentially be lost during the NGS could be a BMP as excess biomass 

may lead to extra DRP leaching from them. In this study for instance, equal amounts of TSS 

were collected in runoffs from both red clover and cereal rye despite the higher biomass amounts 

of cereal rye. Therefore, red clover provides a better option for fall and spring rainfall runoff P 

control than cereal rye. Higher TP in fall runoff from cereal rye could possibly be related to the 

same higher biomass amounts on P release from the crop tissues. Runoff from crops that were 

killed with herbicides contributed more TP and PP than did the non-herbicide treated crops, 

emphasizing the risk of herbicide killing of cover crops not only on DRP, but of the glyphosate 

itself.  It is important to emphasize that the losses were less than 100 g P ha-1.   

Soil test P did not impact any of the cover crop biomass and runoff parameters studied. The STP 

ranges in this study correspond to levels indicated by another study as not consequential to 

runoff P losses for Ontario soils (Wang et al., 2015). Therefore, maintaining a high STP (30 mg 
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kg-1) for crop productivity does not appear to affect P losses to runoff. However, a field study 

validation of the results in this study is essential for a more confident recommendation.  

Despite the influence of the various factors such as herbicide application, runoff season and 

cover crops, the amounts of DRP in the runoffs from this study were relatively low and even 

below levels of eutrophic concerns  (< 0.03 mg L-1) to fresh waterbodies. However, this 

simulated study provides a preview of the influence patterns of the factors studied, and therefore 

sets the stage for further field testing.  
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CHAPTER SEVEN 

7.0 Research conclusions and recommendations 

7.1 Conclusions 
 

The research conducted for this thesis methods to measure water extractable P (WEP) from cover 

crops and simulated runoff studies to test the impact of cover crop species and termination time, 

soil test P (STP), and herbicide application on P losses to runoff from agricultural fields under 

freeze-thaw cycles (FTC).   

Given the discrepancies reported in the literature as well as with some of this study’s findings 

with respect to WEP contents of various cover crop residues, an evaluation of the effects of 

laboratory extraction procedures on WEP release from cover crops was conducted (Chapter 3). It 

was found that laboratory procedures such as cutting the plant material prior to extraction and/or 

FTC could affect WEP release from cereal rye increasing the amount of WEP measured. The 

increase was more significant with FTC exposed biomass than fresh biomass.  Cutting did not 

appear to affect the WEP of red clover, oats, mustard and annual ryegrass.  The extraction ratio 

(biomass : DI water ratios 1: 10, 1:20, 1:30) impacted the WEP extraction from fresh red clover 

biomass in a positive manner, but did not affect biomass subjected to FTC. This relationship 

indicates a potential impact of extraction ratios if larger ratios are used, and needs to be 

examined across a greater number of crop species. The use of cylindrical tubes as extraction 

vessels resulted in a decrease in recovery of plant tissue P extracted as WEP, especially from the 

FTC biomass that was low relative to other studies (Bechmann et al., 2005; Lozier and Macrae, 

2017; Cober et al., 2018 ) or studies we conducted using flasks or jars.  This lower extraction 

value maybe partially related to less physical damage to the plant material extracted as well as a 

reduced extraction efficiency of P caused by the small diameter and less vigorous movement of 
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water in the closed cylinders relative to flasks and bottles. It should be noted that the reduced 

amount of WEP measured using the cylindrical tubes appeared to be more aligned with the 

amount of DRP measured in runoff from cover cropped soils.  We concluded that biomass 

cutting impacts WEP release depending on cover crop species whereas number of cuts and 

extraction ratios do not for the cover crops used in this study. Mowing of red clover, oats, 

mustard and annual ryegrass in the field may have less impact on P release from them than from 

cereal rye. 

The second study (Chapter 4) examined the effects of soil test phosphorus, cover crop species 

and time of harvesting on plant tissue water extractable phosphorus following freeze-thaw 

cycles. Together with Chapter 3, we found that FTC cause cover crops to release more WEP 

from their cells presenting them as potential DRP source to surface waters by runoff. Fresh 

biomass of red clover and mustard released less concentration WEP than oats and cereal rye, but 

all crops released equal concentrations of WEP under FTC indicating higher sensitivity to FTC 

in red clover and mustard. It was observed that, the impact of FTC under Southwestern Ontario 

conditions (4 to -10°C) on nutrient release is minimized when mature crops acclimatize to the 

gradual decrease in fall temperatures before extreme freezing temperatures set in. The effects of 

FTC on WEP release were reduced drastically with even no effects on oats and cereal rye during 

the November sampling in Chapter 4 and on annual ryegrass in Chapter 3.  This occurred after 

the crops had experienced near 0°C temperatures. Crop maturity coupled with acclimation to 

cooler temperatures before sampling were suggested to have caused this.   

Chapters 4, 5, and 6 show that differences in cover crop tissue P concentrations affect the 

proportions of total tissue P extracted as WEP as well as their dissolved reactive P (DRP) 

contribution to runoff. Species with higher tissue P concentrations released more WEP from their 
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cells and subsequently contributed higher DRP amounts in runoff. Across the three studies, total 

biomass P affected total WEP loading rendering red clover to release less amounts of WEP than 

oats, cereal rye and mustard in Chapter 4, mustard releasing less DRP to runoff than cereal rye 

and oats in Chapter 5, and red clover releasing less DRP to runoff in Chapter 6. Among the cover 

crops studied, oats crops released more DRP to runoff, thus, are less suitable for environmental P 

risk management, and red clover and mustard would appear to be better options.  

Chapter 5 shows that the contribution of cover crops to DRP and total P (TP) in rainfall runoff 

following spring snowmelt is soil dependent and may be higher on clay loam soils than sandy 

loams. Clay loam soils contributed to only 2% of the DRP in the runoff, probably due to their 

higher P sorption capacities, leaving the remainder of the DRP (98%) to be contributed by cover 

crops. Except for the oat crop, cover crops did not impact on runoff DRP losses on sandy loam 

soils but did on the clay soil which had more abundant biomass. Our results indicate that a 

threshold of crop biomass should be present on the soil before they can make significant 

contributions to DRP losses in rainfall runoff after spring snowmelt. Therefore, managing cover 

crops biomass below the threshold for specific management systems and soil conditions will 

reduce runoff P risk associated with cover crops.  

Cover crops have higher potential to reduce particulate P (PP) on clay loam soils than sandy 

loams. Whereas cereal rye and oats reduced PP amounts by 54 and 40%, respectively in runoff 

from the clay loam soils due to their bigger biomass size, they did not have any impact in the 

sandy loam where they produced relatively smaller amount of biomass.  

Chapter 6 shows that rainfall in Fall accounts for more DRP transport in runoff than early Spring 

rainfall, with higher risk of losses associated with crops terminated with herbicides. FTC 

temperatures within the region for the study period may not have been sufficiently cold enough 
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to cause DRP release from the crops in winter. Alternatively, DRP released from the crops could 

not be transported by the fast-moving rainfall runoff due to less time for interaction between 

runoff and substrate (soil and plant material) for effective P extraction. Herbicide termination of 

cover crops was found to pose a higher risk to PP and total P (TP) losses to rainfall runoff in both 

Fall and early Spring. Even on bare soils, glyphosate application could elevate PP in the runoff 

due to P addition from glyphosate. The soil (clay loam) studied in Chapter 5 was used for the 

Chapter 6 study, and similar results of PP reduction by cover crops was observed, but cereal rye 

elevated runoff TP losses just like oats on the sandy soils in Chapter 5. In summary, cover crops 

reduce PP amounts in rainfall runoffs on clay loam soils but may increase TP amounts depending 

on species. 

Except for cereal rye in the pot study of Chapter 4, it was observed that a soil test P (STP) 

ranging from 11 to 32 mg kg-1 Olsen P did not influence cover crop biomass amounts as well as 

their WEP release and DRP contribution to rainfall runoff under FTC in general. It is likely that 

the range used in this study is too narrow to cause significant differences in these parameters. 

STP impacts on the above parameters have been reported by other researchers who explored 

relatively wider ranges of STP (Little et al., 2007; Roberson et al., 2007; Wright et al., 2006; Liu 

et al., 2015). In Chapter 4 where the soils had relatively higher STP range (medium = 18, high = 

32 - 40, and very high = 45 – 63 mg kg-1)  than the rest of our soils, STP impacts on cover crops 

tissue P (biomass amount and concentration) and WEP concentration were observed. Under 

FTC, higher tissue P in biomass sampled from soils with very high STP translated to release of 

higher WEP amounts (70% more) than medium and high STP soils, emphasizing the influence of 

wider STP range on P release from cover crops than narrow STP range. In the pot study of the 

same chapter, cover crops sampled from soils with high STP (34 -37 mg kg-1 Olsen P) had higher 
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tissue P concentrations resulting from their higher P concentration than those from lower level 

STP but this did not result in greater WEP release under FTC. For the biomass sampled from the 

high STP soils, oats released more WEP than mustard and cereal rye indicating higher risk of 

establishing oat on soils with high STP.    

In all, the following conclusions were made: 

 Pre-treatment of cover crop biomass prior to extraction affects WEP. The effect of cutting 

biomass into smaller sections om WEP is dependent on species and state of biomass 

(whether fresh or frozen). A strong positive relationship exists between biomass to DI 

water ratio and WEP extracted from fresh biomass of red clover.  Further studies of a 

greater number of crop species, extraction ratios and extraction vessels are required to 

suggest a standardized methodology for determining WEP.    

 Freeze-thaw cycles cause the release of more WEP from cover crops but the effect is 

drastically reduced and even insignificant in grasses like oats, cereal rye, and annual 

ryegrass when mature crops acclimatize to the gradual decrease in fall temperature before 

extreme freezing temperatures set in.  

 The risk of DRP contribution to rainfall runoff by cover crops is determined by their 

tissue P amounts which in these studies mainly depended on their biomass size than 

tissue P concentration. Species or conditions that would result in accumulation of greater 

amount of tissue P at these or high STP values should be studied.  Crops with large 

biomass size such as oats and cereal rye release higher amounts of WEP that leads to 

their higher DRP contributions to runoff than red clover and mustard. Oats poses more 

severe risk to runoff P transport than does all the cover crops studied. 
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 The contribution of cover crops to DRP and total P (TP) in rainfall runoff following 

spring snowmelt is soil dependent and may be higher on clay loam soils than sandy 

loams. Also, cover crops have higher potential to reduce particulate P (PP) on clay loam 

soils than sandy loams but can increase TP amounts depending on species. Oats and 

cereal rye have high TP amounts in rainfall runoffs. 

 Fall rainfall accounts for more DRP transport in runoff than early Spring rainfall with 

higher risk of loss associated with crops terminated with herbicides. Herbicide 

termination of cover crops poses higher risk to PP and total P (TP) losses to rainfall 

runoff in both fall and early spring.  

 Under southwestern Ontario conditions, soil test P (STP) ranging from 11 to 32 mg kg-1 

Olsen P generally may not influence cover crop biomass amounts as well as their WEP 

release and DRP contribution to rainfall runoff under FTC. Levels exceeding this range 

may consequential. However, field test is needed for validation. 

7.2 Recommendations 
 

 In the absence of a standard protocol for plant tissue WEP extractions, the use of full plants 

of cover crops or minimal cutting of the biomass is recommended to reduce errors 

associated with cutting of cover crop biomass.  

 Since the effect of FTC on WEP release from cover crops is minimized after mature crops 

have acclimatized to cold temperatures, terminating cover crops late in the fall could 

potentially reduce the amount of DRP lost to rainfall runoff. Termination with herbicide is 

not advisable since herbicide killing in the fall results to higher DRP release to fall runoff 

for some crops. 
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 In southwestern Ontario where winters are mild, exposure to FTC may not enhance P 

release from cover crops. Rainfall runoff may be the significant transport medium in spring 

when there is little to no snowpack. Therefore, it may be better to leave winter hardy cover 

crops such as red clover and cereal rye to grow into the winter to provide soil cover since 

DRP losses to runoff were observed to be less in spring rainfall compared to that in than 

fall. 

 Cover crop species that produce relatively less biomass amounts but can provide sufficient 

soil cover to reduce PP losses to runoff should be selected to minimize environmental P 

risks since the amounts of WEP released from cover crops and their DRP contributions to 

rainfall runoff depends on their tissue P amounts, which is also largely controlled by their 

biomass amounts. Our experiments show that red clover and mustard provide better 

options. Oats seem to be more detrimental to DRP losses to runoff.  Hence, managing cover 

crop biomass size to optimum levels that could provide sufficient cover to trap sediments, 

potentially be lost during the NGS, could be a best management practice (BMP). In Chapter 

6 research shows that equal amounts of TSS were collected in runoffs from both red clover 

and cereal rye despite the higher biomass amounts of cereal rye.  

 Increase in STP within the range of this study (10 – 32 mg kg-1) does not add extra DRP to 

rainfall runoff in the fall or the following spring snowmelt and therefore may not be of 

immediate concern. However, species selection is essential when establishing cover crops 

on high STP soil since higher amounts of WEP were released from oats grown on high 

STP soils compared to that grown on lower STP levels in our study.  

 Cover crops can minimize the STP influence on total P loss in runoff from sandy loam soils 

and reduce runoff PP in clay loam soils, thus it is recommended for PP and TP control on 
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these soils. However, species selection for specific soil is recommended as oats increased 

runoff TP amounts on a sandy soil. 

7.3 Further research 

 There is the need for detailed investigations into WEP extraction from plant tissues to 

develop a standard protocol that would allow equivalent comparisons of different studies.  

Although laboratory WEP values may serve as potential indices of P loss from plants 

subjected to FTC in the field, it is evident that methodology could introduce species 

specific biases. Exploring more and wider biomass to DI water ratio, duration of extraction, 

physical size (e.g. whole shoot versus multiple cuts) shaking versus soaking of biomass 

(with DI water, ice, or snow) and type of extraction vessel using a range of cover crop 

species would provide better understand of how laboratory procedures affect cover crop 

WEP release to assist scientists in predicting the potential DRP amounts that could be 

contributed by cover crops to runoff under field conditions. 

 Despite the influence of the various factors such as herbicide application, runoff season 

and cover crops, the amounts of DRP recorded in the simulated runoff studies of this thesis 

are very small relative to reports from several simulated studies (Bechmann at al., 2005; 

Roberson et al., 2007; Little et al., 2007; Riddle and Bergstrőm, 2007) and are not of 

concern to eutrophication. Possible mobilization of P by snowmelt prior to rainfall runoff 

can explain the reason in one of our studies (Chapter 5) of this thesis. Unfortunately, we 

couldn’t quantify the amounts of P lost in snowmelt runoff due to leakages in our set up 

for runoff collection. Therefore, a repetition of this experiment to test factors such as STP, 

cover crop, and herbicide application on P transport in spring snowmelt under southwestern 
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Ontario conditions is recommended. To the best of our knowledge, such information is 

lacking. 

 Simulation of a 5-cm depth soil in Chapter 5 of this thesis influenced the speed of runoff 

and contact time between runoff water and substrate (cover crops and soil), and 

subsequently, the amounts of P collected in runoff. Therefore, simulation of frozen versus 

thawed surface and subsurface soils at varying depths that are significant to P losses to 

runoff in the presence of cover crops will provide insights to how the conditions of soil 

within different climatic regimes during winter affect P losses. 

 Our simulated runoff studies provide a preview of the influence patterns of the factors 

studied, and therefore sets the stage for further field testing.  

7.4 Limitations of the studies 

 As indicated earlier, leakages in the runoff set up resulted in the loss of data for snowmelt 

runoff. Therefore, setting up prototype platforms for pretesting is advisable. 

7.5 Contribution to science 

 This work revealed that laboratory procedures, such as biomass cutting, can impact the 

amount of WEP from some cover crops species. Therefore, with considerable variations in 

methodologies existing in the literature, either absolute or relative values for WEP 

presented by various authors may still show biases between studies. 

 Soil test P ranging from 11 to 32 mg kg-1 did not impact DRP losses in rainfall runoff from 

cover cropped soils, regardless of cover crop species.  Since this work also found almost 

no crop response to STP values (one crop in one study), this study indicates either more 

responsive crops and/or a greater range of STP values need to be examined.  Cover crops 
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can reduce PP and TP losses in rainfall runoff following snowmelt from soils with high 

STP. 

 If fall applied herbicide completely kills a cover crop, it results in higher DRP contribution 

by the cover crop to rainfall runoff under southwestern Ontario conditions.  

 Cover crops release higher amounts P to rainfall runoff in the fall than the spring whether 

they are terminated with herbicides or not. However, the P amounts released may not be of 

eutrophic concern. 

 Tissue P (kg P ha-1) stocks of cover crops as influenced by biomass amount in this study is 

the major determinate factor regulating the contribution of cover crop P to DRP losses in 

runoff.  
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Plates 
 

 

 

 

Plate 5. 1 Set up for snowmelt runoff collection in Chapter 5. (A) Runoff boxes with cover crops 
mounted on platforms, (B) Snowpack on cover crops, (C and D) Collected snowmelt runoff -- 
the only 4 replicates out of 48 for which runoff was collected 

 
 
 
 

A B 

C D 
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Plate 5. 2 Set up for collection of rainfall runoff in Chapter 5. (A & B) Full set up showing 
erected tent and water hose, (C & D) Collection of runoffs in bottles 

 

 

 

 

 

A B 

C D 
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Plate 6. 1 State of cover crops during fall runoff in Chapter 6. (A) Red clover that did not receive 
herbicide, (B) Red clover that received herbicide (C) Cereal rye that did not receive herbicide, 
(D) Cereal rye received herbicide 

 

 

 

 

A B 

C D 
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Appendices 
 

Appendix A. Daily minimum, maximum, average temperatures and snow height at Ridgetown, 
Ontario from Fall 2018 to Winter 2019 

Months in Fall 
 

Months in Winter 

Day 

Maxǂ 
Temp 
(oC) 

Minǂ 
Temp 
(oC) 

Mean 
(oC) 

Snow 
on  
Ground 
(cm) 

 
Maxǂ 
Temp 
(oC) 

Minǂ 

Temp 
(oC) 

Mean 
(oC) 

Snow 
on  
Ground 
(cm) 

 
September 

 

  
January 

 
1 28.5 19.5 24   6.2 -3 1.6  
2 29.8 22.3 26.1   2 -3.6 -0.8  
3 31.6 20.9 26.3   1 -0.7 0.2  
4 29.1 20.4 24.7   6.7 -1.5 2.6  
5 31.2 20.7 26   4.1 -2.9 0.6  
6 24.5 16.9 20.7   3.7 -1.8 1  
7 23.1 14.7 18.9   10 -1.8 4.1  
8 17.6 12.2 14.9   10.8 1.4 6.1  
9 16.3 12.4 14.3   1.4 -4.8 -1.7  

10 18.8 12.7 15.7   -4.7 -7.8 -6.2  
11 21.6 10.8 16.2   -1.5 -9.4 -5.5  
12 22.7 10.1 16.4   -1.4 -4.9 -3.2  
13 24.6 12.9 18.8   -1.2 -7.6 -4.4  
14 26.2 16.9 21.5   -0.1 -9 -4.6  
15 27.6 16.5 22       
16 26.9 16.7 21.8   0.1 -11 -5.4  
17 25.1 16.6 20.9   0.4 -10.8 -5.2  
18 27.5 15.9 21.7   0.3 -8 -3.8  
19 23.3 13.8 18.6   -4.6 -11.9 -8.3 2 
20 25 12.9 19   -10.2 -19.4 -14.8 14 
21 29.3 14.2 21.7   -11.7 -24.4 -18 14 
22 16.6 5.9 11.3   0.3 -19.7 -9.7 14 
23 19.6 5.6 12.6   6.6 -0.3 3.1 10 
24 19.6 10.4 15   0.4 -4.4 -2 1 
25 22.5 18.1 20.3   -4.4 -11.8 -8.1 0 
26 22.4 7.8 15.1   -6.3 -13.4 -9.8 1 
27 17.8 5.5 11.7   -6.2 -22 -14.1 7 
28 22.1 7.2 14.6   2 -22.8 -10.4 6 
29 16 5.3 10.6   -1.7 -16.8 -9.2 7 
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30 18 8.8 13.4   -16.6 -23.5 -20 7 
      -15.5 -23.7 -19.6 7 

October 
  

February 
 

1 17 11.5 14.3   -11.2 -21.3 -16.3 7 
2 21.9 12.6 17.3   2 -11.4 -4.7 7 
3 23.5 11.9 17.7   9.2 1.7 5.4 3 
4 23.4 4.5 14   11.1 4.8 7.9 1 
5 17.3 2.8 10.1   8.6 -2.6 3 1 
6 24.8 14.4 19.6   0.8 -1.8 -0.5 0 
7 16.7 13.5 15.1   12.5 0.1 6.3 0 
8 22.7 15.2 19   2.9 -9.9 -3.5 0 
9 28.3 20.7 24.5   -5.1 -11.4 -8.2 0 

10 26.5 20 23.2   -3.6 -9.8 -6.7 1 
11 21 7.1 14   -0.2 -4.9 -2.6 3 
12 9.6 4.1 6.9   2.4 -3.5 -0.6 1 
13 11.4 3.4 7.4   -1.3 -5.5 -3.4 1 
14 14.2 2.5 8.3   5.1 -8 -1.5 2 
15 12.2 -0.1 6   4.5 -5.2 -0.3 1 
16 12.1 -1.6 5.2   -2.7 -5.2 -3.9 1 
17 9.5 1.3 5.4   -2 -7.3 -4.6 1 
18 8.9 -3.1 2.9   -4.2 -16.6 -10.4 4 
19 14.3 5 9.6   -2.6 -16.5 -9.5 2 
20 13.6 1.2 7.4   3 -6.3 -1.6 1 
21 6.6 1.6 4.1   3.9 -1.5 1.2 1 
22 12.9 2.9 7.9   2.8 -3.5 -0.4 1 
23 11 2.1 6.6   3 -1.3 0.8 1 
24 7.4 -3.3 2.1   9.1 -2.8 3.2 1 
25 10.4 -4 3.2   -2.6 -7.6 -5.1 1 
26 9.7 3.3 6.5   -5.6 -9.3 -7.5 2 
27 6.2 2.9 4.6   -5.2 -9.9 -7.5 5 
28 8.3 2.9 5.6   -6.6 -19.8 -13.2 7 
29 10.9 1.8 6.4       
30 13.4 -1.4 6       
31 15.2 5.6 10.4       

November 
  

March 
 

1 8.2 5.1 6.6   -1.1 -17.1 -9.1 8 
2 7.9 4.3 6.1   0.9 -8.2 -3.7 5 
3 7.7 -1.7 3   -3 -12.9 -7.9 5 
4 10.8 -1.5 4.7   -7.6 -18.1 -12.8 5 
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5 12.4 8.3 10.3   -7.3 -13.5 -10.4 6 
6 13.5 6.4 9.9   -6.2 -14.9 -10.5 6 
7 7.4 3.5 5.4   -4.9 -11.7 -8.3 6 
8      -0.7 -12.1 -6.4 6 
9 4.8 -1.6 1.6 1  2.9 -7.9 -2.5 5 

10 2.2 -4.3 -1   7.2 1.3 4.3 2 
11 3.6 -1.5 1   5 -1.9 1.6 2 
12 5 -3.6 0.7   2.6 -4.3 -0.8 2 
13 2.5 -4.1 -0.8   8.1 -0.8 3.7 2 
14 -0.1 -7.1 -3.6   14.9 4.5 9.7 2 
15 2.8 -2.1 0.3   7.8 0.6 4.2 2 
16 2.9 -0.2 1.3   2.3 -2.7 -0.2 1 
17 3.9 -0.2 1.9   1.7 -5.9 -2.1 1 
18 2.1 -1.9 0.1   5.2 -4.3 0.4 1 
19 4.3 -4.3 0   6.8 -2.8 2 1 
20 1 -3.2 -1.1   8.4 -0.3 4 1 
21 0.8 -7.4 -3.3   9.1 2.2 5.6 1 
22 -1.6 -9.9 -5.8   4.5 -1.8 1.4 1 
23 6.7 -1.6 2.6   6.5 -3.6 1.5 1 
24 8.6 4.6 6.6 6  12.4 -2.1 5.1 1 
25 7.2 3.5 5.3   6.4 -4.8 0.8 1 
26 4.5 -1.3 1.6   3.8 -7.6 -1.9 1 
27      8.1 -4.7 1.7 0 
28 -0.7 -2.6 -1.7   14.9 3 8.9 1 
29 0.9 -3 -1.1   10.5 3.5 7 1 
30 2.1 0 1.1   10.5 -0.8 4.9 1 

      -0.8 -4.3 -2.5 8 
December      

1 6.1 0.5 3.3       
2 14.6 4.4 9.5       
3 4.4 -0.9 1.7       
4 0 -2.5 -1.3       
5 1.1 -2.4 -0.7       
6 1.3 -7 -2.9       
7 -1.7 -7.3 -4.5       
8 -1.9 -10.2 -6       
9 0.8 -10.6 -4.9       

10 -0.6 -3.9 -2.3       
11 -0.9 -4.2 -2.5       
12 4 -5.8 -0.9       
13 3.5 -1.5 1       
14 8.7 1.5 5.1       
15 4.8 0.4 2.6       
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16 6.7 -0.4 3.2       
17 1.9 -0.9 0.5       
18 1.3 -3.7 -1.2       
19 5.3 -1.4 2       
20 7.9 1.9 4.9       
21 4.3 0 2.2       
22 0 -1.2 -0.6       
23 2.4 -0.3 1.1       
24 1.2 -3.5 -1.2       
25 0.9 -5.2 -2.2       
26 4.6 -1.2 1.7       
27 7.8 0.4 4.1       
28 12.3 1.5 6.9       
29 1.8 -3.1 -0.7       
30 0.8 -1.9 -0.5 1      
31 12.4 -1.2 5.6       

Source: Environment Canada 

ǂ Min Temp – Minimum temperature, Max Temp – Maximum temperature 
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Appendix B. Experimental layout for pot study 

BLOCK 1   BLOCK 2 

Time 2   Time 1 

Om Ch Mm Rm-h   Mm Rh Om Ch 

Cm-h Mm-h Rh Om-h   Om-h Cm-h Mh Rm 

Rm Oh Cm Mh   Cm Mm-h Rm-h Oh 

Time 1   Time 2 

Cm Om-h Rm Mm-h   Rh Cm Mm-h Rm-h 

Oh Mh Cm-h Rm-h   Mh Om-h Ch Rm 

Rh Ch Mm Om   Om Mm Oh Cm-h 

          

BLOCK 3   BLOCK 4 

Time 2   Time 1 

Mm-h Om Rm Cm-h   Rh Cm-h Om Mh 

Rh Ch Om-h Mm   Mm Oh Rm-h Om-h 

Mh Rm-h Cm Oh   Ch Rm Mm-h Cm 

Time 1   Time 2 

Cm-h Oh Mm Rh   Rm Om-h Cm Rm-h 

Cm Rm-h Om Ch   Cm-h Mh Rh Oh 

Mm-h Om-h Mh Rm   Mm-h Om Mm Ch 

NB: O = Oat, M = Mustard, C = Red clover, and R = Cereal rye.                                                
Subscripts m, m-h, and h represent medium, medium-high, and high STP respectively. 
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Appendix C. Range of biomass of cover crops sampled at two and three months after planting 
on field soils with varying soil test phosphorus (STP), and water extractable phosphorus WEP 
(concentration and amount) extracted after subjecting above ground biomass to freeze-thaw 
cycles (FTC). Values in brackets represent mean  

T CC Biomass (kg ha-1) 
STP 

WEP (µg g-1) 
STP 

WEP (kg ha-1) 
STP 

  Med High V. 
High 

Med High V. 
High 

Med High V. 
High 

October M 813 - 
1793 
(1093) 

1651 - 
2417 
(1999) 

1725 - 
2218 
(1984) 
 

1749 - 
2916 
(2384) 

1445 - 
2703 
(2019) 

1536 - 
2554 
(1924) 

2.37 - 
3.13 
(2.61) 

3.48 - 
5.41 
(4.02) 

2.65 - 
5.67 
(3.82) 

 RC 497 - 
725 
(696) 

440 - 
838 
(589) 
 

276 - 
1276 
(638) 

1814 - 
2032 
(1885) 

2259 - 
2975 
(2552) 

2231 - 
3770 
(3729) 

0.90 - 
1.90 
(1.31) 

1.09 - 
1.90 
(1.50) 

1.31 - 
2.85 
(2.12) 

 O 1123 - 
2418 
(1561) 
 

1537 - 
2292 
(2024) 

1855 - 
2165 
(2043) 

1300 - 
2238 
(1814) 

1415 - 
2123 
(1718) 

3171 - 
3481 
(3342) 

2.79 - 
3.53 
(2.83) 

3.24 - 
3.97 
(3.48) 

6.27 - 
7.54 
(6.83) 

 CR 1661 - 
1878 
(1800) 

983 - 
1236 
(1085) 

1279 - 
1959 
(1492) 

1124 - 
1778 
(1444) 

1422 - 
2750 
(1993) 

2265 - 
3696 
(2856) 

2.11 - 
2.95 
(2.60) 

1.76 - 
2.70 
(2.16) 

3.00 - 
5.45 
(4.26) 

           
November M 2841 - 

3666 
(3119) 

3677 - 
5382 
(4385) 

2455 - 
5276 
(3768) 
 

131- 
523 
(270) 

241- 
537 
(317) 

339 - 
778 
(401) 

0.34 - 
1.52 
(0.84) 

0.91 - 
2.29 
(1.39) 

1.01 - 
1.91 
(1.51) 

 RC 1080 - 
1256 
(1144) 

1000 - 
1206 
(1076) 

684 - 
791 
(742) 
 

94 - 
134 
(108) 

225 - 
338 
(279) 

143 - 
509 
(318) 

0.10 - 
0.17 
(0.12) 

0.27 - 
0.34 
(0.30) 

0.10 - 
0.40 
(0.24) 

 O 2366 - 
2880 
(2562) 
 

2095 - 
4737 
(3016) 

1398 - 
2649 
(2058) 

351- 
695 
(539) 

265 - 
665 
(436) 

667 - 
929 
(776) 

1.01 - 
1.64 
(1.38) 

0.56 - 
2.22 
(1.32) 

0.93 - 
2.46 
(1.60) 

 CR 1290 - 
1828 
(1544) 

2086 - 
2976 
(2419) 

1697 - 
2470 
(2137) 

526 - 
832 
(633) 

382 - 
776 
(509) 

624 - 
1016 
(860) 

0.75 - 
1.30 
(0.98) 

0.90 - 
1.62 
(1.23) 

1.45 - 
2.51 
(1.84) 

*T - Time of biomass sampling, CC - Cover crops, M - Mustard, RC - Red clover, O - Oats CR - 

Cereal rye, Med = Medium, V. high = Very High 
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Appendix D. Range of biomass of cover crops sampled at one and two months after planting in 
pots containing soils with varying soil test phosphorus (STP) levels, and WEP (concentration and 
amount) extracted from above-ground biomass subjected to freeze-thaw cycles (FTC). Values in 
brackets represent mean  

T CC Biomass (kg ha-1) 
STP 

WEP (µg g-1) 
STP 

WEP (kg ha-1) 
STP 

  Low Med  High Low Med High Low Med High 

August M 2001 - 
2333 
(2288) 

1112 - 
2356 
(1784) 

1885 - 
2434 
(2187) 
 

108 - 
400 
(229) 

475 - 
686 
(610) 

229 - 
494 
(347) 

0.25 - 
0.76 
(0.44) 

0.70 - 
1.53 
(1.09) 

0.50 - 
1.14 
(0.76) 

 O 1219 - 
1655 
(1415) 
 

1228 - 
1639 
(1398) 

1259 - 
2134 
(1708) 

579 - 
873 
(663) 

316 - 
807 
(523) 

820 - 
2322 
(1909) 

0.70 - 
1.44 
(0.97) 

0.46 - 
0.79 
(0.61) 

1.03 - 
5.00 
(2.34) 

 CR 940 - 
1179 
(1020) 

1280 - 
1674 
(1446) 

896 - 
1243 
(1084) 

220 - 
619 
(436) 

336 - 
797 
(562) 

603 - 
779 
(686) 

0.23 - 
0.83 
(0.48) 

0.71 - 
1.33 
(1.02) 

0.69 - 
1.25 
(0.94) 

           
September M 2494 - 

3050 
(2670) 

2457 - 
2903 
(2702) 

2773 - 
3358 
(3056) 
 

84 - 
903 
(276) 

135 - 
211 
(144) 

104 - 
309 
(179) 

0.26 - 
0.51 
(0.35) 

0.38 - 
0.54 
(0.43) 

0.35 - 
0.93 
(0.48) 

 O 2113 - 
3069 
(2562) 
 

2634 - 
3925 
(3181) 

2238 - 
3438 
(2874) 

272 - 
634 
(438) 

220 - 
452 
(288) 

454 - 
1673 
(737) 

0.83 - 
1.34 
(1.12) 

0.80 - 
1.19 
(0.92) 

1.56 - 
3.74 
(2.12) 

 CR 670 - 
965 
(840) 

1045 - 
1232 
(1143) 

1079 - 
1880 
(1521) 

385 - 
2336 
(760) 

218 - 
989 
(588) 

595 - 
1105 
(852) 

0.36 - 
2.00 
(0.73) 

0.26 - 
1.19 
(0.69) 

0.76 - 
2.14 
(1.3) 

T - Time of biomass sampling, CC - Cover crops, M - Mustard, O - Oats CR - Cereal rye, Med = 

Medium 

 

 


