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ABSTRACT 

 
Orchardgrass (Dactylis glomerata L.) and western wheatgrass (Pascopyrum 

smithii (Rydb.) L.) seeds have different degrees of dormancy that result in non-uniform 

seedling emergence in the field. Seed dormancy of the two species, in part, causes 

disagreement between germination tests in the laboratory and seedling emergence in the 

field. Experiments were conducted over two years in the laboratory and in the field to 

determine the effects of alternating temperatures on changes in seed dormancy and 

germination of orchardgrass and western wheatgrass. The two western wheatgrass 

cultivars (‘Walsh’ and ‘LC9078a’) had deeper dormancy than the two orchardgrass 

cultivars (‘Arctic and Lineta’). Dormancy of both species was broken by temperatures 

with 10oC amplitude; this temperature variation was similar to that which occurred at a 

1 cm depth in the soil. Optimal temperatures for germination of orchardgrass (10-25oC) 

were broader than those for western wheatgrass (15-20oC). Seedling emergence of 

orchardgrass was less sensitive to seeding date in the spring than western wheatgrass; 

seedling emergence of western wheatgrass increased as seeding date was delayed from 

early to late May if soil water was not limiting. The rate of seedling emergence 

increased with increasing temperature in both species, therefore, faster and more 

uniform seedling emergence can be expected from late spring seeding dates. Seeds were 

often exposed to light during germination tests in the laboratory while planting seeds in 

the soil usually prevented exposure of seeds to light. Seedling emergence of 

orchardgrass in the field was usually less than the germination percentage obtained in 

the laboratory because of light exposure during germination tests could break dormancy 

in orchardgrass seeds and the small seeds of orchardgrass had limited energy reserves 
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for pre-emergence seedling growth. On the other hand, germination of western 

wheatgrass seeds was reduced by exposure to light during germination and seeds were 

larger than those of orchardgrass. Therefore, seedling emergence of western wheatgrass 

in the field was usually greater than germination tests would predict. The use of thermal 

time models to study seed dormancy changes and germination revealed the dual effects 

of temperature on these processes. The modified thermal time model takes the 

difference between germination and seedling emergence into account and can 

accurately predict seedling emergence in the field (R2=0.88 to 0.99). Thermal time 

models for predicting seedling emergence in the field can also be developed for other 

forages, however, cultivar- and species-specific parameters must be developed for the 

models. 
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1. INTRODUCTION 

 

Forage crops are major food sources and provide essential nutrients for domestic 

and wild animals and play important roles in soil conservation and improvement 

(Barnes and Nelson, 2003). There are about 30,000 forage growers and more than 2.8 

million acres of land in hay production in Saskatchewan (Saskatchewan Agriculture, 

Food and Rural Revitalization, 2005). The value of the hay produced is approximately 

$260 million annually. More land base may become available for hay production as a 

result of the Green Cover Program (Saskatchewan Agriculture, Food and Rural 

Revitalization, 2005). The potential for increasing forage production on these lands 

exists and management practices that can enhance uniform seedling emergence and 

stand establishment may help reach this potential. 

Seedling emergence in the field is the combined result of seed germination and 

pre-emergence seedling growth (Vleeshouwers, 1997). Therefore, it is not surprising to 

observe disagreement between seedling emergence in the field and germination tests in 

the laboratory. Soil temperature is the most important factor affecting seedling 

emergence when water is not limiting (Vleeshouwers and Kropff, 2000). The response 

of seed germination rate to temperature after dormancy release is linear below and 

above an optimum value (Garcia-Huidobro et al., 1982a, b; Bauer et al., 1998). Thermal 

time models have been used to predict seed germination and seedling emergence in 
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relation to soil temperatures (Covel et al., 1986; Del Monte and Tarquis, 1997; Moot et 

al., 2000). However, most forage species have different degrees of seed dormancy, 

which in turn restricts the application of thermal time models. 

Temperatures in the field regulate seed germination in two ways: 1) breaking 

dormancy by fluctuating temperatures (Benech-Arnold et al., 1988), and; 2) 

determining the germination rate of seeds after dormancy has been released (Garcia-

Huidobro et al., 1982a). The dual functions of temperature in seed dormancy change 

and germination make it difficult to quantitatively predicted dormancy change and 

seedling emergence difficult. Thermal time models are usually developed by using 

reduction steps to separate dormancy change and seed germination. Germination tests at 

constant temperatures after dormancy breaking treatments are used to construct thermal 

time models, which do not accurately reflect the processes in the field because the dual 

roles of temperature occur simultaneously. Thus, the dual roles of the temperature must 

be considered in the construction of thermal time model for dormant seeds. 

Nevertheless, the complexity of seedling emergence is affected by pre-germination and 

post germination events in the field, therefore modifications of germination based 

thermal time models are necessary. 

Orchardgrass (Dactylis glomerata L.) and western wheatgrass (Pascopyrum 

smithii (Rydb.) L.) are two forage species used in western Canada. Seed dormancy of 

both species can be released by alternating temperatures (Toole, 1976; Pannangpetch 

and Bean, 1984). Using the pre-seeding germination percentage to determine seeding 

rate is not reliable for these species and seedling emergence in the field is often different 

from the germination percentage tested before seeding (B. Coulman and J.T. Romo, 
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personal observations). Other environmental factors and their interaction with 

temperature, such as light and germination medium, may also be responsible for the 

disparity between seed germination in the laboratory and seedling emergence in the 

field. It was hypothesized that: 1) the dual roles of temperature on dormancy and 

germination can be described by thermal time models, and; 2) a thermal time models 

can be used to predict seedling emergence in the field after modification. 

The objectives of this research were to: 1) quantify the effect of alternating 

temperature on seed dormancy change in two cultivars of orchardgrass and western 

wheatgrass; 2) construct thermal time models for the dormancy change and germination 

as affected by temperature; 3) determine seedling emergence as affected by 

temperatures in the field, and; 4) predict seed dormancy change and seedling emergence 

in the field using a modified thermal time model. 
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2. LITERATURE REVIEW 

 

2.1 Seed germination and dormancy  

Seeds containing embryos and food reserves serve as dispersal units for 

germination and seedling growth of plant (Bewley, 1997). Seed dormancy is considered 

an adaptive trait that optimizes the distribution of germination over time in a population 

(Bewley, 1997) because the timing of germination is critical for seedling growth and 

survival under favorable environmental conditions (Bradford, 2002). Seed dormancy is 

advantageous for native plants, but it is generally an undesirable characteristic for 

forage crops where rapid and uniform germination is required. Knowledge about seed 

germination and dormancy is important with respect to forage production. 

2.1.1 Seed germination is related to water uptake 

Seed germination commences with the uptake of water by the dry seed 

(imbibition) and it is completed when a part of the embryo axis extends to penetrate the 

structures surrounding it (Bewley and Black, 1994; Bewley, 1997). The visible sign of 

germination is usually the penetration of the radicle or coleoptile (Hilhorst and Toorop, 

1997). A three-phase process of water uptake was observed in seeds with permeable 

seed coats (Bradford, 1995), namely imbibition (Phase I), activation (Phase II), and 

growth (Phase III). Phase I is characterized by fast water uptake in a short period of 

time, mainly due to the matric potential of seed tissues. In this phase, dormant and non-

dormant seeds show similar response to water (Bewley and Black, 1994). However, it 

was reported that the speed of water uptake can be used as an important parameter to 
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differentiate between dormant and non-dormant wild oat (Avena fatua L.) seeds (Hou et 

al., 1997). During the first eight hours of imbibition, non-dormant seeds absorbed water 

more rapidly than dormant seeds of this species (Hou et al., 1997). The rate of water 

uptake decreases in Phase II (Bradford, 1995) and the length of Phase II is important for 

the timing and extent of germination. Dormant seeds can remain in Phase II with a low 

level of metabolic activity for months or years before completing germination (Bradford, 

1995). A further increase in water uptake occurs only after the embryonic axes elongate 

(Phase III) (Bradford, 1995). Because dormant seeds do not complete germination, they 

cannot enter Phase III.  

Upon imbibition, the quiescent, dry seed rapidly resumes metabolic activity. 

One of the first changes upon imbibition is the resumption of respiratory activity, which 

can be detected within minutes (Bewley, 1997). In most cases, a seed can germinate 

only if oxygen concentration is adequate. After a steep initial increase in oxygen 

consumption, the rate of oxygen consumption declines until the radicle penetrates the 

surrounding structures (Bewley, 1997). The metabolic activities that occur in non-

dormant seeds also occur in dormant seeds with subtle differences (Bewley, 1997). 

2.1.2 Seed dormancy is difficult to define 

Seed dormancy is a phenomena manifested in higher plants with respect to 

survival as a species (Hilhorst and Toorop, 1997). Seeds from different species, 

genotypes, ecotypes, individuals, inflorescences of the same plant, portions of the same 

inflorescence or even in different parts of the fruit can have different dormancy and 

germination ability (Gutterman, 2000). The interaction between the seed and the 
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environment during seed maturation and dispersal also can affect seed dormancy 

(Fenner, 1991).  

Although seed dormancy has the most adaptable regulatory function in plant 

development and survival, it still remains one of the least understood phenomena 

(Hilhorst, 1995; Bradford, 2002). This is due to the problems associated with the lack of 

a meaningful and unambiguous definition and classification of dormancy, the different 

ways for dormancy breaking in different species, and lack of methods to precisely 

identify dormancy change (Bewley and Black, 1994; Vleeshouwers et al., 1995; Bewley, 

1997; Bradford, 2002).  

Simpson (1990) defined dormancy as a temporary failure of a viable seed to 

germinate in a particular set of environmental conditions that later evoke germination 

when the restrictive state has been terminated by either natural or artificial means. 

Simpson’s definition was based on the endogenous or exogenous dormancy-controlling 

factors, suggesting that internal changes in the dormancy of seeds involve changes in 

the external requirements for germination. Hilhorst (1995) gave a similar but simplified 

definition as “the absence of germination of an intact, viable seed under germination-

favoring conditions within a specified time lapse”. These definitions are more related to 

the question whether or not the germination requirements are met in a particular 

environment, rather than the germination requirements for a particular seed population, 

per se. Vleeshouwers et al. (1995) defined dormancy as “a seed characteristic, the 

degree of which defines what conditions should be met to make the seed germinate.” 

Dormancy is treated as an adaptive trait which implies that dormancy should not be a 

measure of the external conditions a seed is currently exposed to, but a characteristic of 
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the seed (Vleeshouwers et al., 1995). This definition emphasizes that a proper definition 

for seed dormancy should distinguish between the internal and external factors that 

interactively influence seed germination.  

According to Vleeshouwers et al. (1995), the degree of dormancy defines the 

germination requirement of the seed. Benech-Arnold et al. (2000) defined seed 

dormancy as “an internal condition of the seed that impedes its germination under 

otherwise adequate hydric, thermal and gaseous conditions”. Once the impedance has 

been removed, seed germination would proceed under a wide range of environmental 

conditions. Vegis (1964) proposed that the degree of dormancy in a seed population is 

related to the width of thermal range permissive for germination. Therefore, seeds have 

less dormancy when they can germinate over a wider range of environmental conditions 

(Vleeshouwers et al., 1995; Benech-Arnold et al., 2000; Vleeshouwers and 

Bouwmeester, 2001). Different from Simpson (1990) and Hilhorst (1995), who 

considered dormancy as a yes or no status, Vleeshouwers et al. (1995) and Benech-

Arnold et al. (2000) considered dormancy in a continuous scale between all and nothing. 

The processes of dormancy release also add to the difficulty in the definition of 

dormancy (Gutterman, 2000). Most studies on seed dormancy use final germination 

percentage as an indicator of dormancy change, since germination is the seed’s response 

to an overlap of the environmental conditions and the germination requirements. 

Because the threshold stimulus required to promote germination varies widely among 

individual seeds (Gutterman, 2000), a germination test for a single seed cannot be a 

measure of its dormancy. However a germination test for a large seed population over a 

 7



range of environmental conditions can be used to evaluate the degree of dormancy in a 

population (Vleeshouwers et al., 1995).  

For practice reasons, Baskin and Baskin (2004) used a fixed duration for 

germination tests (4 weeks) and germination percentage at various environment 

conditions to classify seeds into dormant, non-dormant, and conditionally dormant. If 

seeds fail to germinate in any conditions, they are dormant. If seeds germinate to high 

percentages (≥80%) in 4 weeks or less, they are non-dormant. If seeds germinate to high 

percentages under some conditions and not others, they are conditionally dormant. 

Conditional dormancy is partial dormancy, which reduces the range of environmental 

conditions in which germination is possible, but does not block germination completely 

(Karssen, 1982; Baskin and Baskin, 1984; Vleeshouwers and Bouwmeester, 2001). The 

germination percentage, germination rate and the range of germination conditions for 

seeds with conditional dormancy increase following dormancy breaking treatments 

(Baskin and Baskin, 2004). 

2.2 Environmental factors affecting dormancy breaking and/or germination 

 Environmental factors interact to influence seed dormancy change and 

germination, and species are affected by environmental conditions in different ways 

(Bouwmeester and Karssen, 1989, 1992; Vleeshouwers et al., 1995; Benech-Arnold et 

al., 2000). Benech-Arnold et al. (2000) put the environmental factors affecting 

dormancy and germination into two categories: 1) those that govern changes in the 

degree of dormancy of a seed population (i.e., temperature and its interaction with soil 

moisture); and, 2) those that remove the ultimate constraints for seed germination once 

the degree of dormancy is sufficiently low (i.e., light, fluctuating temperatures, and 
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growth regulators). Generally, changes in dormancy are investigated by putting seeds in 

an environment that allows dormancy change to proceed but prevents radical emergence 

(Baskin and Baskin, 1985). For example, seeds were treated for dormancy release under 

constant temperatures by chilling/stratification (Pritchard et al., 1996; Steadman, 2004) 

or after-ripening (Allen et al., 1995; Favier, 1995; Kebreab and Murdoch, 1999a) before 

being transferred to a standard condition for germination tests. Factors widening the 

range of germination conditions are dormancy relieving factors, and factors that do not 

influence dormancy change but influence germination rate are germination inducing 

factors (Bouwmeester and Karssen, 1993; Vleeshouwers et al., 1995). For example, 

Bouwmeester and Karssen (1993) showed that increases in the width of the temperature 

range for hedge mustard (Sisymbrium officinale L.) seed germination could be 

simulated by soil temperature, but the dormancy change did not correlate with changes 

in soil moisture and soil nitrate content. They concluded that soil moisture and nitrate 

did not influence dormancy but these factors influence germination of hedge mustard.  

2.2.1 Effects of temperature on dormancy change and germination 

Temperature is the most important environmental factor regulating dormancy 

and seed germination (Kruk and Benech-Arnold, 1998; Vleeshouwers and Kropff, 

2000). First, the dormancy of seeds is temperature dependent, and secondly, non-

dormant seeds have specific temperature requirements for germination (Bouwmeester 

and Karssen, 1993; Vleeshouweres, 1997).  

Seed dormancy can be broken by alternating temperatures (Junttila, 1977; 

Garcia-Huidobro et al., 1982b; Pannangpetech and Bean, 1984; Probert et al., 1985c; 

Probert and Smith, 1986; Benech-Arnold et al., 1990a). Some seed populations remain 

 9



dormant when held at a constant temperature (Garcia-Huidobro et al., 1982b; Benech-

Arnold et al., 2000). For example, when freshly dispersed seeds of Johnsongrass 

(Sorghum halepense L.) were germinated at 25oC, germination was nearly zero 

(Benech-Arnold et al., 1990a). Fall panicum (Panicum dichotomiflorum Michx.) 

required alternating temperatures of 13/26oC (8.7/15.3h) for 88% seed germination, and 

giant foxtail (Setaria faberi Herrm.) required 7/20oC (9.4/14.6h) for optimum seed 

germination (Fausey and Renner, 1997). At sub-optimal temperatures, the maximum 

percentage of germination (Murdoch et al., 1989) as well as germination rate (Garcia-

Huidobro et al., 1982b) increased with increasing amplitude of alternating temperature. 

A study of 34 Carex species revealed that alternating temperatures enhanced 

germination and an increase in amplitude resulted in increased germination (Schutz, 

2000). On the contrary, Kebreab and Mudoch (1999a) found that in four Orobanche 

species, at a given mean temperature, the percentage of seed germination was higher at 

constant than at alternating temperatures. They suggested that alternating temperatures 

with a certain amplitude can be inhibitory and the prolonged time that seeds spent at the 

maximum temperature can also reduce germination. Seed germination of giant foxtail 

decreased when the duration of exposure to 30oC increased at 20/30oC (Fausey and 

Renner, 1997).  

Stratification (moist chilling or hydrated storage) can release seed dormancy 

(Leinonen, 1997; Tompsett and Pritchard, 1998; Baskin et a., 2002). The effects of 

temperature during stratification on dormancy loss vary with species. Goudey et al. 

(1987) obtained over 90% germination in wild mustard (Sinapis arvensis L.) when 

seeds were incubated at 5oC for 2 days before changed to 20oC for germination. Seeds 
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of echinacea (Echinacea angustifolia DC.), a prairie forb, require stratification at 5oC 

for 12 weeks to break dormancy (Baskin et al., 1992). Dormancy loss rate of horse 

chestnut (Aesculus hippocastanum L.) was negatively correlated to the stratification 

temperature at 2-11oC (Pritchard et al., 1996), but was positively correlated for egyptian 

broomrape (Orobanche aegyptiaca Pers.) and broomrape (Orobanche cernua Loefl.) at 

10-30oC, crenate broomrape (Orobanche crenata Forsk.) at 10-25oC (Kebreab and 

Murdoch, 1999a), and annual ryegrass (Lolium rigidum L.) at 6.9-30oC (Steadman, 

2004). In an invasive weed, apple of Peru (Nicandra physalodes L.), cold or warm 

stratification alone did not influence germination of deep dormant seeds, but a 

combination of warm and cold stratification enhanced germination (Watanabe et al., 

2002). Similar results were found in seeds of rockberry (Empetrum hermaphroditum L.), 

in which 12 weeks warm stratification plus 20 weeks of cold stratification resulted in 

83-93% germination, but seeds warm or cold stratified germinated only 10 or 22% 

germination, respectively (Baskin et al., 2002).  

After-ripening is loss of dormant state over time during which dormant seeds are 

exposed to a set of environmental conditions, usually in a dry, stable, storage 

environment (Simpson, 1990). Grass seeds can lose dormancy through after-ripening in 

dry storage condition (Favier, 1995). For example, dry after-ripening of cheatgrass 

(Bromus tectorum L.) seeds resulted in increased germination percentage, germination 

rate and uniformity (Allen et al., 1995; Bauer et al., 1998). Dormant wild oat (Avena 

fatua L.) seeds require dry after-ripening conditions for the conversion to a non-

dormant state (Foley, 1994). The rate at which seeds lose dormancy during after-

ripening is controlled mainly by temperature (Steadman et al., 2003a, b). Generally, 
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increasing storage temperature reduces the mean dormancy period, especially in seeds 

of the graminae family, such as barley (Hordeum vulgare L.) (Favier and Woods, 1993; 

Favier, 1995), wild oat (Foley, 1994), cheatgrass (Allen et al., 1995), and annual 

ryegrass (Lolium rigidum Gaudin) (Steadman, 2004). The level of water content of 

seeds is critical for after-ripening. The moisture content must be decreased with the 

increasing temperature for maximum after-ripening (Foley, 1994). However, after-

ripening is delayed in seeds with less than 5% water content (Bewley and Black, 1994). 

2.2.2 Importance of water during germination 

Water is essential for seed germination because germination begins with 

imbibition of water. At a given temperature, the timing and percentage of germination 

in a seed population are controlled by the difference between a physiologically 

determined base water potential (Ψb) of  seeds and the water potential (Ψ) of the 

medium (Alvarado and Bradford, 2002). Battaglia (1997) found that seedling 

emergence of alpine ash (Eucalytpus delegatensis Dehn.) in the field was only likely 

when the soil Ψ was above -0.4 MPa. Germination of non-dormant Egyptian broomrape 

seeds was reduced as the soil Ψ decreased (Kebreab and Murdoch, 1990b; 2000); Water 

potential also affected the temperature range and the optimum temperature for 

germination. For example, high germination percentage occurred over the wider range 

of temperature between 17-26oC at 0 MPa compared with the range of 17-20oC at -1.25 

MPa. Seeds having Ψb above the Ψ of the environment will not germinate (Bradford, 

2002) because the hydrothermal time accumulation is assumed as zero (Finch-Savage 

and Phelps, 1993).  
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2.2.3 Effects of light on dormancy change 

Seed dormancy of many species can be induced, broken or unaffected by light 

(Benech-Arnold, et al., 2000). The response of seeds to light can control the timing of 

seedling emergence in the field. The requirements of light for dormancy release depend 

on species (Boyd and Acker, 2004). For many small-seeded species, exposure to light 

breaks dormancy and promotes germination (Bewley and Black, 1982). The light 

requirement for dormancy breaking can prevent seeds from germinating too deep in the 

soil. Only when seeds are brought to the soil surface are they exposed to light and their 

dormancy alleviated. 

The inhibition by light in seed germination also depends on species and light 

quality. Dark-stratification broke dormancy of wimmera ryegrass seeds and caused a 

gradual increase in light-sensitivity of seeds and germination upon exposure to light 

(Steadman, 2004). For other species, such as poverty brome (Bromus sterilis L.) (Hilton, 

1982) and some lines of wild oat (Hou and Simpson, 1993), exposure to light inhibits 

germination. Exposure to light also resulted in very poor germination of sand ryegrass 

(Leymus arenarius L.) seeds, but close to 100% germination was obtained within 2 

weeks in continuous darkness (Greipsson and Davy, 1994). Light quality can also affect 

dormancy change. In wimmera ryegrass seeds, darkness is better than white light for 

promoting dormancy release during stratification. Far-red light was similar to darkness 

in promoting dormancy loss, but red light was similar to white-light in inhibiting 

dormancy release (Steadman, 2004). Exposure to light can only occur when seeds are 

on or near the surface or during soil disturbance in the field. Therefore, light appears to 

function as a photochrome signal preventing germination of seeds on the soil surface 
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that require burial and as a dormancy breaking signal when deeply buried seeds are 

moved to shallower soil depths (Bewley and Black, 1982). 

2.3 Using thermal time models to quantify the effect of temperature on 

germination 

For most species, soil temperature determines seed germination percentage (g) 

and the germination rate (GR) in a population. Garcia-Huidobro et al. (1982a) 

developed a thermal time model relating GR to thermal time. The thermal response of 

germination within sub-optimal temperatures is expressed as 

 

GRg = 1/tg = (T –Tb) / θT(g)                                                                     (Eq. 2.1) 

 

where tg = the time for germination to reach the fraction g, T = sub-optimal 

temperature for germination, Tb = the base or minimum temperature at which GR = 0, 

and θT(g) = the thermal time to the germination of fraction g. The relationship between 

accumulated germination percentage and time follows a sigmoid curve (Garcia-

Huidobro et al., 1982a). The rate of germination of a particular fraction of the seed 

population is linearly related to temperature within the sub-optimum temperature range. 

Therefore, the thermal time or accumulated temperature for germination is a constant 

among different temperatures for the same subpopulation. The slopes of the lines equal 

to the inverses of the thermal times to germination (1/θT(g)), which vary among 

individual seeds in a normal distribution with a mean of θT(50) and a standard deviation 

of σθT .  
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Several methods available for thermal time model construction. The most 

commonly used approaches are repeated probit analyses (Ellis et al., 1986) and sigmoid 

functions such as the Chapman-Richards growth function (Richards, 1959). In repeated 

probit analyses, germination percentages are transformed to probits (normal equivalent 

deviate units), a linear regression of probits versus log thermal times is calculated, 

varying the value of Tb until the best fit is attained (Ellis et al., 1986; Dahal et al., 1990). 

For a log-normal distribution of thermal time at sub-optimal temperatures, the resulting 

linear equation is 

 

Probit(g) = ((T – Tb)tg - θ T (50)) / σθT                                                          (Eq. 2.2) 

 

where (T – Tb)tg = thermal time θT(g) or the accumulated degree-hours (days) 

above the minimum temperature (Tb) in a period of time (t) for a specific germination 

percentage (g), θT(50) = the mean thermal time or thermal time for a germination 

percentage of 50, and σθT = the inverse of the slope or the standard deviation of log 

thermal times for germination among seeds in the population (Dahal et al., 1990). The 

parameters derived from repeated probit analysis are used to estimate the response time 

of any particular fraction g of the population.  

In the repeated probit analyses, finding the optimal range of germination 

percentages is tricky and laborious due to the repeated analyses with different values of 

Tb until the residual variance is minimized (Dahal et al., 1990). The observed 

germination percentages ≤ 90% are usually chosen, since germination data exceeding 

90% carry little weight in probit analyses and skew germination response curves (Dahal 
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et al., 1990). However, failure of using the original germination data limits the 

predictability of seed germination model (Dumur et al., 1990). Furthermore, if the range 

of germination percentages chosen in repeated probit analyses is not between 0-100%, 

using median thermal time θT(50) as the mean thermal time is problematic.   

In recent years classical growth functions, such as Chapman-Richards growth 

function and Weibull function, have been widely and frequently used to define sigmoid 

curves (Oryokot et al., 1997; Birch, 1999; Roman et al., 1999; Shrestha et al., 1999; 

Roman et al., 2000). The non-linear function is 

 

g =               (Eq. 2.3) ( )
c

gba ))exp(1( θ−−

 

where g = germination percentage, θ(g) = thermal time for sub-population g, a = 

the asymptote, b = the rate parameter, and c = the shape parameter. The three 

parameters, a, b, and c, are constant for a population. 

Germination time course is a sigmoid curve characterized by a lag phase, in 

which no germination occurs, and an increasing, approximately linear phase leading to a 

increase in germination rate as the maximum germination percentage is reached 

(Durmur et al., 1990). The Chapman-Richards function can well fit cumulative seed 

germination curves. 

2.4 The application of thermal time models in assessing seed dormancy change   

Thermal time has been widely used to model seed germination (Bauer et al., 

1998; Kebreab and Murdoch, 1999c; Wang et al., 2004) and dormancy release 

(Pritchard et al., 1996; Del Monte and Tarquis, 1997; Pritchard et al., 1999; Steadman, 
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2004). Most thermal time models for seed germination were constructed for non-

dormant seeds using germination tests conducted at constant temperatures. Several 

thermal time models have also been developed for non-dormant seeds germinating 

under alternating temperatures (Garcia-Huidobro et al., 1982b; Murdoch et al., 1989; 

Kebreab and Murdoch, 1999c). The thermal time concept has proven useful in 

describing the role of temperature in dormancy release. For the study of dormancy 

release, seeds are usually treated first with chilling/stratification (Pritchard et al., 1996; 

Steadman, 2004) or after-ripening (Allen et al., 1995; Favier, 1995; Kebreab and 

Murdoch, 1999a), and thermal time models are constructed using germination tests at 

constant temperatures.  

Favier (1995) proposed a quantitative model for germination rate during and 

after the loss of primary dormancy in barley. The thermal time model has also been 

used to describe the dormancy change before and after stratification in horse chestnut 

(Pritchard et al., 1996) and wimmera ryegrass (Steadman, 2004). The rate of loss of 

primary dormancy appeared to be a function of after-ripening/stratification temperature.  

Temperatures are highly variable in the field. Murdoch et al. (1989) identified 

seven primary, five secondary, and one tertiary characteristics of alternating 

temperatures. The seven primary characteristics are independent of each other, 

including cycle number, time per cycle above and below the mid-temperature, 

maximum and minimum temperatures, and the rate of warming and cooling. The 

secondary characteristics depend on two or more of the primary characteristics, 

including treatment duration, mean temperature, rate of temperature change, and 

amplitude (the difference between daily maximum and minimum temperatures). 
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Thermal sum is the tertiary characteristic. Several components of the alternating 

temperature regimes, such as mean temperature, maximum and minimum temperatures, 

amplitude and thermoperiod (the time spent at the maximum or minimum temperature 

each day), influence seed dormancy change (Roberts and Totterdell, 1981; Garcia-

Huidobro et al., 1982b; Murdoch et al., 1989; Kebrab and Murdoch, 1999a). Mean 

temperature and amplitude are the two major components commonly used to study the 

effect of alternating temperatures on dormancy loss or germination (Garcia-Huidobro et 

al., 1982b; Murdoch et al., 1989; Benech-Arnold et al., 2000) and mean temperature is 

used to calculate thermal time (Murdoch et al., 1989). 

Base temperature (Tb) is the most sensitive parameter that varies between 

species and genotypes, and seed treatment for dormancy release can modify Tb 

(Welbaum and Bradford, 1991; Del Monte and Tarquis, 1997; Pritchard et al., 1999; 

Hardegree et al., 2002). Del Monte and Tarquis (1997) showed that Tb in hoe 

nightshade (Solanum physalifolium Rosby) was reduced from 21 to 12.5oC when seeds 

were germinated at alternating temperature instead of constant temperatures. Pritchard 

et al. (1999) found that stratification at 6oC increased the germination rate for all seed 

lots in horse chestnut seeds. The estimated Tb decreased by 1oC for every 6 days of 

stratification and the systematic reduction in Tb with stratification ultimately enhanced 

germination at 6oC after dormancy release. Hardegree et al. (2002) found that seed 

priming increased the germination rate and at the same time decreased Tb in squirreltail 

(Elymus elymoides (Raf.) Swezey and Elymus multisetus (J.G. Smith) M.E. Jones) seeds. 

Welbaum and Bradford (1991) found after-ripening of mature muskmelon seeds 
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reduced the Tb by approximately 5oC and the temperature and water potential ranges for 

germination broadened.  

The dual roles of fluctuating temperatures, dormancy breaking in dormant seeds 

and promoting germination in non-dormant seeds (Bouwmeester and Karssen, 1992), 

make the application of thermal time models difficult under alternating temperature 

regimes because it is the difficult to separate the germination and dormancy breaking 

processes (Grundy, 2003). Hilhorst (1998) proposed a simulation model using the 

amount of the membrane-located phytochrome receptor protein as an indicator of the 

degree of dormancy in a seed lot. The dormancy model simulates seasonal changes in 

the amount of the receptor in buried seeds, driven by seasonal changes in temperature. 

However, this hypothetical receptor cannot be measured practically.   

2.5 Predicting seedling emergence in the field using thermal time models 

The use of models to determine seedling emergence is important for forage 

production. Seedling emergence in the field involves breaking of seed dormancy, seed 

germination, pre-emergence seedling growth and finally emergence (Vleeshouwers, 

1997; Forcella et al., 2000; Vleeshouwers and Kropff, 2000). Environmental factors 

such as soil temperature and soil moisture (Fyfield and Gregory, 1989; Finch-Savage 

and Phelps, 1993; Roman et al., 1999; Shrestha et al., 1999), soil resistance to 

penetration (Vleeshouwers, 1997; Vleeshouwers and Kropff, 2000), cultivation 

(Oryokot et al., 1997; Roman et al., 2000) and burial depth (Redmann and Qi, 1992; 

Vleeshouwers, 1997; Qaderi et al., 2002), affect seedling emergence in the field.  

Since soil temperature is one of the driven factors governing seedling emergence 

(Bouwmeester and Karssen, 1992; Forcella et al., 2000; Vleeshouwers and Kropff, 
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2000), several thermal time models have used to study and predict seed germination and 

seedling emergence in relation to soil temperatures (Benech-Arnold et al. 1990b; Batlla 

and Benech-Arnold, 2003; Batlla et al., 2003). An empirical approach has been used to 

describe the process of emergence as a single event, and a reductionistic approach has 

been used to predict seedling emergence by breaking the process into the components of 

dormancy loss, germination and pre-emergence growth (Grundy, 2003). The empirical 

models concentrate on the effect of environmental factors on germination. Models 

developed by Vleeshouwers and Kropff (2000) using the reductionistic approach for 

weed seedling emergence after soil cultivation had limited predictive value.   

Most seedling emergence models focus on the germination stage and were 

developed at constant temperatures after dormancy breaking. Due to the dual function 

of fluctuating temperatures in dormancy release and germination (Bouwmeester and 

Karssen, 1992) and the seed-to-seed variation in dormancy change (Murdoch and Ellis, 

2000), the final percentage of seeds that can germinate at a given time is the result of 

the germination of the non-dormant fraction of the population plus the fraction for 

which dormancy has been released under the prevailing, fluctuating temperature regime.  

Seedling emergence in the field involves an additional process post-germination 

seedling growth over seed germination in the laboratory. Therefore, the thermal time 

models developed in laboratory for seed germination must be modified for the 

prediction of seedling emergence in the field (Finch-Savage et al., 1998; Roman et al., 

1999; 2000; Grundy et al., 2000; Wang, 2005). Finch-Savage and Phelps (1993) and 

Finch-Savage et al. (1998) correlated seedling emergence with seed germination by 

adjusting thermal time to predict seedling emergence in onion (Alium cepa L.) and 
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carrot (Daucus carota L.). Moot et al. (2000) correlated thermal time for 75% 

germination in Petri dishes to 50% emergence in the field, but found a poor relationship 

between the two processes. An exponential relationship between the thermal times 

required for seed germination and for seedling emergence was established, but the 

success was variable (Wang, 2005).  

2.6 Characteristics of orchardgrass and western wheatgrass   

 Orchardgrass and western wheatgrass are common forage species in 

Saskatchewan. Orchardgrass is a cool season bunchgrass and its primary use in 

Saskatchewan is for forage production. It is highly palatable to all classes of livestock. 

Because of its dense network of roots, orchardgrass can provide good erosion control. It 

also provides nesting, brood rearing, escape and winter cover for wildlife.  

Freshly harvested seeds of orchardgrass seeds are dormant (Probert et al., 

1985b, c). Orchardgrass seeds have low germination percentage at constant 

temperatures, but they respond positively to alternating temperatures (Junttila, 1976; 

Pannangpetech and Bean, 1984; Probert et al., 1985b, c). The temperature range for 

germination is between 6 and 29oC and germination declines as the amplitude of 

temperature is above a relatively narrow optimum range (around 5-10oC) (Probert et al., 

1985c). Seeds are also sensitive to the amount of time in warm and cool temperature 

cycles (Probert et al., 1985c). Seeds germinate poorly in darkness and under far-red 

light (Probert et al., 1985a). Temperature conditions during seed development and 

maturation also affect seed germination (Probert et al., 1985c). Removing the chaff, 

prechilling, using gibberellic acid, wetting and drying treatments (Fendall and Canode, 

1971; Haight and Grabe, 1972), and dry storage (Probert et al., 1985b) can break seed 
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dormancy in orchardgrass. Seeding in the fall or very early spring at a 1-2 cm seeding 

depth is recommended (Bush, 2004).  

Western wheatgrass is a native, long-lived, cool season grass species in 

Saskachewan (Saskatchewan Agriculture, Food and Rural Revitalization, 2005). It is 

very palatable to domestic livestock and wildlife. Western wheatgrass is widely used in 

seed mixtures for range seeding, revegetation of saline and alkaline areas, and erosion 

control in the Central and Northern Great Plains because of its cold hardiness and 

drought tolerance. Western wheatgrass is common in the Mixed Grass Prairie, foothills 

fescue grassland, and parkland regions (Saskatchewan Agriculture, Food and Rural 

Revitalization, 2005). 

Western wheatgrass seeds often possess a high degree of dormancy at maturity 

(Knipe, 1973; Schultz and Kinch, 1976; Toole, 1976). Seed germination is poor under 

constant temperatures and germination is between 5 and 10% at 15oC, less than 5% at 

20 and 25oC, and 0% at 30 and 35oC (Toole, 1976). Seed dormancy can be broken by 

alternating temperatures and the highest germination can be obtained after 21 days at 

29.5/18.0oC (day/night temperature regime) (Bokhari et al., 1975). Exposure to white 

light and prolonged red light inhibit western wheatgrass germination (Schultz and 

Kinch, 1976). Seeds of western wheatgrass germinate well in total darkness at favorable 

alternating temperatures (Schultz and Kinch, 1976). Growth regulators such as 

Gibberellic acid (GA), Kinetin, and KNO3 can significantly break dormancy (Schultz 

and Kinch, 1976; Toole, 1976). Western wheatgrass starts growing in May and June 

when temperatures reach about 12°C (Tool, 1976). Seeding in early fall or in early 
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spring at a depth of 1.5-3.0 cm in firm, packed soil is recommended (Redmann and Qi, 

1992). 
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3. EFFECTS OF TEMPERATURE ON DORMANCY CHANGE, 

GERMINATION OF ORCHARDGRASS AND WESTERN WHEATGRASS AND 

THE APPLICATION OF THERMAL TIME MODEL 

 
 
3.1 Introduction 

Temperature is one of the major factors governing changes in dormancy status 

and germination of seeds (Bouwmeester and Karssen, 1992; Batlla and Benech-Arnold, 

2003). Fluctuating temperatures in the field have dual roles, which are to break seed 

dormancy and to promote germination of non-dormant seeds (Bouwmeester and 

Karssen, 1992). Dormancy status of a seed population can be classified into dormant, 

non-dormant, and conditionally dormant (Baskin and Baskin, 2004). Within a 

population, Benech-Arnold (1990b) proposed that Johnsongrass (Sorghum Halepense L.) 

seed dormancy could be divided into three states based on the response of seed 

germination to alternating temperatures: 1) seeds have been released from dormancy 

and are responding to temperature only by changes in their germination rate; 2) seeds 

have not yet satisfied their alternating temperature requirements for dormancy breakage, 

and; 3) dormant seeds with no response to alternating temperature. Once the impedance 

of seed dormancy has been removed (i.e. seeds change from State 2 to State 1), the final 

germination percentage, germination rate and the optimal range of germination 

conditions increase following dormancy breaking treatments (Baskin and Baskin, 2004). 

Seed dormancy change and germination are highly influenced by the components 

of the alternating temperature regimes, such as mean temperature, maximum and 

minimum temperatures, amplitude (difference between daily maximum and minimum 
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temperatures) and thermoperiod (the time spent at the maximum or minimum 

temperature each day) (Roberts and Totterdell, 1981; Murdoch et al., 1989). Because 

the response of germination rate to temperature is linear below and above a sharply 

defined optimum value, measurements can be analyzed in terms of thermal time 

(Garcia-Huidobro et al., 1982a, b; Bauer et al., 1998). Thermal time models have been 

used to study and predict seed germination and seedling emergence in relation to soil 

temperature (Covel et al., 1986; Del Monte and Tarquis, 1997; Moot et al., 2000). 

These models are usually constructed at constant temperatures after dormancy breaking 

treatments which do not reflect the simultaneous effects of alternating temperature on 

dormancy breaking and germination in the field. The application of thermal time 

models in germination of dormant seeds under alternating temperature regimes in the 

field is limited.  

Orchardgrass (Dactylis glomerata L.) and western wheatgrass (Pascopyrum smithii 

(Rydb.) were chosen to quantify the effects of temperature on changes in dormancy and 

germination using a thermal time model. Seed dormancy of both species can be broken 

by alternating temperatures (Knipe, 1973; Bokhari et al. 1975; Junttila, 1977; Schultz 

and Kinch, 1976; Toole, 1976; Pannangpetech and Bean, 1984; Probert et al., 1985b, c;). 

It was hypothesized that: 1) the roles of temperature on dormancy change and 

germination can be described by the thermal time model, and; 2) the base temperature 

for germination varies with temperature amplitude of the alternating temperature 

regimes. Objectives of this experiment were: 1) to quantify the effect of constant and 

alternating temperatures on dormancy change and germination in orchardgrass and 
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western wheatgrass, and; 2) to construct and compare thermal time models at constant 

and alternating temperatures for the two perennial grasses.  

3.2 Materials and methods 

3.2.1 Seed sources 

 Seeds of two cultivars for each species were purchased from different sources: 

‘Arctic’ and ‘Lineta’ orchardgrass were purchased from Co-Op retail store (Saskatoon, 

Saskatchewan, Canada), ‘Walsh’ western wheatgrass was purchased from Blight Native 

Seeds Ltd (Oakville, Manitoba, Canada), and ‘LC9078a’ western wheatgrass was 

purchased from WindRiver Seed (Manderson, Wyoming, USA). Seeds were cleaned 

using a seed blower by controlling airflow at a fixed speed for 1.5 minutes. The light 

seeds blown into the upper container of the blower were discarded and the heavy seeds 

left in the lower container were saved. The dry weight of the saved seeds was 0.91 ± 

0.06, 0.94 ± 0.03, 3.98 ± 0.13, and 3.54 ± 0.21 mg seed-1 for ‘Arctic’, ‘Lineta’, 

‘LC9078a’, and ‘Walsh’, respectively. Cleaned seeds were stored at –18oC until use. 

0.05% benomyl powder was applied to sterilize seeds at the beginning of germination 

tests. 

3.2.2 Seed germination tests for model construction 

        Germination tests were conducted at 28 constant and alternating temperature 

regimes with 12/12 h shifting in growth chambers (Sanyo Versatile Environment 

Chamber MLR-350H, Sanyo Scientific, USA). Constant temperatures with 5oC 

increment between 0 and 35oC and alternating temperatures with amplitudes from 5 to 

20oC were used (Table 3.1). A randomized complete block design (RCBD) with five 

replicates was used and replicates were put into growth chambers at one-week interval. 
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Designated temperatures were randomly allocated to each growth chamber. For each 

replicate, a unit of 50 seeds was imbibed on top of two layers of filter paper (Whatman 

No.1) in 9 cm plastic Petri dishes. The filter paper was moistened with 5 ml distilled 

water and seeds were then carefully spread on top of the paper. Twenty Petri dishes 

(four cultivars x five replicates) were randomized within each chamber in darkness. 

Clear plastic bags were used to seal Petri dishes to reduce water evaporation. Seeds 

were sprayed with 0.05% benomyl solution whenever there was a sign of 

microorganism contamination during germination tests. 

  

Table 3.1 Treatment design of constant and alternating temperatures with temperature 
amplitude from 0 to 20oC and a 5oC increment. 

 Temperature amplitude (oC) 
Mean temperature (oC) 0 5 10 15 20 

0 0/0     
5 5/5 2.5/7.5 0/10   
10 10/10 7.5/12.5 5/15 2.5/17.5 0/20 
15 15/15 12.5/17.5 10/20 7.5/22.5 5/25 
20 20/20 17.5/22.5 15/25 12.5/27.5 10/30 
25 25/25 22.5/27.5 20/30 17.5/32.5 15/35 
30 30/30 27.5/32.5 25/35   
35 35/35     

 

Temperatures inside the growth chambers were monitored continuously using 

dataloggers (21X Campbell Scientific Inc., USA) and recorded at hourly intervals using 

two or three temperature probes per chamber which were randomly placed in three 

middle shelves. Recorded temperatures were used in thermal time modeling. 

Germinated seeds were counted and removed at 24 hour interval; seeds with 

coleoptiles greater than 3 mm were considered germinated. Distilled water was added 
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when necessary to keep the filter paper wet. Germination tests were terminated when no 

seeds germinated for 14 consecutive days. Non-germinated seeds were then transferred 

to 15/25oC for continuous germination. Seed germination was also recorded at 24-hour 

intervals. If no seeds germinated for 14 consecutive days, the number of viable seeds 

(seeds with firm embryos by pressing) and dead seeds was recorded. The highest mean 

seed viability among all the temperature regimes of each cultivar was chosen as the 

viability for the cultivar (Wang et al., 2004). 

3.2.3 Estimating germination rates of sub-populations using Chapman-Richards 

growth function 

A germination time course curve was constructed for each germination 

temperature regime and each cultivar using the Chapman-Richards growth function 

(Richards, 1959; Lee, 2002). The Chapman-Richards growth function takes the 

following form: 

 

g = m(1-exp(-nt))p                 (Eq. 3.1) 

 

where g = germination percentage, t = time, m = the asymptote, n = the rate parameter, 

and p = the shape parameter. The three parameters, m, n, and p, are constants. A 

sigmoid growth form has an asymptote (parameter m) for the maximum germination 

percentage. The n and p parameters together define the shape of the curve.  

 For modeling purposes, a seed population is considered to be composed of sub-

populations based on relative germination rate (Garcia-Huidobro et al., 1982b). A 

nonlinear regression procedure with the Levenberg-Marquardt algorithm method 

 28



(PROC NLIN, SAS/STAT Software V.8.2 for Windows, 1999; Marquardt, 1963) was 

used to estimate parameters (a, b, and c) for the Chapman-Richards growth function and 

germination time (tg) for the 10, 20, 30, 40, 50, 60, 70, 80, and 90% sub-populations 

wherever available. Multiple starting values for parameters were provided to ensure that 

the nonlinear least square solution was a global minimum rather than a local minimum 

(Schabenberger and Pierce, 2002). The germination time for each subpopulation was 

calculated based on the Chapman-Richards function and used to calculate germination 

rate for the construction of thermal time model. Since there is no real coefficient of 

determination (R2) for nonlinear models, model fit was measured using Pseudo-R2 as 

follows (SAS OnlineDoc®, V.8, 2000):  

 

Pseudo-R2 = 1 - SS(Residual)/SS(TotalCorrected)                      (Eq. 3.2)  

 

where Pseudo-R2 = approximate value used to measure model fit, SS(Residual) = the 

sum of squares of the residual, and SS(TotalCorrected) = the sum of squares of the 

corrected total. 

3.2.4 Estimating and testing base temperature and thermal time  

Germination rate for sub-population g (GR(g)) was calculated with the reciprocal 

of germination time (1/tg). Base temperature (Tb) and thermal time of orchardgrass and 

western wheatgrass at constant and alternating temperatures was estimated using 

extrapolation (graphical) methods (Garcia-Huidobro et al., 1982a). Unlike the 

conventional method using GR(g) as the dependent variable and plotted on temperature 

(Garcia-Huidobro et al., 1982a, b; Kebreab and Murdoch, 1999c; Steinmaus et al., 
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2000), temperature was treated as the dependent variable and plotted on GR(g). The 

intercept of the linear regression line was Tb and the linear relationship between 

temperature T and GR(g) varies among sub-populations in the slope of the regression 

line, which equals to the thermal time (θ(g)) (Eq. 3.3).  

 

( ) ( ) ( )
( )g

gbggb t
TGRTT 1θθ +=+=                          (Eq. 3.3) 

 

In order to estimate the common Tb, a linear regression model of T on GR(g) for 

the available sub-populations with successive increments of 10% were established. 

Nonlinear regression models composed of all the linear regression functions were then 

constructed within the same temperature amplitude for each cultivar. Actual recorded 

temperatures of growth chambers were averaged over the time required for germination 

of sub-populations and used for thermal time modeling. The range of sub-optimal 

temperatures as determined from visual inspection of the linearity of GR(g) over 

temperature (Wang et al., 2004) and subpopulations containing at least three 

temperature points were used to estimated Tb and θ(g). A sum of square reduction test 

(Schabenberger and Pierce, 2002) was used to assess if there was a common Tb among 

the available subpopulations. The full model was composed of different Tbs and θ(g)s for 

the available subpopulations. The reduced model was composed of one common Tb and 

different slopes for the subpopulations. The following equation was used for the sum of 

square reduction test: 
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F = {(SS(Residual)Reduced – SS(Residual)Full)/(df(Residual)Reduced-

df(Residual)Full)}/MSError(Full)                (Eq. 3.4) 

 

If the result of this test showed that the full and the reduced models were not 

significantly different (P ≤ 0.05), a common Tb was used for all subpopulations and the 

slopes of subpopulations based on the common Tb were θ(g)s. 

3.2.5 Estimating nonlinear thermal time model parameters 

 Base temperature and thermal time were estimated for different temperature 

amplitudes in the previous section for each cultivar. Subsequently, thermal time models 

were constructed for each temperature amplitude and cultivar by using the Chapman-

Richards growth function. The model took the following form: 

 

g =               (Eq. 3.5) ( )
c

gba ))exp(1( θ−−

 

where g = germination percentage, θ(g) = thermal time for sub-population g, a = the 

asymptote, b = the rate parameter, and c = the shape parameter. The three parameters, a, 

b, and c, are constant. 

According to Equation (3.3), the cumulative thermal time for the actual 

observed seed germination under fluctuating temperature regimes can be described as: 

 

=)( gθ  tTTTT b

t

i
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=

                                   (Eq. 3.6) 
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Combining Eq 3.5 and Eq. 3.6 resulted in the nonlinear thermal time model for 

germination: 

 

g = c
b

c
t

i
bi tTTbaTTba )))(exp(1())))((exp(1(

1
−−−=−−− ∑

=

          (Eq. 3.7) 

 

where g = germination percentage, a = the asymptote, b =the rate parameter, c = the 

shape parameter, t=time, = temperature at time i, iT T =mean temperature for time i, Tb 

= base temperature, and =)( gθ  thermal time for the g subpopulation to germinate. 

 The biological meaning of the parameters can be reflected from the first and 

second derivatives of Eq. 3.7. The first derivative of the function Eq. 3.7 has the 

following expression: 
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∂ −                    (Eq. 3.8) 

 

Eq. 3.8 can be used to describe daily germination. The highest value of  is the 

inflection point at which the daily germination reaches the highest at a certain time. The 

second derivative identifies the point where the germination rate changes: 
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3.2.6 Model validation 

Model validation was based on the coefficient of determination (R2) of the linear 

regression analysis of predicted versus observed germination percentage, root mean 

square error (RMSE), sum of the residuals (SRES), and sum of the absolute residuals 

(SARES): 
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 where OBS = observed seed germination (%), PRED = predicted seed germination (%). 

Germination percentage for 95% of the maximum observed data was used to validate 

the thermal time models. 

A small value of RMSE suggests a close agreement between simulated and 

observed values. SRES is the relative measure of disagreement between observed and 

simulated germination percentage, and SARES is a measure of absolute precision of 

models (McMaster et al., 1992). SRES and SARES are useful in determining how 
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errors of each pair of data points in the model cancel. If SRES is small compared to 

SARES, errors in the model tend to cancel. If SRES and SARES are large and SRES is 

positive, the model tends to underestimate the germinate percentage (i.e., the simulated 

germination is lower than the observed germination). However, if SRES is negative and 

large as compared to SARES, the model tends to overestimate the germinate percentage 

(i.e., the simulated germination is higher than the observed germination) (McMaster et 

al., 1992).  

3.2.7 Supplementary experiments 

Several supplementary experiments were conducted to determine the effects of 

experimental conditions and seed treatments during germination tests on thermal time 

models. The possible effect of the duration of light exposure during germination check 

on seed germination rate and total germination percentage was tested. Durations of 0, 5, 

10 and 15 minutes of daily exposure and two temperature regimes for germination, 

15/25 and 5/15oC, were used. This experiment was conducted as a RCBD with five 

replicates, and replicates were put into growth chambers at weekly intervals. For each 

replicate, a unit of 50 seeds was imbibed as described in Section 3.2.2. Sixteen 

treatments (four cultivars × four light exposure durations) were applied to each 

temperature regime. Black plastic bags were used to seal the Petri dishes to reduce 

evaporation and to block the light. All Petri dishes were taken out from the growth 

chambers and put at room temperature for same duration. The germination test was 

conducted for 40 days and final germination percentage was recorded at the end of the 

test. 
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Comparisons were also made between germination counts made under normal 

laboratory light versus counts made under a green, safe light. Fifty seeds were imbibed 

in each Petri dish as described in Section 3.2.2. Four temperature regimes, 15/25, 20/20, 

5/15, and 10/10oC, were used. A RCBD with five replicates was used and replicates 

were put into growth chambers at weekly intervals. Eight treatments (four cultivars × 

two types of light) were applied to each temperature regime. Germination tests were 

conducted for 40 days and seeds were counted and removed daily under designated 

light source. Seeds with coleoptiles greater than 3 mm were considered germinated. 

The effects of applying fungicide (0.05% benomyl powder) to the seeds on seed 

germination were investigated under 15/25 and 5/15oC temperature regimes. A RCBD 

with five replicates was used and the replicates were put into growth chambers at 

weekly intervals. Eight treatments (four cultivars × two fungicide treatments) were 

applied to each temperature regime. The data collection was the same as described in 

Section 3.2.2. 

Two methods to test seed viability, 0.1% Tetrazolium Chloride (TZ) solution 

(Grabe, 1970) and finger pressing, were compared at room temperature. Both methods 

were used on non-germinated seeds after the fungicide experiment was terminated. 

Viable seeds were firm when pressed with finger tips. After finger pressing all the seeds 

were cut longitudinally and stained with 0.1% TZ for 24 hours. The seeds were viable 

when the embryo was stained evenly.   

3.2.8 Data analysis 

In addition to modeling techniques described above, Analysis of Variance 

(ANOVA) was conducted using the GLM procedure for final germination and 
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germination rate index as affected by light exposure duration, light quality, fungicide 

and seed viability test method on germination (SAS/STAT Software V.8.2 for Windows, 

1999). Percentage data were transformed with arc sine square root before analyses. 

Treatment means were separated using least significant difference (LSD) test at P = 

0.05. Data were back-transformed to percentages for presentation. 

The rate of seed germination was calculated using Germination Rate Index:  

 

GRI=(Gtot/p)*(∑gi/ti)                        (Eq. 3.13) 

  

where Gtot = the total number of germinated seeds at the end of the germination test,  p 

= the total number of seeds, and gi = the number of seeds germinated between time ti-1 

and ti (h) (Steinmaus et al., 2000). 

3.3 Results 

3.3.1 Effects of temperature on final germination and germination rate  

Seed viability was 99.6% for ‘Arctic’ and ‘Lineta’ orchardgrass, and 100% for 

‘Walsh’ and ‘LC9078a’ western wheatgrass. Seed germination of orchardgrass and 

western wheatgrass was affected by temperature and the optimal temperature for 

germination depended on cultivar. The final germination percentage of ‘Arctic’ and 

‘Lineta’ orchardgrass was approximately 77% and 83% at optimal constant temperature, 

respectively. The final germination of the two western wheatgrass cultivars was less 

than 10% at constant temperatures. The final germination percentage of both species 

showed a bell shape response to temperature (Figure 3.1), indicating that the two 
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cultivars of orchardgrass contain conditional dormancy and those of western wheatgrass 

contain deep dormancy. 
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Figure 3.1 Final germination percentage of ‘Lineta’ and ‘Arctic’orchardgrass and 
‘LC9078a’ and ‘Walsh’ western wheatgrass under constant and alternating temperature 
regimes. Data are means ± SE (n = 5). 

 

The final germination of both species was higher under alternating than constant 

temperature regimes with the same mean temperature (Figure 3.1), indicating that 

alternating temperature can break conditional dormancy of both grasses. Germination 

enhancement between 20 and 40% in ‘Arctic’ orchardgrass, between 20 and 30% in 

‘Lineta’ orchardgrass and up to 40-70% in the two cultivars of western wheatgrass by 

alternating temperature was observed. Alternating temperature regimes with mean 

temperatures between 10-25oC were optimal for orchardgrass, while the range of 15-20 

was optimal for western wheatgrass. Dormancy breaking by alternating temperatures 
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depended on the mean temperature and the amplitude of temperature variation as well 

as species and cultivars. A 5-10oC temperature amplitude was sufficient to break 

dormancy in seeds of orchardgrass while western wheatgrass required a 10oC 

temperature amplitude to the break dormancy in seeds, further increasing the 

temperature amplitude did not increase germination (Figure 3.2). 
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Figure 3.2 Effects of temperature amplitude from 0-20oC on dormancy breaking of 
orchardgrass (‘Lineta’ and ‘Arctic’) and western wheatgrass (‘LC9078a’ and ‘Walsh’). 
Data are means ± SE (n = 5). 

 

Germination rate as measured with GRI was generally higher under alternating than 

constant temperature regimes with the same mean temperature (Figure 3.3). GRI was 

affected by alternating temperature similarly to that of final germination percentage. GRI 
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increased with increasing mean temperature up to 20-25oC in orchardgrass, and up to 15-

20oC in western wheatgrass. 
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Figure 3.3 Germination Rate Index (GRI) of orchardgrass (‘Lineta’ and ‘Arctic’) and 
western wheatgrass (‘LC9078a’ and ‘Walsh’) under various constant and alternating 
temperature regimes. Data are means ± SE (n = 5). 

 

3.3.2 Modeling temperature affect on seed dormancy change 

The germination time course using Chapman-Richards nonlinear model had 

Pseudo-R2 greater than 0.80 for most temperatures (Appendix 1). The sum of squares 

reduction test showed that there were common Tbs among subpopulations at 0, 5 and 

10oC amplitudes for ‘Arctic’ and at 0, 5, 10, and 15oC amplitudes for ‘Lineta’ 

orchardgrass. Therefore, reduced models were used to estimate Tb for the two cultivars 

at those temperature amplitudes (Figures 3.4, 3.5). The minimum requirement for 

regression could not be met for ‘Arctic’ orchardgrass with the 15oC amplitude (Figure 
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3.4). For both cultivars, the temperature regime with 20oC amplitude did not have 

enough data for regression analysis and thus Tb could not be estimated (data not shown). 

The assumption of a common Tb among subpopulations could not be met for the two 

cultivars of western wheatgrass, either due to the limited available subpopulations (low 

germination and high dormancy) or the parallel slopes of GR on T among 

subpopulations (Figure 3.6, 3.7). 
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Figure 3.4 Germination rate (GR) of ‘Arctic’ orchardgrass within the range of sub-
optimal temperatures as a function of temperature and sub-populations with various 
temperature amplitudes from 0-15oC. 
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Figure 3.5 Germination rate (GR) of ‘Lineta’ orchardgrass within the range of sub-
optimal temperatures as a function of temperature and sub-population with temperature 
amplitudes from 0-15oC. 
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Figure 3.6 Germination rate (GR) of subpopulation of ‘LC9078a’ western wheatgrass at 
various temperature with temperature amplitudes from 5-20oC. 
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Figure 3.7 Germination rate (GR) of subpopulation of ‘Walsh’ western wheatgrass at 
various temperature with temperature amplitudes from 5-20oC. 

 

The Tb of ‘Arctic’ orchardgrass differed significantly among temperatures with 0 

(constant temperature), 5, and 10oC amplitudes, decreasing as the temperature 

amplitude increased (Table 3.2). The Tb of ‘Lineta’ orchardgrass also differed 

significantly among 0, 5, 10 and 15oC amplitudes, declined as the amplitude increased.  
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Table 3.2 The common base temperatures (Tb) among subpopulations and their 95% 
confident intervals for orchardgrass (‘Arctic’ and ‘Lineta’) at various temperature 
amplitudes estimated based on the reduced model. 

Cultivar Temperature 
amplitude (oC) 

Tb (oC) Confident 
intervals (oC) 

‘Arctic’ 0 3.6 1.7 ∼ 5.6 
 5 1.4 0.8 ∼ 2.1 
 10 -1.9 -3.4 ∼ -0.4 
 15 NA NA 
 20 NA NA 

‘Lineta’ 0 0.93 0.7 ∼ 1.2 
 5 0.73 0.5 ∼ 1.0 
 10 -0.14 -0.6 ∼ 0.3 
 15 -1.93 -2.8 ∼ -1.1 
 20 NA NA 

 
 

Thermal time for different sub-populations based on the estimated Tb was 

affected by temperature amplitude (the inverse of the slopes of the lines in Figure 3.4 

and 3.5). Thermal time models were constructed separately for each cultivar and 

temperature amplitude using Chapman-Richards growth function based on Tb’s and 

thermal time (Table 3.3).  

Table 3.3 Parameters describing the thermal time model (mean ± SE) derived from the 
Chapman-Richards growth function for orchardgrass (‘Arctic’ and ‘Lineta’). a = the 
asymptote; b = the rate parameter; c = the shape parameter. 

Cultivar Temperature 
amplitude (oC) 

a b c 

‘Arctic’ 0 67.4±7.0 0.024+0.003 12.8±3.0 
 5 87.2±2.4 0.025±0.001 16.9±1.9 
 10 84.7±0.9 0.019±0.000 18.9±1.0 
‘Lineta’ 0 79.4±0.5 0.034±0.000 38.6±1.2 
 5 93.9±0.3 0.047±0.004 91.5±3.5 
 10 89.2±0.1 0.058±0.000     305.4±4.0 
 15 91.6±0.1 0.033±0.000 42.8±0.4 
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The effects of alternating temperature on germination could be reflected from 

the first and second derivatives of the nonlinear thermal time model using parameters in 

Table 3.3 (Figure 3.8). The maximum germination (asymptote) of ‘Arctic’ orchardgrass 

was lower at 20/20oC (constant temperature) compared to 17.5/22.5 and 15/25oC 

(alternating temperatures). The highest daily germination (inflection point) was 13%, 

15%, and 10% at 15/25, 17.5/22.5, and 20/20oC, respectively on the 8th, 7th, and 7th 

days. The rate of daily germination increased to the highest on the 5th, 4th, and 5th day 

at 15/25, 17.5/22.5, and 20/20oC, and then decreased to the lowest at the 10th, 8th, and 

9th days, respectively.  
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Figure 3.8 Cumulative germination percentage, daily germination percentage, and the 
rate of daily germination of ‘Arctic’ orchardgrass expressed by the thermal time model, 
the first derivative of thermal time model, and the second derivative of thermal time 
model for 0, 5oC and 10oC amplitude temperature regimes with a mean temperature of 
20oC. 

 

The SRES of the thermal time models was smaller compared to SARES (Figure 

3.9, 3.10), thus errors tended to cancel on each other. The predicted germination time 

course fit well with the observed data for both cultivars at most temperatures as 

measured by RMSE except for ‘Arctic’ orchardgrass at 0/10oC for which germination 
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was overestimated by the model (Figures 3.9).  
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Figure 3.9 Observed germination (symbols) and simulated germination (solid line) 
based on thermal time model and model fit using regression analysis for ‘Arctic’ 
orchardgrass with 10oC amplitude. Data are means ± SE (n = 5). RMSE = root mean 
square error, SRES = the sum of the residuals, and SARES = the sum of the absolute 
residuals. 
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Figure 3.10 Observed germination (symbols) and simulated germination (solid line) 
based on thermal time model and model fit using regression analysis for ‘Lineta’ 
orchardgrass with 10oC amplitude. Data are means ± SE (n = 5). RMSE = root mean 
square error, SRES = the sum of the residuals, and SARES = the sum of the absolute 
residuals. 
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3.3.3 Effects of light duration, light quality and fungicide on germination and 

comparison between two seed viability tests 

Exposure to light during germination checks had minimal effect on the final 

germination percentage among 5, 10, and 15 minutes treatments in two cultivars of 

orchadgrass and western wheatgrass at the two temperatures regimes tested (Figure 

3.11). Differences in the final germination percentage among 5, 10, and 15 minutes 

light exposures were generally less than 5%, except for ‘Walsh’ western wheatgrass in 

which germination percentage decreased with increasing duration of light exposure. Up 

to 25% enhancement and 24% reduction in germination by exposure to light were found 

in ‘Arctic’ orchardgrass and ‘LC9078a’ western wheatgrass, respectively, at 5/15oC; 

and up to 14% reduction in germination was found in ‘Walsh’ western wheatgrass at 

15/25oC. 

The effects of laboratory light and safe light during germination check on seed 

germination were temperature specific for both species. Seed germination was higher 

under laboratory light than safe light for ‘Arctic’ orchardgrass at 20/20 and 15/25oC, but 

it was not significantly different at 10/10 and 5/15oC. Laboratory light stimulated seed 

germination for ‘Lineta’ at 20/20 and 5/15oC, but had no effects at 10/10 and 15/25oC. 

On the contrary, brief exposure to laboratory light during germination checking reduced 

germination of western wheatgrass at 10/10 and 5/15oC, but not at 20/20 and 15/25oC 

(Figure 3.12).  
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Figure 3.11 Final germination percentage of orchardgrass (‘Lineta’ and ‘Arctic’) and 
western wheatgrass (‘LC9078a’ and ‘Walsh’) at 5/15 and 15/25oC as affected by the 
duration of daily light exposure during germination checks. Means with the same letters 
are not significantly different at P ≤ 0.05 within each temperature regime and each 
cultivar. 
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Figure 3.12 Final germination percentage of orchardgrass (‘Lineta’ and ‘Arctic’) and 
western wheatgrass (‘LC9078a’ and ‘Walsh’) at 10/10, 5/15, 20/20, and15/25oC 
counted under normal laboratory light and green safe light. Means with the same letters 
are not significantly different at P ≤ 0.05 within each temperature regime and each 
cultivar. 

 

The application of fungicide (0.05% benomyl) had no significant effects on the 

final germination percentage for all cultivars at 5/15 and 15/25oC except for ‘Lineta’ 

orchardgrass at 15/25oC which was 8% higher in fungicide treatment than the control. 

There were no significant effects for fungicide application on GRI for ‘Arctic’ 

orchardgrass, ‘LC9078a’ western wheatgrass, and ‘Walsh’ western wheatgrass at both 

temperature regimes except for ‘Walsh’ western wheatgrass which had 0.1% day-1 

decrease at 5/15oC. GRI of ‘Lineta’ orchardgrass increased 0.25 and 1.1% day-1 for 

fungicide application compared to the control in both temperature regimes (Figure 3.13). 
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Figure 3.13 Final germination percentage and Germination Rate Index (GRI) of 
orchardgrass (‘Lineta’ and ‘Arctic’) and western wheatgrass (‘LC9078a’ and ‘Walsh’) 
at 5/15 and 15/25oC temperature regimes with the application of 0.05% and 0% 
fungicide (benomyl powder). Means with the same letters were not significantly 
different at P ≤ 0.05 within each temperature regime and each cultivar.  

 

The paired t-test showed that there was no significant difference between finger 

pressing and the TZ method for seed viability in the two species (data not shown).   

3.4 Discussion  

The final germination percentage and germination rate index were higher under 

alternating temperatures than under constant temperatures for orchardgrass and western 

wheatgrass among all the temperature regimes tested. This indicates that alternating 

temperatures breaking conditional seed dormancy and affect germination rate in both 

species. Dormancy breaking by alternating temperatures is common (Murdoch at al., 

1989; Schutz, 2000; Steadman, 2004). After seed dormancy loss, final germination is 
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usually similar between alternating and constant temperatures as demonstrated in 

Orobanche (Kebreab and Murdoch, 1999c), implying that the increment of the final 

germination at given mean temperature is the result of dormancy broken in dormant 

seeds by alternating temperatures regimes (Murdoch et al., 1989).  

The optimal mean temperature of 15-20oC for the germination of western 

wheatgrass and 10-25oC for orchardgrass in this study agrees with previous reports 

(Bokhari et al. 1975; Pannangpetch and Bean, 1984). For both species, final 

germination percentage increased as the temperature amplitude increased from 0 to 

10oC, but it declined slightly when the amplitude increased above 10-15oC. Probert et 

al. (1985c) also reported a similar result that germination of orchardgrass declined as 

the amplitude of temperature above an optimum range (5-10oC). Kebreab and Murdoch 

(1999a) also found that wide temperature amplitudes had an inhibitory effect on seed 

germination in Orobachche species. Membranes are thought to be the primary site 

receiving temperature stimulus for dormancy release and germination (Steadman, 

2004). Alternating temperatures can change membrane fluidity and the activity of 

related enzymes. A gradual, rather than an intensive alteration in temperatures, such as 

5-10oC amplitude, might be favorable for dormancy release. The optimal temperature 

amplitude of 10oC coincides with temperature regimes measured at the 1-cm seeding 

depth in the soil (Chapter 4). Therefore, the thermal time model with a 10oC 

temperature amplitude can be used to study seedling emergence of orchargrass in the 

field.   

Base temperatures of both orchardgrass cultivars decreased as the temperature 

amplitude increased, indicating that alternating temperature not only breaks seed 
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dormancy and enhances germination percentage, germination at alternating temperature 

regimes also enables seeds to accumulate thermal time faster than constant temperatures 

with the same mean temperature. Decreases in Tb have been reported after endosperm 

removal (Dahal et al., 1990), with increasing water potentials (Fyfield and Gregory, 

1989; Kebreb and Murdoch, 1999c), and with increasing seed size (Wang et al., 2004). 

No changes were found in Tb after priming in tomato (Lycopersicon esculentum Mill.) 

(Dahal et al., 1990), but a lower Tb was found in squirreltail after priming (Hardegree et 

al., 2002). A lower Tb widens the range of temperature for germination. According to 

Benech-Arnold et al. (2000), seeds with a wider range of germination conditions have 

less dormancy.  

The base temperatures for both orchardgrass cultivars were below zero at 10 and 

15oC amplitudes, indicating that this grass can accumulate thermal time and germinate 

in the spring when temperatures are close to or below 0oC. Wang et al. (2004) and 

Wang (2005) experimentally validated that winterfat (Krascheninnikovia lanata (Pursh) 

A.D.J. Meeuse and Smit) seeds had Tb below 0oC. The below zero Tb could increase the 

ability for seeds to utilize the moist conditions after snow melts and favour seedling 

establishment in early spring. 

The common Tb among subpopulations in orchardgrass was determined using 

the sum of squares reduction test. Unlike previous work using Tb of the median (50%) 

subpopulation (Ellis and Butcher, 1988; Finch-Savage et al., 1998), mean Tb of all 

subpopulations (Garcia-Huidobro et al., 1982a, b; Wang et al., 2004), or the best fit Tb 

using the screen method (Ellis et al., 1986; Dahal et al., 1990), the method presented in 

the current study has advantages for estimating Tb. The common Tb and the thermal 
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time for different subpopulations can be estimated in just one step. Thermal time with a 

common Tb for different subpopulations can increase the accuracy of the thermal time 

models and the parameters derived from them. In addition, the 95% confidential 

intervals for all the parameters can be calculated, allowing for comparison of parameters 

between treatments. 

The thermal time model developed in this study used nonlinear analysis with 

Chapman-Richards growth function. The advantage of using nonlinear rather than linear 

transformation such as probit analysis (Ellis et al., 1986) is that data from the lag phase 

and the asymptote phase of germination can be included. Although the Chapman-

Richards function is considered as an empirical model, its parameters do lend 

themselves to biological interpretations, which are maximum germination percentage, 

rate and shape parameters (Coble, 2004). Changes in daily germination percentage and 

daily germination rate can be reflected in the first and second derivatives, respectively. 

Because of its sigmoidal flexibility in shape and its biological and statistical properties, 

Chapman-Richards growth function has been used extensively in growth and yield 

studies in biology and forestry (Payandeh and Wang 1994; Lee, 2002). 

Previous application of thermal time models in studying dormancy change are 

usually for seeds after dormancy release treatments, such as afteripening (Welbaum and 

Bradford, 1991) or stratification (Pritchard et al., 1999). However, seed dormancy loss 

is not a synchronous process, but it is a process with seed-to-seed variation in a 

population (Pritchard et al., 1996). In the field, the percentage of seeds that germinate 

and emerge at a given time is the result of germination of nondormant seeds plus the 

germination of seeds that have been released from dormancy by factors such as 
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fluctuating temperatures (Batla et al., 2003). The effect of temperature on dormancy 

loss and germination occurs simultaneously under field conditions and it is impossible 

to separate the germination of dormant seeds from non-dormant seeds. Therefore, 

previous models based on seed germination after dormancy release treatments do not 

truly reflect the effect of alternating temperatures on seedling emergence in the field. In 

addition, afterripening and stratification may also modify the germination rate of non-

dormant seeds (Welbaum and Bradford, 1991; Pritchard et al., 1999; Wang et al., 2004). 

Hilhorst (1998) proposed a simulation model using the amount of the membrane-

located phytochrome receptor protein as an indicator for the degree of dormancy. As yet, 

the hypothetical receptor has not be measured.  

The assumption of a common Tb among subpopulations could not be met for the 

two cultivars of western wheatgrass, therefore, it was impossible to develop a thermal 

time model for this species. No common Tb can be estimated for western wheatgrass 

might be due to the deep dormancy or the lack of permissive stimulus for germination 

in this species (Benech-Arnold et al., 2000). According to Benech-arnold et al. (2000), 

dormancy status is based on whether germination is completed, so the thermal time 

model developed for dormancy release is eventually based on seed germination. 

Thermal time models might not be suitable for deep dormant seeds or seeds not 

triggered properly for germination, which have low germination and the lack of a 

common Tb among subpopulations.  

Exposure to light during germination check increased final germination 

percentage in orchardgrass, but reduced germination slightly in western wheatgrass. 

Light as one of the environmental factors affecting dormancy can remove the ultimate 

 56



constraints for seed germination once the degree of dormancy is sufficiently low 

(Benech-Arnold et al., 2000). For example in orchardgrass which had low degree of 

dormancy, light had no significant influence on germination. Western wheatgrass had 

relatively large seeds which may have adapted to burial rather than to soil surface, so 

light exposure can reduce seed germination and darkness can enhance seed germination. 

Exposure to green safe light during seed germination counting had no effect on seed 

germination in orchardgrass, but increased the germination of western wheatgrass 

relative to exposure to laboratory light. These results suggested that light inhibited 

germination and darkness caused dormancy release for western wheatgrass. Steadman 

(2004) also found dark-stratification rather than light-stratification resulted in better 

dormancy release in annual ryegrass seeds. Fungicide application had minimal effects 

on the final germination for both species and tended to reduce seed decay at higher 

temperatures. There was no evidence that fungicide affected dormancy of the two 

species. There was no significant difference between the two seed viability testing 

methods, i.e., finger pressing and the TZ method. Overall, at most temperature regimes, 

the short light exposure, laboratory light quality and fungicide had little influence on 

seed germination, therefore, may have little effect on the thermal time model in 

orchardgrass. Shortening light exposure time or under green safe light during 

germination check for both species may be necessary to minimize the influence of light 

thus leading to develop a model for western wheatgrass. 

3.5 Conclusions: 

 Alternating temperatures increased final seed germination, germination rate and 

optimal temperature range for both species compared to constant temperatures. The 
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base temperatures of ‘Arctic’ and ‘Lineta’ orchardgrass decreased as the temperature 

amplitude increased. The assumption of a common Tb among sub-populations cannot be 

met for the two cultivars of western wheatgrass, either due to the low germination (high 

dormancy), the parallel slopes of the GR on temperature among subpopulations or the 

inhibitive effect of light to seed germination during daily germination counts. Thermal 

time models expressed with the Chapman-Richards growth function gave an accurate 

simulation for the observed seed germination for the two orchardgrass cultivars (R2 

usually greater than 0.95). The use of thermal time models to study seed dormancy 

changes and germination revealed the dual effects of temperature for these processes on 

conditional dormant seeds. The models developed under the alternating temperature 

regimes can be used for determining optimal seeding dates and predicting seedling 

emergence in the field.  
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4. SEEDLING EMERGENCE IN THE FIELD AND ITS PREDICTION USING 

THERMAL TIME MODELS 

   

4.1 Introduction 

Seedling emergence is affected by the interaction of weather conditions, soil, 

seed and seedling characteristics (Finch-Savage et al., 1998). Many researchers have 

tried to identify correlations between environmental variables and seedling emergence 

patterns. The environmental variables such as soil temperature and soil moisture 

(Fyfield and Gregory, 1989; Finch-Savage and Phelps, 1993; Roman et al., 1999; 

Shrestha et al., 1999), soil penetration resistance (Vleeshouwers, 1997; Vleeshouwers 

and Kropff, 2000), tillage method (Oryokot et al., 1997; Roman et al., 2000), and burial 

depth (Redmann and Qi, 1992; Vleeshouwers, 1997; Qaderi et al., 2002) affect seedling 

emergence in the field.  

 Soil temperature is the most important factor governing seedling emergence 

(Bouwmeester and Karssen, 1992; Forcella et al., 2000; Vleeshouwers and Kropff, 

2000). Given adequate moisture and oxygen, the progress of seed germination and post-

germination growth to emergence can be predicted using thermal time models (Covel et 

al., 1986; Del Monte and Tarquis, 1997; Moot et al., 2000). The use of models to 

determine seedling emergence is becoming increasingly relevant for forage production, 

but successfully linking seedling emergence with thermal time models under fluctuating 
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temperatures is challenging for seeds with dormancy (Finch-Savage et al., 1993, 1998; 

Roman et al., 1999, 2000; Grundy et al., 2000).  

Seedling emergence in the field involves three processes: dormancy release, seed 

germination and post-germination seedling growth (Forcella et al., 2000). Predicting 

seed germination using thermal time models for conditional dormant orchardgrass 

(Dactylis glomerata L.) at alternating temperature regimes is possible (Chapter 3). 

Nevertheless, the complexity of the seedling emergence as affected by both pre- and 

post-germination events requires the modification of thermal time models based on 

germination process.  

Orchardgrass and western wheatgrass (Pascopyrum smithii (Rydb.) L.) are 

perennial grasses in western Canada that are used as an integral part of nutrient 

management plans for livestock due to their superior forage quality (Saskatchewan 

Agriculture, Food and Rural Revitalization, 2005). They are cool-season grasses used 

throughout much of the North American pasturelands (Quinonoe and Gose, 1976; 

Probert et al., 1985c; Forage Information System, Oregon State University, 2004a, b). 

Freshly harvested seeds of temperate grass species possess dormancy and require 

alternating temperatures for maximum germination (Probert and Smith, 1986). 

Fluctuating temperatures enhance germination or emergence through the direct effect on 

seed dormancy change rather than on seed germination, per se (Benech-Arnold et al., 

1990a, b). Temperatures fluctuate widely in the field, especially at the soil surface under 

unpredictable weather conditions. It was hypothesized that: 1) temperatures in the field 

affect final seedling emergence and seedling emergence rate, and; 2) thermal time 

models can be used to predict seedling emergence in the field after models are modified.  
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Objectives of this project were: 1) to test seedling emergence as affected by 

temperatures in the field and seeding date; 2) to correlate seed germination in Petri 

dishes with seedling emergence in soil; and, 3) to modify the thermal time models with 

a 10oC amplitude and use it to predict seedling emergence in the field.  

4.2 Materials and methods 

4.2.1 Site description  

Field trials were conducted at the field experimental station of Agriculture and 

Agri-Food Canada, Saskatoon Research Centre. The soil is a Dark Brown Chernozem 

(Typic boroll) clay at the experiment site (Matus-Cádiz and Hucl, 2003). The sand, clay 

and silt contents are 23, 45 and 33%, respectively. Field water capacity was 57% of the 

top 5 cm of soil, and the soil bulk density was 1.14 g/cm3.  

Two cultivars for each species, ‘Arctic’ and ‘Lineta’ for orchardgrass, and 

‘Walsh’ and ‘LC9078a’ for western wheatgrass were used in this experiment. Seeds 

were selected individually using tweezers to ensure that each seed was well formed, and 

then seeds were mixed with benomyl powder at a concentration of 0.05% (w/w) before 

seeding to prevent or reduce fungal infection.  

4.2.2 Periodicity of seedling emergence in the field 

Four seeding dates were conducted in 2003 and 2004, respectively, which were 

3 May, 15 May, 27 May, and 8 June 2003, and 7 May, 19 May, 31 May, and 10 June 

2004. A randomized complete block design (RCBD) with five replicates was used and 

the plot size was 1.0 x 1.0 m. Sixteen treatments (four cultivars × four seeding dates) 

were randomly allocated to plots in each block each year. Within each plot, 200 seeds 

were hand-sown at 1 cm depth in four rows for easy seedling location and identification. 
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Irrigation was provided for 10 L once a day to the level of field capacity (top 2 cm soil) 

unless there was a significant precipitation event (> 5 mm) in the previous 24 hours and 

the soil was near its field capacity. Soil temperatures at the 1 cm sowing depth were 

recorded every hour using dataloggers (21X, Campbell Scientific Inc., USA). The 

average, maximum and minimum daily soil temperatures were used for thermal time 

model assessment. 

Seedling emergence in the field was monitored at 2-day intervals. Seedlings 

were counted as emerged when coleoptiles were visible; and seedlings were removed 

after each counting. The experiment was terminated after no new seedlings emerged for 

14 consecutive days in a plot. Seedling emergence rate index (ERI) was calculated 

using the same method as germination rate index (GRI) in Chapter 3.   

4.2.3 Comparison of seedling emergence with seed germination and the modification 

of the thermal time model 

A growth chamber experiment was designed to establish the relationship 

between seed germination in Petri dishes and seedling emergence in soil. Seedling 

emergence from soil from the field plots and Redi-earth® (artificial soil), was also 

compared. Field-collected soil was air dried, sieved and placed in 10 × 10 × 8 cm trays 

before water was added to bring the soil to field capacity. Fifty seeds were spread on a 

soil surface and covered with 1 cm of soil. The same seeding method was used for the 

Redi-earth® artificial soil. Petri dishes and the soil trays were randomly placed in 

growth chambers (Conviron PGR15, Controlled Environment Limited, Canada). Seed 

germination in Petri dishes and seedling emergence from the trays filled with soil were 
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conducted in darkness at 15/25, 20/20, 5/15, and 10/10oC. Temperatures inside the 

chambers were recorded with dataloggers (21X, Campbell Scientific Inc., USA). 

A RCBD with five replicates was used and replicates were put into growth 

chambers at weekly intervals. Twelve treatments (four cultivars × three germination 

media) were applied to each temperature regime. Seeds with a coleoptile greater than 3 

mm in Petri dishes and seedlings visible at the soil surface were considered germinated 

or emerged, respectively. Seed germination and seedling emergence were recorded 

daily and the experiment was terminated after no new seedling emerged for 14 

consecutive days. Seeds germinated or emerged were removed after each counting and 

water was added to the Petri dishes or soil when necessary. 

A supplemental experiment was conducted to further compare seedling 

emergence from field soil and Redi-earth® soil under field conditions. Four pots were 

filled with Redi-earth® soil and buried in the field plots on the third seeding date on 27 

May 2003. Fifty seeds were seeded in each pot at a 1 cm depth. Seedling emergence 

from these containers was compared with that from the seeded plots on the same 

seeding date. 

4.2.4 Seed fate of previously buried seeds in the field 

On each seeding date four steel mesh containers (10 cm x 10 cm x 4 cm) were 

placed in each plot. The bottom of the container was 3 cm below the soil surface and the 

container was covered with 2 cm of soil. Filter paper bags containing 50 seeds of each 

cultivar were placed horizontally in each container and covered with 1 cm of soil. These 

paper bags were retrieved after 2, 4, 6, and 8 weeks of burial. Seeds were removed from 

the paper bags after retrieval. Germinated seeds were recorded and then discarded. Non-
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germinated seeds were imbibed in Petri dishes at 15/25oC in darkness. Seed germination 

was counted at 24-hour intervals and seeds with coleoptiles greater than 3 mm were 

considered germinated. Germinated seeds were removed after counting and water was 

added when necessary. Viability of nongerminated seeds at the end of the germination 

test was tested (see Section 3.2.2). 

4.2.5 Data analysis 

Analysis of variance was conducted using GLM procedure of SAS program 

(SAS/STAT Software V.8.2 for Windows, 1999) for final seed germination/seedling 

emergence and ERI as affected by seeding dates, germination media and burial duration. 

The percentage seedling emergence data were transformed with arc sine square root. 

Treatment means were compared using the least significant difference (LSD) test at P = 

0.05. Back-transformed data were used for presentation. 

The germination/seedling emergence time for different subpopulations in Petri 

dish and seedling emergence in the soil (tg) was estimated by nonlinear regression 

procedure with the Levenberg-Marquardt algorithm method (Marquardt, 1963; PROC 

NLIN, SAS 1990). Thermal time for seed germination and seedling emergence and is 

calculated from: 

 

)()(, gb tTTxy −=                                              (Eq. 4.1) 

 

where y = the thermal time for seed germination in the Petri dish, x = the thermal 

time for seedling emergence in soil, T = sub-optimal temperature for germination, Tb = 

the base temperature for 10oC amplitude (obtained from Table 3.2), t(g) = the 
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germination/seedling emergence time for certain subpopulation of seed germinated in 

Petri dishes/seedling emerged in the soil, y and x share the same Tb. 

The required thermal time for the corresponding subpopulations between the 

seed germination in the Petri dish and seedling emergence in soil in the growth chamber 

was expressed more accurate by the Chapman-Richards function compared to linear and 

other exponential functions in this study. The Chapman-Richards function takes the 

following form: 

 

y =                                               (Eq. 4.2) γβα ))exp(1( x−−

 

where y = the thermal time for seed germination in the Petri dish, α = the 

asymptote, β = the rate parameter, and γ = the shape parameter, all of which were 

derived from the Chapman-Richards function, x = the thermal time for seedling 

emergence in soil.  

The final function of thermal time model for seedling emergence in the field was 

modified as: 

 

Seedling emergence (%) =                        (Eq. 4.3) cbya )exp(1( −−

 

where a = the asymptote, b = the rate parameter, and c = the shape parameter, and y 

=the relative thermal time in the Petri dish in Eq. 4.2. All constants were from the 

thermal time models constructed in Chapter 3 using the 10oC temperature amplitude 

(Table 3.3). 
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 The modified thermal time models were used to predict seedling emergence in 

the field. The ability of the modified model to predict seedling emergence was 

determined by the coefficient of determination (R2) of the linear regression analysis of 

the predicted against the observed seedling emergence. RMSE (root mean square error), 

SRES (sum of residuals) and SARES (sum of absolute residuals) between the predicted 

and observed seedling emergence were also calculated for each cultivar on each seeding 

date to estimate the variation and accuracy of thermal time models (Oryolot et al., 1997). 

A small RMSE would indicate that predicted emergence is similar to the actual 

emergence (McMaster et al., 1992). The SRES and SARES would assess bias. If the 

SRES is smaller than the SARES, any errors tended to cancel one another. If the SRES 

and SARES are large and the SARES is positive, the model underestimates seedling 

emergence. On the other hand if the SRES is negative and larger than the SARES, the 

model overestimates seedling emergence (McMaster et al., 1992).  

4.3 Results 

4.3.1 Seedling emergence in the field as affected by seeding date  

 The final percentage of seedling emergence in the field ranged from 47% to 

92% in 2003 and from 47% to 91% in 2004 for the two species (Figure 4.1). Final 

seedling emergence of the two orchardgrass cultivars was similar. For western 

wheatgrass, emergence of ‘Walsh’ averaged 29% and 46% greater than ‘LC9078a’ in 

2003 and 2004, respectively (Figure 4.1). The number of seedlings emerging tended to 

decrease with seeding date in the two orchardgrass cultivars. In contrast, the two 

cultivars of western wheatgrass, had the highest final percentage of seedling emergence 
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from the third seeding date in both years (27 May in 2003 and 31 May in 2004) (Figure 

4.1).  
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Figure 4.1 Final seedling emergence of two cultivars of orchardgrass (‘Arctic’ and 
‘Lineta’) and two cultivars of western wheatgrass (‘LC9078a’ and ‘Walsh’) as affected 
by seeding date (3 May, 15 May, 27 May, and 8 June 2003 and 7 May, 19 May, 31 May, 
and 10 June 2004). Means with the same letters within a cultivar and year are not 
significantly different at P≤0.05. 

 

Seedling emergence rate index (ERI) of both orchardgrass cultivars tended to be 

higher in the later seeding dates than in the earlier seeding dates in both years (Figure 

4.2). Similar to the trend in final percentage of seedling emergence in western 

wheatgrass, ERI in this species tended to increase with seeding date and reaching the 

highest in the third seeding date (Figure 4.2). 
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Figure 4.2 Seedling emergence rate index (ERI) of orchardgrass (‘Arctic’ and ‘Lineta’) 
and western wheatgrass (‘LC9078a’ and ‘Walsh’) as affected by seeding date (3 May, 
15 May, 27 May, and 8 June 2003 and 7 May, 19 May, 31 May, and 10 June 2004). 
Means with the same letters within a cultivar and year are not significantly different at 
P≤0.05.  

 

4.3.2 Comparison of seedling emergence from soil with seed germination in Petri 

dishes 

Alternating temperatures in growth chambers resulted in greater final seed 

germination/seedling emergence than constant temperatures for both species. Higher 

temperatures (20/20, 15/25oC) had higher final germination and seedling emergence 

than the corresponding lower temperatures (10/10, 5/15oC) (Figure 4.3). Seed 

germination was greater than seedling emergence from pots filled with field-collected 

soil in orchardgrass at all temperatures. Seedling emergence from field soil was 

generally less than that from Redi-earth® soil for orchardgrass at all temperatures except 
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for 20/20oC. Germination and seedling emergence were low at both constant 

temperatures for western wheatgrass. At both constant temperatures and the low 

alternating temperature (5/15oC), germination tended to be less than seedling emergence 

from field soil. At 15/25oC, however, when germination and seedling emergence were 

highest, germination tended to be greater than seedling emergence. Seedling emergence 

tended to be greater in field soil than Redi-earth® for orchardgrass, which was true for 

western wheatgrass only at lower temperatures (10/10, 5/15oC).   
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Figure 4.3 Effects of germination medium on germination/emergence of orchardgrass 
(‘Arctic’ and ‘Lineta’) and western wheatgrass (‘LC9078a’ and ‘Walsh’) at 10/10, 5/15, 
20/20, and15/25oC. Means with the same letters within a temperature and cultivar are 
not significantly different at P≤0.05.  

 

Under field conditions, greater seedling emergence from Redi-earth® than from 

field soil was found only in ‘Arctic’ (Figure 4.4).   
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Figure 4.4 Final seedling emergence of orchardgrass (‘Arctic’ and ‘Lineta’) and 
western wheatgrass (‘LC9078a’ and ‘Walsh’) in the field as affected by soil medium 
type. Means with the same letters within a cultivar are not significantly different at P ≤ 
0.05.  

 

4.3.3 Modification of the thermal time model for seedling emergence 

The average temperature amplitudes at the 1 cm depth in the soil for each 

seedling emergence period (36 days) were 11.7, 10.8, 11.1, and 11.5oC in 2003 and 11.1, 

9.4, 10.3, and 11.6oC in 2004 for the four seeding dates, respectively (Figure 4.5). Mean 

soil temperatures at the 1-cm depth were 14.0, 15.7, 17.6 and 17.8oC in 2003 and 9.4, 

12.7, 14.4 and 16.2oC in 2004, respectively. Therefore, thermal time models with a 

10oC amplitude were judged most relevant to seedling emergence in the field. 
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Figure 4.5 The daily mean, maximum, and minimum temperatures at the 1 cm depth in 
the soil during the growing season of 2003 and 2004. Arrows stand for seeding dates (3 
May, 15 May, 27 May, and 8 June 2003 and 7 May, 19 May, 31 May, and 10 June 
2004). 

 
 

Thermal time models were not constructed for western wheatgrass due to its low 

germination and the lack of common Tb among subpopulations (Chapter 3). Only 

orchardgrass was used to validate the modified thermal time models for seedling 

emergence. The base temperature for each cultivar was adopted from thermal time 

models developed in Chapter 3. The relationship between the thermal time 

corresponding to the same subpopulations for seed germination in the Petri dish and 

seedling emergence in the soil was established using Eq. 4.1 (Figure 4.6). Seedling 

emergence of orchardgrass from the 1 cm depth in soil in the growth chamber required 

more thermal time accumulation than seed germination in Petri dishes. The disparity of 

required thermal time between seedling emergence and seed germination was greater in 
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‘Lineta’ than in ‘Arctic’ orchardgrass. The required thermal time for seedling 

emergence and seed germination corresponding to the same subpopulations were well 

correlated by an exponential relationship for ‘Arctic’ (R2 = 0.62) and ‘Lineta’ 

orchardgrass (R2 = 0.93). 
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Figure 4.6 The relationship between the thermal time of orchardgrass seed germination 
corresponding to the same subpopulation of seedling emergence established using the 
Chapman-Richards function at 15/25 and 5/15oC.  

 

4.3.4 Predictability of modified thermal time models for seedling emergence in the 

field 

  The modified thermal time models accurately predicted seedling emergence in 

the field as indicated by the high R2 (0.88 to 0.99) (Figures 4.7, 4.8, 4.9, and 4.10). The 

RMSE was small (<15%), indicating that the predicated and measured seedling 
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emergence was similar. However, there was an overestimation of seedling emergence 

for the 4th seeding date in 2003 (Figure 4.7) and underestimation of seedling emergence 

for the 1st seeding date in 2004 (Figure 4.8), especially at the late stage of seedling 

emergence for ‘Arctic’ orchardgrass. Seedling emergence was underestimated in 

‘Lineta’ orchardgrass for the first two seeding dates in 2004 (Figure 4.10). 
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Figure 4.7 Predicted (solid line) and observed (symbols) seedling emergence for 
‘Arctic’ orchardgrass in the field for four seeding dates in 2003. Data are means ± SE (n 
= 5). Predicted seedling emergence was estimated using the modified thermal time 
model with 10oC amplitude. RMSE is the root mean square error, SRES is the sum of 
the residuals, SARES is the sum of the absolute residuals. 
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Figure 4.8 Predicted (solid line) and observed (symbols) seedling emergence for 
‘Arctic’ orchardgrass in the field for four seeding dates in 2004. Data are means ± SE (n 
= 5). Predicted seedling emergence was estimated using the modified thermal time 
model with 10oC amplitude. RMSE is the root mean square error, SRES is the sum of 
the residuals, SARES is the sum of the absolute residuals. 
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Figure 4.9 Predicted (solid line) and observed (symbols) seedling emergence for 
‘Lineta’ orchardgrass in the field for four seeding dates in 2003. Data are means ± SE (n 
= 5). Predicted seedling emergence was estimated using the modified thermal time 
model with 10oC amplitude. RMSE is the root mean square error, SRES is the sum of 
the residuals, SARES is the sum of the absolute residuals. 
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Figure 4.10 Predicted (solid line) and observed (symbols) seedling emergence for 
‘Lineta’ orchardgrass in the field for four seeding dates in 2004. Data are means ± SE (n 
= 5). Predicted seedling emergence was estimated using the modified thermal time 
model with 10oC amplitude. RMSE is the root mean square error, SRES is the sum of 
the residuals, SARES is the sum of the absolute residuals. 
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4.3.5 The fate of buried seeds as affected by seeding date and burial duration 

Seed germination increased with the burial duration up to 8 weeks for 

orchardgrass and western wheatgrass (Tables 4.1, 4.2, 4.3, and 4.4). However, seed 

mortality did not increase significantly with increasing burial duration. Seedling 

emergence after 6 weeks of burial was usually similar among seeding dates for 

orchardgrass, but emergence tended to increase with seeding dates for western 

wheatgrass. The percentage of dormant seeds was similar among seeding dates for 

orchardgrass, but the dead seeds the dormant seeds decreased with seeding dates for 

western wheatgrass. For ‘LC9078a’ western wheatgrass, seed dormancy was lowest at 

the third seeding date in both years. The dead seeds for orchardgrass were similar 

among seeding dates in 2003, but dead seeds were significantly increased after first 

seeding dates in 2004. However, dead seeds in western wheatgrass was less than 10% 

and similar among seeding dates in both years. 
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Table 4.1 Effect of seeding date and burial duration on ‘Arctic’ orchardgrass in 2003 and 2004. Germinated: % seed germinated 
during burial, Non-dormant: % germinated at15/25oC, Dormant: % viable but not germinated in 15/25oC, and Dead: % decayed seeds. 

Seed fate   2003 seeding date    2004 seeding date   

 

Burial 
duration 
(week) 1st        2nd 3rd 4th

 
LSD0.05 1st 2nd 3rd 4th LSD0.05

Germinated        2 53.0B†b‡ 77.0Ba 75.3Ba 77.7Aa 16.8 36.1Bc 65.4ABab 75.4Ba 57.7Cb 13.0 
(%)

 
 4       

   
     

        

79.7Aa 79.5ABa 85.9Ba 81.3Aa 11.3 94.6Aa 65.2ABb
 

 69.2Bb 59.3BCb
 

12.7 
6 79.3Aa 83.7Ba 82Ba 79.6Aa 17.0 82.8Aa 62.6Bb 75.9Bab

 
71.5Bb 13.1 

8 82.2Ab
 

 87.3Aab
 

 98.8Aa
 

 87.6Aab
 

 12.1 
 

83.3Aa
 

76.8Aa
 

88.1Aa
 

89.1Aa
 

14.7 
  LSD0.05 13.3 9.1 12.7 13.5 12.3 13.7 9.7 12.2

Non- 2 34.7Aa 5.6Ab 2.0Ab 1.1Ab 10.7 51.4Aa 12.1Ac 4.5Ad 27.2Ab 7.6 
Dormant  4 9.5Ba 3.1ABb 0.5Ab 2.0Ab 4.8 0.0Cc 10.1Ab

 
   

         
    

          
        

6.5Ab 21.0ABa 5.1 
(%)

 
6 7.8Ba 0.5Bb 1.2Ab 3.2Ab 3.4 16.4Ba 6.1Ab 4.8Ab 13.2BCab

 
8.5 

8 3.8Ba 0.5Bb 0.0Ab 0.1Bb 2.9 7.2Ca 7.8Aa 2.1Aa 8.5Ca 9.2 
 LSD0.05 12.3 3.8 2.5 2.7 7.7 8.3 5.5 8.5
Dormant 2 9.4Ab 16.6Aab 22.3Aa 19.6Aa 9.9 6.8Aa 0.0Ab 0.0Ab 0.0Ab 3.4 

(%)
 

         
     

      
        

        

4 9.6Aa 15.8Aa 10.8Ba 14.7ABa 9.8 0.5Ba 0.4Aa 0.4Aa 0.0Aa 1.1 
6 11.6Aa 13.8Aa 5.3Ca 9.1Ba 10.3 0.4Ba 0.4Aa 0.4Aa 2.4Aa 2.4 
8 9.5Aa 7.0Aa 0.4Db 6.7Bab 6.2 0.4Bab

 
0.0Ab 0.8Aab

 
1.6Aa 1.6 

 LSD0.05 5.2 10.2 3.4 10.2 3.7 0.7 1.2 2.5
Dead 2 2.9Ba 0.8Bab 0.4Ab 1.6Ba 2.1 5.6ABb 22.5Aa 20.1Aa 15.1Aab 9.6 

(%)
 

         
    

    
        

4 1.2Ca 1.6Ba 2.8ABa 1.9Ba 3.0 4.9ABb
 

24.3Aa 23.9Aa 19.7Aa 11.7 
6 1.3Cb 2.1ABab 5.3Bab 8.0Aa 6.6 0.4Bc 30.9Aa 18.9Ab

 
12.9Ab

 
10.3 

8 4.5Aa 5.2Aa 0.4Ba 5.6ABa
 

 5.8 9.0Ab 17.4Aa
 

9.0Bb 0.8Bb 8.4 
 LSD0.05 1.4 3.3 3.4 5.9 6.4 14 7.8 7.6

†Means followed by the same upper-case letters within a column and seed fate parameters are not significantly different at P ≤ 0.05. 
  ‡Means followed by the same lower-case letters within a row and year are not significantly different at P ≤ 0.05. 
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Table 4.2 Effect of seeding date and burial duration on ‘Lineta’ orchardgrass in 2003 and 2004. Germinated: % seed germinated 
during burial, Non-dormant: % germinated at15/25oC, Dormant: % viable but not germinated in 15/25oC, and Dead: % decayed seeds. 

Seed fate   2003 seeding date    2004 seeding date   

 

Burial 
duration 
(week) 1st        2nd 3rd 4th

 
 
LSD0.05 1st 2nd 3rd 4th LSD0.05

Germinated        2 63.2B†b‡ 75.6Bab 81.4Bab 85.9Ba 18.6 74.9Ba 70.0Aa 72.2Ba 74.7Aa 13.9 
(%)

 
 4         

     
     

   
        

84.0Aa 85.3Aa 77.2Ba 84.3Ba 8.8 95.8Aa 73.7Ab 76.5Bb 82.7Ab 12.0 
6 80.9ABbc 90.6Aab 73.3Bc 98.8Aa 13.6 90.4Aa 83.4Aa 85.3Aa 83.2Aa 8.7 
8 80.1ABc

 
 91.7Aab

 
 97.1Aabc

 
 87.4B 9.6 88.3Aa

 
73.7Aab

 
79.8ABab

 
 81.0Ab

 
9.9 

 LSD0.05 20.2 8.8 9.8 8.6 9.3 15.0 8.0 9.2
Non- 2 19.8Aa 8.3Aab 1.6Ab 1.2Ab 16.4 20.2Aa 4.8Bb 4.4Ab 13.9Aa 8.9 
dormant          

          
     

        
         

4 3.7Ba 2.1Aab 0.0Bb 0.8Ab 2.3 0.4Bb 14.0Aa 3.8Ab 7.4Bab 6.9 
(%)

 
6 1.6Ba 0.4Aa 0.8ABa 0.0Aa 1.6 5.1Ba 5.7Ba 0.0Bb 5.2Ba 4.0 
8 3.3Ba 1.0Ab 0.0Bb 0.0Ab 2.2 2.9Bab

 
7.1ABa

 
0.3Bb 5.4Ba 4.7 

 LSD0.05 14.6 8.4 1.1 1.3 8.0 8.1 2.4 5.6
Dormant 2 13.1Aa 15.7Aa 15.8Aa 12.1Aa 11.1 2.4Aa 0.8Ab 0.0Ab 0.0Bb 1.1 

(%)
 

         
     

      
      

         

4 11.1Ab 12.1ABb 22.0Aa 11.5Ab 7.7 0.9Ba 0.0Bb 0.0Ab 0.0Bb 0.8 
6 15.2Aa 7.3Bab 16.4Aa 0.8Bb 12.0 

 
0.4Ba 0.0Ba 1.2Aa 1.2Aa 2.3 

8 11.1Aa 5.8Bab
 

 1.9Bb 6.7ABab
 

6.9 0.4Bb 0.0Bb 0.8Ab 4.3ABa
 

3.1 
 LSD0.05 10.2 7.6 9.2 6.6  1.3 0.8 1.6 9.2
Dead 2 3.9ABa 0.4Ab 1.2Bb 0.8Bb 2.7 2.5Bb 24.4Aa 23.4Aa 11.4Ab 9.3 

(%)
 

         
    

    
      

4 1.2Bab 0.4Ab 0.8Bab 3.3ABa 2.7 2.9Bc 8.5Bbc 16.7ABa 11.3Aab 7.8 
6 2.3ABb 1.8Ab 9.4Aaa 0.4Bb 3.0 4.1Bb 10.9Bab 13.5Ba 10.4Aab

 
 6.9 

8 5.4Aab
 

 1.5Abc
 

 1.0Bc 5.9Aa 4.1 8.5Ab 19.2ABa
 

 19.1ABa
 

9.4Ab 8.3 
 LSD0.05 3.9 2.6 3.3 2.9 4.2 10.8 9.5 6.5

†Means followed by the same upper-case letters within a column and seed fate parameters are not significantly different at P ≤ 0.05. 
  ‡Means followed by the same lower-case letters within a row and year are not significantly different at P ≤ 0.05. 
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Table 4.3 Effect of seeding date and burial duration on ‘LC9078a’ western wheatgrass in 2003 and 2004. Germinated: % seed 
germinated during burial, Non-dormant: % germinated at15/25oC, Dormant: % viable but not germinated in 15/25oC, and Dead: % 
decayed seeds. 

 Seed fate   2003 seeding date    2004 seeding date   

 

Burial 
duration 
(week) 1st        2nd 3rd 4th

 
LSD0.05 1st 2nd 3rd 4th LSD0.05

Germinated        2 22.0B†c‡ 39.5Bb 72.0Ba 63.7Ba 10.5 15.2Bc 31.4Bb 65.1Aa 33.6Bb 11.3 
(%) 4         

         
      

    
       

33.0Bb 39.5Bb 71.6Ba 71.1Ba 13.2 51.5Ab 53.3Ab 78.0Aa 40.7ABb
 

14.6 
6 45.4Ac 58.5Ab 86.4Aa 64.0Bb 10.5 51.7Ab 52.6Ab 76.8Aa 47.0Ab 7.3 
8 47.4Ab 52.2Ab

 
 85.9Aa

 
 83.7Aa 13.1 

 
47.0Ac

 
56.9Ab

 
80.1Aa 44.2Ac

 
7.9 

 LSD0.05 11.4 9.6 6.7 10.5 9.6 7.6 17.4 9.7
Non- 2 25.3Aa 13.2Ab 4.2Ac 6.2Ac 6.6 48.5Aa 23.3Ab 15.2Ab 17.6Ab 12.5 
dormant        

        
     

        
        

4 12.0Ba 9.6ABab
 

 1.9ABbc
 

 1.2Cc 8.2 0.9Bb 4.4Ca 5.7Ba 6.3Ba 3.5 
(%)

 
6 7.6Ba 3.7Bb 0.0Bb 3.8Bb 4.7 5.5Ba 2.1Cb 5.3Bab 3.2Bab 3.4 
8 5.6Ba 3.6Bab

 
 3.8Aab

 
 0.4Cb 3.9 2.1Bb 7.4Ba 1.2Bb 7.3Ba 3.7 

 LSD0.05 10.0 6.4 3.6 1.9 8.2 2.9 5.7 6.4
Dormant 2 51.1Aa 45.3ABa 17.4Ab 26.4Ab 10.3 33.5Ba 42.4Aa 18.1Ab 40.8Ba 11.0 

(%)
 

          
     

     

       

4 52.6Aa 49.2Aa 19.9Ab 23.5Ab 13.9 45.1ABa 42.2Aa 14.2Ab 51.8Aa 13.8 
6 40.1Aa 37.0Ba 10.1Bc 22.9Ab 10.6 42.8ABa

 
43.2Aa 15.1Ab 50.0ABa 9.8 

8 46.2Aa
 

 43.8ABa
 

 7.5Bb
 

 12.6Bb
 

 14.0 
 

48.4Aa
 

34.0Ab
 

14.2Ac
 

47.7ABa
 

9.9 
  LSD0.05 12.9 11.0 5.7 7.0 12.5 10.7 12.6 10.5

Dead 2 1.5Ab 2.0Ab 6.4ABa 3.7Bab 3.4 2.8Ab 2.8Ab 1.6Ab 8.0Aa 4.0 
(%)

 
          

     
      

       

4 2.4Ab 1.7Ab 6.7Aa 4.1Bab 3.2 2.6Aa 0.0Ab 2.0Aa 1.3Bab 2.0 
6 1.5Ab 0.8Ab 3.5BCb 9.3Aa 3.9 0.0Ba 2.1Aa 2.8Aa 0.0Ba 3.2 
8 0.8Aab

 
 0.4Ab 2.8Cab

 
 3.2Ba 2.8 2.5Aab

 
1.6Ab 4.4Aa 0.8Bb 2.3 

 LSD0.05 3.1 2.2 3.1 3.8 1.9 3.8 3.0 3.0
†Means followed by the same upper-case letters within a column and seed fate parameters are not significantly different at P ≤ 0.05. 
‡Means followed by the same lower-case letters within a row and year are not significantly different at P ≤ 0.05.   
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Table 4.4 Effect of seeding date and burial duration on ‘Walsh’ western wheatgrass in 2003 and 2004. Germinated: % seed 
germinated during burial, Non-dormant: % germinated at15/25oC, Dormant: % viable but not germinated in 15/25oC, and Dead: % 
decayed seeds. 

Seed fate   2003 seeding date    2004 seeding date   

 

Burial 
duration 
(week) 1st        2nd 3rd 4th

 
LSD0.05 1st 2nd 3rd 4th LSD0.05

Germinated        2 42.4B†c‡ 61.2Bb 85.9Ca 80.6Ca 16.4 21.6Cb 70.4Ba 78.0Ba 70.8Ba 9.0 
(%)

 
 4       

   
     

    
      

70.9Ab 76.8ABb 87.4Ca 89.6ABa 10.6 78.7Aa 73.9ABa 84.9ABa
 

76.4ABa 12.9 
6 73.8Ac 83.5Ab 94.0Ba 95.0Aa  5.6 

 
65.6Bc 79.5ABb

 
89.2Aa 79.2ABb 8.9 

8 80.0Ab 86.0Ab 97.9Aa
 

 85.9BCb
 

8.7 88.9Aab
 

79.1Ac
 

92.5Aa
 

83.1Abc
 

9.0 
 LSD0.05 11.0 17.0 3.6 7.1 12.0 8.9 9.5 11.9
Non- 2 36.7Ab 26.3Ab 5.9Aa 10.7Aa 15.6 65.7Aa 17.2Ab 13.9Ab 16.8Ab 10.1 
dormant         

         
     

        
        

4 14.3Ba 9.1Bab 4.0ABbc
 

 0.8Bc 5.7 0.0Cb 8.3Ba 9.0ABa 11.0Aa 7.9 
(%)

 
6 10.4Ba 6.5Bb 0.4Bc 1.1Bc 3.7 14.0Ba 5.4Bb 2.0Cb 8.7Aab 7.8 
8 6.4Ba 4.8Ba 0.5Bb 0.8Bb 3.7 5.3Cab

 
9.3Ba 3.4BCb

 
4.8Aab 5.3 

 LSD0.05 8.7 13.0 3.6 2.5 8.6 7.2 6.9 12.5
Dormant 2 19.3Aa 11.0Ab 6.6Ab 7.5Ab 4.4 9.9Ba 10.4ABa 6.9Aa 9.6Aa 6.5 

(%)
 

         
     

     
         

         

4 13.4ABa 13.3Aa 7.9Aa 9.2Aa 8.7 18.4Aa 15.8Aab 4.0Bc 10.2Ab 6.1 
6 12.2ABa 8.8Ab 4.0Bc 1.9Bc 3.2 20.0Aa 13.5Aab

 
5.2ABc 8.9Abc 7.5 

8 11.2Ba
 

 8.3Aa 1.0Cb 8.2Aa 5.5 4.9Ba 4.4Ba 3.3Ba 6.0Aa 5.4 
 LSD0.05 7.9 7.4 2.3 3.8 7.8 6.2 2.6 7.0
Dead 2 1.6Aa 1.6Aa 1.5Aa 1.2Ba 1.0 2.8Aa 2.0Ba 1.2Aa 2.8Aa 3.6 

(%)          
          
     

        

4 1.6Aa 0.8Aa 0.8ABa 0.4Ba 2.2 2.9Aa 2.0Ba 2.0Aa 2.4Aa 2.8 
6 3.6Aa 1.2Aa 1.6Aa 1.9Ba 2.5 0.4Ba 1.6Ba 3.6Aa 3.2Aa

 
3.5 

8 2.4Ab 0.9Ab 0.5Bb 5.1Aa 2.6 0.8ABc
 

7.2Aa 1.7Abc
 

5.7A 4.4 
 LSD0.05 3.1 1.9 0.9 2.4 2.1 3.9 4.0 4.2

†Means followed by the same upper-case letters within a column and seed fate parameters are not significantly different at P ≤ 0.05. 
‡Means followed by the same lower-case letters within a row and year are not significantly different at P ≤ 0.05.   
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4.4 Discussion 

Seedling emergence of orchardgrass and western wheatgrass was affected 

differently by spring seeding dates in the field. The final seedling emergence of 

orchardgrass was either similar among the four seeding dates or it decreased slightly 

(<18%) as seeding was delayed from early May to early June. The rate of seedling 

emergence for orchardgrass either increased with seeding dates or it was not different 

among seeding dates. For western wheatgrass, however, final seedling emergence and 

the rate of seedling emergence increased with seeding dates from early to late May and 

decreased in early June. Once released from dormancy, seeds respond to temperature by 

changing their germination rate (Benech-Arnold et al., 1990a, b) and seeds germinate 

faster in warmer temperatures than in cooler temperatures (Garcia-Huidobro et al., 

1982a). Increased rates of seedling emergence with seeding dates have also been 

reported in many other species (Benech-Arnold et al., 1990a, b; Benech-Arnold et al., 

2000; Meyer et al., 2000; Batlla et al., 2003).   

 The two orchardgrass cultivars tested had less seed dormancy than the two 

western wheatgrass cultivars with the former species having a broader range of 

temperature for dormancy breaking and germination (10-25oC) than the latter (peaked at 

15oC) (Chapter 3). Seeds with less dormancy can germinate over a wider range of 

temperatures than seeds with deeper dormancy (Batlla et al., 2003). Final seedling 

emergence is usually similar within the optimum temperature range for non-dormant 

seeds (Garcia-Huidobro et al., 1982a) or seeds with low dormancy (Forcella et al., 

2000). Soil temperatures of the first two weeks after seeding increased from the early 

May to late May and then decreased after the fourth seeding date. Therefore, the 
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response of seedling emergence to seeding date highly correlated with the temperature 

in the field for both species.   

Germination of the previously buried seeds indicated that orchardgrass and 

western wheatgrass have the potential for a high germination percentage under field 

conditions for all seeding dates. Usually less than 10% of western wheatgrass seeds died 

after 8 weeks burial. Orchardgrass, however, had higher seed mortality than western 

wheatgrass especially when soil temperatures were increasing. Therefore, while soil 

temperatures close to the optimal temperature for dormancy breaking and germination 

promote germination of orchardgrass, the same conditions can cause deterioration of 

seeds failing to germinate. Increased seedling emergence with seeding dates for western 

wheatgrass is attributed to seed dormancy loss with the increasing temperatures among 

seeding dates.  

The final germination percentage for orchardgrass was greater in Petri dishes 

than seedling emergence from soil under controlled conditions. Under the same set of 

conditions, germination of western wheatgrass was less in Petri dishes than seedling 

emergence from soil. This disparity can be partly explained by their response to light 

during seed germination. This study, as well as previous report indicate that light 

exposure enhances germination in orchardgrass (Probert et al., 1985), but exposure to 

light inhibits germination in western wheatgrass (Schultz and Kinch, 1976; Toole, 

1976). The 1 cm seeding depth in the soil should have eliminated or reduced exposure 

of seeds to light while seeds in Petri dishes were exposed to light when germination was 

checked. For small seeded species such as orchardgrass, mechanical impedance of soil 

can reduce seedling emergence (Bretagnolle et al., 1995). Greater seedling emergence 
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from Redi-earth® than from soil imply that orchardgrass is sensitive to the mechanical 

impedance of soil. Under field conditions, other factors, such as soil microbial and 

invertebrate activities, may interact with temperature and moisture, affecting seedling 

emergence (Wang, 2005).   

Different oxygen conditions in germination media may also cause disparities 

between seed germination and seedling emergence. In this study, the coleoptiles of 

orchardgrass and western wheatgrass protruded earlier than the radicle in Petri dishes. 

Radicle emergence of western wheatgrass was slower than that of orchardgrass. Earlier 

protrusion of the coleoptile than the radicle in grass seeds may be due to oxygen 

deficiency as noted by Wijte and Gallagher(1996), and it may serve as a mechanism for 

avoiding growing into oxygen-depleted media (Forcella et al., 2000). The slow radicle 

growth in western wheatgrass implies that this grass is more sensitive to oxygen 

deficiency than orcahrdgrass and proper germination media (Redi-earth®) should be 

used for this grass. 

The modified thermal time model accurately predicted (R2=0.88 to 0.99) 

seedling emergence of ‘Arctic’ and ‘Lineta’ orchardgrass in the field in both years. This 

accuracy may be due to the use of alternating temperature regimes for the construction 

of thermal time models and the modification of thermal time models for seedling 

emergence. Predictive threshold models developed in laboratory are usually based on 

seed germination at constant temperatures (Fyfield and Gregory, 1989; Finch-Savage 

and Phelps, 1993; Finch-Savage et al., 1998; Hardegree and Van Vactor, 1999). It is not 

surprising that most of these models donot accurately predict germination because of 

fluctuating temperatures in the field. Fluctuating temperatures can modify parameters in 
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the thermal time model such as Tb for seeds with some dormancy. For western 

wheatgrass, however, thermal time models could not be constructed because the linear 

relationship between germination rate and temperature cannot be established. An 

alternative way to construct the thermal time model for western wheatgrass is to first 

break seed dormancy using alternating temperature treatment, then establish the 

relationship between germination rate and constant temperatures. Further studies on the 

effects of alternating temperatures on dormancy release and modifications on thermal 

time models are needed for predicting seedling emergence in the field for western 

wheatgrass.  

4.5 Conclusions: 

Final seedling emergence and emergence rate of orchardgrass and western 

wheatgrass was affected by soil temperature in different seeding dates. Soil 

temperatures close to the optimal temperature promote germination of orchardgrass, but 

these same temperatures may cause deterioration if seeds fail to germinate. Seedling 

emergence increased with seeding dates from early to late May for western wheatgrass 

due to seed dormancy loss with the increasing temperature. The modified thermal time 

model can accurately predict seedling emergence in the field. Thermal time model can 

prove to be useful for understanding dormancy change, seed germination and seedling 

emergence. 
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5. DISCUSSION AND CONCLUSIONS 

 

The timing of seedling emergence is important for establishment and production 

of forages. This study quantified dormancy changes in orchardgrass and western 

wheatgrass under field conditions using modified thermal time models and results can 

be used for seeding date selection and for enhancing forage stand establishment.  

The daily temperature at the 1 cm seeding depth in the field averaged between 5 

and 20oC between the first and the last seeding dates, diurnal temperatures fluctuated 

about 10oC. Germination tests in the laboratory indicated that this temperature 

fluctuation was within the optimal range of temperatures for breaking of dormancy and 

germination of both species. A broad range of temperatures (e.g. 10-25oC) were optimal 

for germination of orchardgrass, but the optimal temperature for germination of western 

wheatgrass was 15oC. Differences in optimal temperatures for germination between 

species can explain observed differences in seedling emergence between species and 

seeding dates in the field (Bauer et al., 1998; Benech-Arnold et al., 2000; Vleeshouwers 

and Bouwmeester, 2001; Batlla et al., 2003). Seeding date had little influence on the 

final seedling emergence of orchardgrass. By comparison, seedling emergence of 

western wheatgrass increased with seeding date until late May and decreased in early 

June; changes in seedling emergence corresponded to changes in soil temperatures.   

Seeds of both species were dormant with western wheatgrass having a deeper 

dormancy (< 10% germination at all constant temperatures) than orchardgrass (<50% 

germination at constant temperatures less than 15oC or greater than 30oC). According to 

 88



Vleeshouwers et al. (1995) and Benech-Arnold et al. (2000), the degree of dormancy is 

expressed as the width of the environmental range over which seeds can germinate 

(Vleeshouwers and Bouwmeester, 2001). The narrow range of optimum temperatures 

for germination plus the near zero germination at constant temperatures in western 

wheatgrass indicated that seeds of this species had deep seed dormancy. Orchardgrass 

seeds were conditionally dormant based on Baskin and Baskin (2004). Alternating 

temperatures can break dormancy in both species (Bokhari et al. 1975; Pannangpetch 

and Bean, 1984). A 5-10oC temperature amplitude was sufficient to break dormancy in 

seeds of orchardgrass while western wheatgrass required a 10oC temperature amplitude 

to the break dormancy in seeds. A temperature amplitude greater than 10oC did not 

further enhance germination. Seed mortality within eight weeks of seeding was low 

(mostly <10%) in the field. Germination of both species was sensitive to brief exposure 

to light especially under unfavorable temperatures. Germination of orchardgrass seeds 

was enhanced by exposure to light and while germination of western wheatgrass seeds 

was inhibited by light (Schultz and Kinch, 1976; Probert et al., 1985a). Seedling 

emergence from a 1 cm seeding depth was generally greater than seed germination in 

Petri dishes for western wheatgrass, possibly due to the inhibiting effect of light on 

seeds in Petri dishes. Seedling emergence of orchardgrass, however, was usually less 

than seed germination in Petri dishes, possibly because of an enhancing effect of light 

on seed germination in Petri dishes and also because of seedling mortality in the soil. 

A modified thermal time model accurately predicted seedling emergence in the 

field for both orchardgrass cultivars (R2 =0.88 to 0.99) when soil water was not limiting. 

The high correlation between germination tests and seedling emergence in the field is 
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attributed to the use of alternating temperature regimes for the construction of thermal 

time models and the modification of thermal time models developed in the laboratory 

for seedling emergence. Thermal time models for predicting seedling emergence are 

usually developed at constant temperatures using non-dormant seeds and have limited 

application for predicting seedling emergence in the field. Because of the seed-to-seed 

variation of dormancy, a seed lots may contain dormant and non-dormant seeds 

(Murdoch and Ellis, 2000). Fluctuating temperatures in the field can break seed 

dormancy and promote non-dormant seeds to germinate (Bouwmeester and Karssen, 

1992). Therefore, using alternating temperatures in the laboratory to mimick fluctuating 

temperatures in the field, is appropriate for modeling seed germination or dormancy 

changes. For western wheatgrass, however, thermal time models could not be 

constructed because the linear relationship between germination rate and temperature 

could not be established due to deep dormancy of seeds and the light inhibitive effect to 

germination during daily germination counts. This study quantified the effect of field 

conditions on seedling emergence of orchardgrass and western wheatgrass. The time 

and amount of ‘Arctic’ and ‘Lineta’ orchardgrass seedlings emerging can be accurately 

predicted from laboratory germination and emergence tests, but the same cannot be 

done for western wheatgrass. An alternative way to construct the thermal time model 

for western wheatgrass is to first break seed dormancy using other means (such as 

growth regulators, stratification, or afterripening), count seed germination under green 

safe light, then establish relationships between germination rate at alternating 

temperature regimes. It is likely that thermal time models for predicting seedling 
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emergence in the field can also be developed for most forages; however, cultivar and 

species specific parameters must be developed for the models.   

Total seedling emergence and the rate of seedling emergence are important for 

stand establishment. This research quantified the effect of field conditions on dormancy 

changes and seedling emergence of orchardgrass and western wheatgrass in the field. 

Furthermore, quantifying the effects of field conditions on germination can be used to 

adjust seeding rates for different seeding dates and to predict seedling densities under 

various temperatures. Different responses of orchardgrass and western wheatgrass to 

seedbed temperatures should be considered in determining seeding dates to maximize 

seedling emergence. The thermal time model shows great promise for developing 

seeding rates for forages, and ultimately for improving the success of seedling 

emergence. However, parameters for thermal time models must be developed for each 

species and cultivar of forage.    
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Appendix 1. Parameters describing the germination time course of orchardgrass (‘Arctic’and ‘Lineta’) and western wheatgrass 
(‘LC9078a’ and ‘Walsh’) at different temperatures regimes (oC, mean ± SE) derived from the Chapman-Richards growth function. m 
= the asymptote; n =the rate parameter; p = the shape parameter.  

  ‘Arctic’ (n=175) ‘Lineta’ (n=175)
Temp m n p Pseudo-R2 m n p Pseudo-R2

0/0   NA NA NA NA NA NA NA NA
5/5 14.3±1.7 0.149±0.027 41.8±23.2 0.88 44.6±2.2 0.246±0.029 206.8±82.9 0.91
10/10 23.8±0.8 0.275±0.046 37.9±24.3 0.80 68.2±0.7 0.312±0.019 47.5±11.6 0.97
15/15 47.5±0.5 0.350±0.025 23.4±5.8 0.95 76.9±0.31 0.495±0.018 44.9±6.7 0.99
20/20 73.5±0.9 0.402±0.042 15.2±4.9 0.90 84.0±0.6 0.616±0.045 35.7±10.4 0.95
25/25 74.0±0.7 0.404±0.033 11.0±2.5 0.93 70.1±0.6 0.518±0.046 16.4±4.7 0.92
30/30 43.3±0.6 0.428±0.052 12.9±4.7 0.86 33.3±0.6 0.385±0.056 11.2±4.1 0.80
35/35 6.3±0.9 0.164±0.111 3.2±3.2 0.16 4.4±0.5 0.295±0.256 4.9±9.1 0.09
2.5/7.5 28.6±1.2 0.282±0.040 389.6±323.2 0.88 70.5±1.4 0.292±0.021 475.7±202.9 0.97
7.5/12.5 53.1±0.6 0.310±0.019 47.6±11.9 0.97 88.0±0.5 0.481±0.020 201.8±47.0 0.99
12.5/17.5 81.1±0.7 0.357±0.021 22.4±4.5 0.97 93.5±0.4 0.707±0.029 155.4±33.5 0.99
17.5/22.5 85.6±0.3 0.488±0.018 20.8±2.6 0.99 94.5±0.4 0.846±0.043 72.2±16.7 0.98
22.5/27.5 87.3±0.4 0.454±0.017 13.3±1.5 0.98 93.4±0.5 0.641±0.038 23.0±4.7 0.97
27.5/32.5 53.1±0.7 0.414±0.046 12.3±3.9 0.88 53.5±0.6 0.403±0.041 8.6±2.3 0.89
0/10 106.5±112.8 0.057±0.029 6.9±2.9 0.84 72.8±1.0 0.301±0.017 362.4±120.0 0.98
5/15 72.3±1.1 0.318±0.028 46.7±16.8 0.93 94.9±0.4 0.569±0.022 272.9±62.7 0.99
10/20 85.0±0.5 0.363±0.015 22.3±3.1 0.98 91.3±0.3 0.826±0.030 283.8±61.8 0.99
15/25 88.5±0.4 0.389±0.014 17.2±2.0 0.99 96.3±0.3 0.625±0.222 32.9±4.4 0.99
20/30 87.0±0.6 0.440±0.025 14.4±2.5 0.97 90.4±0.8 0.535±0.05 16.0±4.3 0.93
25/35 63.4±0.5 0.432±0.028 20.7±4.6 0.96 64.7±0.3 0.397±0.018 13.1±1.7 0.98
2.5/17.5 74.1±0.6 0.275±0.012 33.6±5.4 0.98 86.4±0.8 0.421±0.030 70.2±22.4 0.96
7.5/22.5 85.1±0.4 0.408±0.015 24.8±3.2 0.99 88.8±0.4 0.604±0.027 55.8±11.0 0.98
12.5/27.5 90.5±0.4 0.357±0.012 15.0±1.5 0.99 96.3±0.4 0.619±0.027 31.1±5.2 0.98
17.5/32.5 82.8±0.8 0.367±0.028 12.2±2.7 0.94 89.2±0.4 0.527±0.021 22.5±3.1 0.98
0/20 79.5±1.0 0.236±0.013 21.6±3.9 0.97 85.2±0.8 0.329±0.019 33.6±7.2 0.97
5/25 86.6±0.6 0.309±0.014 16.3±2.3 0.98 89.7±0.4 0.459±0.017 29.1±3.9 0.99
10/30 78.5±0.8 0.292±0.019 10.8±1.9 0.96 91.3±0.3 0.561±0.018 41.5±5.4 0.99
15/35 71.4±0.7 0.302±0.019 12.8±2.3 0.96 80.0±0.7 0.388±0.026 28.6±6.9 0.96
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Appendix 1. Cont’d 

 ‘LC9078a’ (n=175) ‘Walsh’ (n=175)
Temp m n p Pseudo-R2 m n p Pseudo-R2
0/0   NA NA NA NA NA NA NA NA
5/5   

   
   
   
   
   
   
   

NA NA NA NA NA NA NA NA
10/10 NA NA NA NA NA NA NA NA
15/15 NA NA NA NA NA NA NA NA
20/20 NA NA NA NA NA NA NA NA
25/25 NA NA NA NA NA NA NA NA
30/30 NA NA NA NA NA NA NA NA
35/35 NA NA NA NA NA NA NA NA
2.5/7.5 NA NA NA NA NA NA NA NA
7.5/12.5 22.4±1.1 0.319±0.081 146.4±176.2 0.65 21.3±1.2 0.251±0.064 47.7±41.5 0.64
12.5/17.5 50.8±0.6 0.307±0.022 21.7±5.1 0.95 28.5±1.0 0.156±0.020 7.0±1.9 0.88
17.5/22.5 32.6±0.7 0.386±0.061 25.2±14.4 0.80 7.4±0.3 0.257±0.073 4.7±2.7 0.50
22.5/27.5 29.3±1.7 0.135±0.031 3.3±1.1 0.7 NA NA NA NA
27.5/32.5 

 
NA NA NA NA NA NA NA NA

0/10 8.1±1.0 0.256±0.072 474.5±640.6 0.66 NA NA NA NA
5/15 38.9±1.1 0.273±0.037 47.1±25.2 0.86 42.5±1.1 0.189±0.019 14.9±4.2 0.92
10/20 48.8±0.6 0.460±0.048 59.0±27.0 0.91 55.9±3.0 0.118±0.020 3.6±0.9 0.84
15/25 70.7±0.5 0.394±0.022 21.8±4.3 0.97 63.2±9.1 0.067±0.020 2.4±0.6 0.82
20/30 48.6±0.8 0.214±0.022 4.9±1.0 0.89 85.1±1.2 0.048±0.003 3.5±0.3 0.88
25/35 15.5±3.1 0.084±0.042 2.5±1.2 0.51 NA NA NA NA
2.5/17.5 30.4±1.0 0.223±0.032 20.7±9.2 0.84 29.5±1.7 0.139±0.021 11.0±3.6 0.88
7.5/22.5 58.7±0.8 0.405±0.043 36.4±15.0 0.90 62.5±2.9 0.129±0.020 4.7±1.2 0.86
12.5/27.5 65.9±0.6 0.477±0.035 44.5±13.3 0.96 54 0.106±0.006 5.5±0.7 0.91
17.5/32.5 45.4±1.2 0.215±0.032 5.7±1.9 0.80 65.6±1.6 0.080±0.006 9.3±1.4 0.94
0/20 29.1±1.2 0.240±0.047 24.6±16.0 0.73 16.2±0.9 0.165±0.034 9.6±4.6 0.75
5/25 53.2±1.0 0.386±0.054 36.5±19.0 0.84 43.7±0.3 0.115±0.022 4.6±1.4 0.82
10/30 47.4±0.5 0.371±0.026 25.1±6.4 0.95 54.6±5.1 0.070±0.011 3.5±0.5 0.95
15/35 35.0±0.6 0.306±0.030 25.3±8.8 0.91 0.14 0.137±0.013 16.0±4.7 0.78
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