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ABSTRACT 

Yield and quality of nondormant alfalfa (Medicaqo sativa L.) may be reduced 

by winter frost. This study surveyed 12 populations for injury and regrowth 

following artificial frost. Approximately 40 plants per population were grown in a 

greenhouse for 70 d in styrofoam flats for each of 2 treatments (control and frost) 

with 4 replications. At 70 d of age, plants were clipped to 4 cm, regrown for 14 d, 

exposed to & C for 5 d to harden, and then exposed to -3° C for 6-8 h. After 2-

3 d plants were scored for damage, stem height and stem number. Measurements 

were repeated weekly for 21 d, including a final damage score. Simulated selection 

comparing index selection and direct selection demonstrated positive response to 

selection in all populations analyzed. Selection for growth rate ratio resulted in 

reduced damage score, while selection for reduced damage did not improve 

growth rate ratio. Index selection improved both traits. Results indicate that 

response following frost in alfalfa may be improved. 
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INTRODUCTION 

JUSTIFICATION 

Alfalfa (Medicago sativa L.) is produced at low elevations in Arizona year-

round. The use of nondormant cultivars in Arizona has resulted in high annual 

yields due to an increased number of harvests. However, yield and quality of 

nondormant cultivars may be reduced by periodic frost in the winter months 

(November through March). 

Alfalfa grown in warm desert environments such as that in Arizona may 

experience several light to moderate frosts in any given winter. These frosts tend 

to be of short duration, usually overnight, and intensity, not usually much more 

than 1 or 2 degrees below 0° C. Occasionally more severe frosts and longer 

periods of the extreme low temperatures for this environment occur; however, low 

temperatures are not always accompanied by frost. This may occur under 

conditions of low humidity, when the dew point is very low. Frost, which is a form 

of precipitation occurs on a subset of the number of days on which temperature 

minima are below 0° C. Severe frosts may result in loss of some plants in the 

stand due to frost damage (Smith, 1962). This would be most likely in unadapted 

populations or during suddenly reduced temperatures when the plants are not 

hardened. If plants respond to temperatures below 0° C by reducing growth in 

order to avoid further injury, whether or not leaf or stem damage has occurred, 

seasonal yield may be reduced. However, not all cultivars or individual plants 

would necessarily respond that way; there may be variation both within and among 



cultivars or germplasms for response to frost, whether in level of resistance to 

damage or in ability to recover from damage. The ideal cultivar would be one that, 

though it may suffer damage at temperatures near or below O C, could begin to 

regrow rapidly after an episode of frost. The improvement of frost resistance may 

also be desirable, if an increase in fall dormancy could be avoided. Improved 

regrowth following frost and perhaps improved frost damage resistance would 

optimize winter yields in low to mid-elevation desert regions such as the 

southwestern United States, North Africa, Saudi Arabia, and Western Australia. 

Daily high temperatures and light intensity during the winter in low elevation 

deserts may be optimal for alfalfa growth, despite shorter photoperiods. Alfalfa 

growth is daylength-sensitive, but nondormant alfalfas may continue to grow in 

winter when dormant cultivars cease or greatly reduce growth. Aside from 

increasing total annual yield, increased winter yield may allow more efficient use 

of irrigation water by allowing growth under lower temperatures which permit lower 

levels of evapotranspiration. Improvement of nondormant alfalfas to develop 

cultivars capable of growth under low temperatures with low levels of frost injury 

would realize even higher annual yields based on year-round harvests than are 

currently achieved in the southwestern U.S. 

PREVIOUS RESEARCH 

Most of the research on the responses of alfalfa to low temperature has 

examined the mechanisms of frost resistance (prevention of intercellular ice 

formation, or tolerance of its formation without tissue damage) and winter survival. 
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Research of this nature has been carried on since before the turn of the century, 

primarily in regions with severe winters where temperature minima are often and 

far below O C, with frozen soil and frequent snow cover such as Canada, the 

U.S.S.R., and the north central United States. The emphasis in these studies has 

been on winter survival rather than winter yield (McKenzie and McLean, 1982). 

Considering the relatively mild winters at low to moderate elevations in the 

southwestern U.S., this study focuses on evaluating response to low temperatures 

that may limit productivity, though may not necessarily be severe enough to result 

in high rates of mortality. Studies more relevant to alfalfa yield in desert winter 

conditions are reviewed. 

GENETICS OF GROWTH DURING LOW TEMPERATURE 

Winter dormancy and low levels of frost injury are often positively correlated 

(Daday, 1964); however, there is some evidence that these two responses are not 

incontrovertibly linked and may not be due to pleiotropy (Daday, 1964). Daday 

(1964) examined response to growth in the field at low temperatures in a sward 

experiment that included the parental populations 'Hairy Peruvian', 'DuPuits', 

'African', and 'Hunter River', as well as, F, and F2 families from a population cross 

between Hairy Peruvian x DuPuits. He found that the degree of cold injury 

measured as the percentage of the total plot dry weight consisting of cold-injured 

stem and leaf tissue and growth (dry matter) were heritable. Broad sense 

heritability for dry matter production was 0.67 based on family means (0.25 for 

single plots) in the F2, and for cold injury was 0.89 based on family means (0.57 
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for single plots). However, since the phenotypic and genetic correlations between 

dry matter production and cold injury were low (rp =0.025 and rA =0.074) in the F2 

of this sward experiment (and large negative values in the single plot experiment), 

Daday eliminated the hypothesis that either pleiotropy or "independent ecotypic 

selection" had produced the high correlations between these two characters in 

Hunter River and DuPuits. By "independent ecotypic selection", Daday meant the 

conscious development or natural evolution of populations selected for either 

nondormancy with frost sensitivity, or dormancy with frost tolerance, rather than 

combination desirable for an Australian desert climate: nondormancy with frost 

tolerance. He concluded that the high dry matter production and resistance to cold 

injury could be recombined to produce populations resistant to frost damage that 

grew well during Australian winter conditions of temperature and daylength. 

McLaughlin and Christie (1980) examined temperature response of alfalfa 

germplasms from fifty different semidormant populations for growth under two 

temperature regimes: 20/15 and 30/25° C day/night with a 16 hr photoperiod. 

Two replications containing 40 plants per population for a total of 2000 genotypes 

were both grown first at 20/15° C and harvested twice at approximately 25% 

bloom, then at 30/25° C and harvested twice. Plants were also scored for maturity 

and stem number at harvest. The authors describe a number of confounding 

factors in this treatment design. Differences in maturity among populations were 

a problem, the effect of plant age was confounded with temperature effects, and 

the first harvest was uninformative due to differences in emergence. At the lower 
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temperatures, there was a significant replication effect, and a population by 

replication interaction. At the higher temperature, there was an increase in variance 

both within and among populations compared to the lower temperatures. Aside 

from concluding that the experimental design should be changed in the future, this 

study on temperature-dependent growth showed that plants that yielded well at the 

lower temperatures had relatively more stems and later maturity compared to 

plants that yielded well under higher temperatures. 

SELECTION FOR WINTER YIELD IN ALFALFA 

Morley et al. (1957) arrived at some important conclusions while studying 

the inheritance of winter yield in alfalfa. Their study included four nondormant 

alfalfas among a total of 11 entries. They performed a field evaluation at Canberra, 

Australia (35.21 S, 149.10 E), and a greenhouse experiment in order to determine 

the relative importance of the environmental cues that may induce dormancy. 

The field experiment used full-sib progenies from crosses of single plants 

from one of 11 strains (germplasms and cultivars) with single plants from another 

strain, in a complete diallel crossing scheme. The field experiment contained 737 

F, progenies (from 121 possible diallel crosses) and parental populations planted 

in four blocks, and analyzed as a randomized complete block. There were an 

average of 4 progenies per F1 family, and an average of 3.4 families representing 

crosses between any two populations. 

F1 families with nondormant parents out-yielded the dormant types in the 

winter, with additive gene effects predominating. In winter there were greater 
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differences in mean daily growth rates (g dry matter per d) among F, families than 

within them. In summer, the opposite was true. Also, the coefficient of variation 

was greater within lines for winter yields compared to summer yields. Variances 

for F, families were comparable to their parental population variances. Broad 

sense heritability for winter growth (0.23) was slightly greater than for summer 

growth (0.17). It was found that some winter dormant crosses and ecotypes grew 

at high rates (relative to all other populations in the study) in the summer. Also, 

there was some correlation between winter and summer growth (rp =0.55), which 

was attributed to the number and types of strains chosen. 

Using the same genotypes, Morley et al. (1957) carried out an evaluation of 

forage yield in a glasshouse experiment with four treatments. Plants were exposed 

to natural winter daylength either in a warmed glasshouse (x=18.7° C) or outdoors 

(x=5.6» C), or to an 18 h daylength either in a warmed glasshouse or outdoors. 

They found that temperature had a greater effect than daylength on yield. 

Photoperiod had a significant enhancing effect on growth rate, but affected all 

genotypes in the study to a similar degree. Genotypic variance was only 

significant, though, when either temperature or photoperiod were limiting. They 

attributed differences in winter dormancy primarily to differential responses of 

genotypes to low temperature. They obtained a small significant value (M.S. =0.13, 

d.f. = 19) for genotype by environment interaction in a preliminary analysis of 

variance with a residual of 0.07 and 60 degrees of freedom. They conluded that 

this was not really a significant interaction when viewed in the light of the large 
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pooled residual variance (0.22, d.f. =60) from a more complete analysis of variance 

that further partitioned the genotype x environment interaction into general and 

specific combining abilities and their interactions with temperature and daylength. 

They emphasized the relative importance of genotype and the interactions among 

genotypes in determining winter yield in alfalfa. 

Finally, the small genotype by environment interaction for the glasshouse 

study did not correspond to the significant genotype by season interaction in the 

field study. Presence and/or mobilization of adequate root reserves were thought 

to develop in field-grown seedlings (11 months of age at harvest), but not 

glasshouse-grown material (4 months of age at harvest) and were postulated to 

enhance interaction components. Morley et al. (1957) concluded that field 

selection for winter yield would probably be more appropriate, and also observed 

that selection for reduced frost injury might not be necessary in initial stages of the 

breeding project in their environment. They also concluded that the greenhouse 

and field experiments could be comparing qualitatively, developmentally, and 

metabolically different responses to low temperature. This was attributed to 

differences in temperature extremes and humidity in the two growing sites, 

differences in the plants' ages between the two experiments, and to possible 

differences in root carbohydrate reserves, respectively. 

SELECTION ENVIRONMENT AND HERITABILITY 

In a study on the effects of environmental quality (defined by daylength, 

rainfall or irrigation-dependent soil moisture, and temperature) on heritability and 
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predicted response to selection for plant height and yield in alfalfa (Daday et al., 

1973) noted that both mean plant height and its heritability were reduced in 

unfavorable natural environments (long days, drought, and high temperatures), and 

heritability for plant height was zero in this environment. They found that expected 

response to direct selection was greatest in the moderate environment (short days, 

ample irrigation, low temperatures), somewhat lower in the most favorable 

environment (long days, ample irrigation, high temperatures) and lowest in the least 

favorable environment. Daylength was a factor seasonally associated with the 

temperature and soil moisture characteristics in which they were interested. 

Environment was a combination of location and season. They qualified the choice 

of selection environment by stating that there must be minimal family x environment 

interaction, since stable performance was desired. They concluded that the 

greatest gain would be expected under moderate stress, that little would be gained 

in stress response under the most favorable conditions, and that severe stress 

would limit potential for genetic gain under selection. 

Rosielle and Hamblin (1981) have discussed the theoretical aspects of the 

choice of selection environment as it pertains to the stability of population 

performance under both stress and non-stress environments. They concluded that 

independent selection fop productivity under both stress and non-stress conditions, 

rather than selection for stress tolerance (survival), should result in increased mean 

yields in both environments. This should hold unless there is a large negative 

correlation between yields in stress versus non-stress environments. In the case 
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of a smaller genetic variance in stressful compared to non-stress environments, 

selection for stress tolerance would actually reduce yield in stress environments. 

In the present study on alfalfa response to low temperature, a moderate 

level of stress was chosen under the assumption that selection of plants which 

could survive severe frosts might not necessarily select plants with good agronomic 

performance under low temperatures even if dormancy and frost resistance are not 

pleiotropic or closeiy linked characters. Also, it was assumed that resistance to 

severe stress would not necessarily give an indication of a plant's potential 

performance under optimal conditions. Kapulnik et al. (1989) showed that alfalfa 

selected for high yield in a non-stress environment maintained relatively high yield 

under salt stress. Johnson (1990) supported this conclusion in a study on the 

effect of salt stress on 'Sonora' alfalfa, and the African germplasm from which it 

was derived. He found that plants that yielded well under salt stress did not 

necessarily yield well in the absence of added sodium chloride. Although the 

osmotic effects on plants under salt and cold stress may be comparable, any 

toxicity to plants from NaCI has no apparrent counterpart in cold stress. 

Nevertheless, the principle of selection for vigor both in the presence and absence 

of stress may also prove to be an effective strategy in improving the response of 

nondormant alfalfa to short duration low temperature stress. 

QUANTITATIVE GENETICS OF GROWTH IN ALFALFA 

All of the above studies were initiated with the assumption that variation in 

vegetative growth in alfalfa is heritable. This seems to be a valid assumption, since 
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plants with different dormancy ratings exhibit divergent rates of growth, especially 

in winter. Whether or not vegetative growth is primarily genetically (rather than 

environmentally) controlled, as well as the nature of gene action controlling this 

character has been addressed (Singh and Lesins, 1971). Experimental material 

consisted of the selfed and single-cross (in all combinations) progenies of seven 

clones selected for high forage and seed yield. Measurements were taken on 

single plants for growth (forage fresh weight) in the field in the seedling year, and 

spring, fall, and total annual yield for two years. For the clones and their 

progenies, general and specific combining ability effects were partitioned (both 

significant at P<0.01), and broad and narrow sense heritabilities determined. 

Genetic variability constituted 70 to 90% of the total variance for growth. They 

determined that this character is controlled by both additive and nonadditive gene 

action. They also concluded that nonadditive gene action is more important since 

broad sense heritability was generally higher (reported as hfb >99.00%) than narrow 

sense heritability (reported as 0.91 %<h?n< 2.98%). 

DEFINITIONS OF HARDENING AND FROST TOLERANCE 

As plants are exposed to reduced temperatures, their ability to survive 

even lower temperatures is often enhanced, a process termed hardening. The 

temperatures at which this occurs varies among and within species and ecotypes, 

but hardening can generally begin to occur at temperatures near and below 10° 

C. Plants unable to harden may be chilling sensitive, and may experience 

metabolic and photosynthetic injury at temperatures above freezing from 0 to 15* 



C (as do many tropical plants from low elevations). The length of time required to 

develop maximal hardening also varies within and among species, ecotypes, and 

genotypes. 

Plants which have the ability to harden may avoid frost damage by three 

means: avoidance, resistance, or tolerance. An example of physiological 

adaptation to avoid frost damage would be the synthesis of increased levels of 

anthocyanins which allow plants to maintain sufficient leaf temperatures by 

absorbing infrared light. A morphological adaptation, pubescence, forms an 

insulating air layer around leaves. Another strategy is to utilize microclimate 

variation which may allow some plants to avoid damage by frost or low 

temperatures. Low, prostrate growth habits, and the occupation of warmer niches 

(i.e. south-facing slopes) may permit plants to maintain tissue temperatures above 

those of the ambient air (Savile, 1972). In order to circumvent tissue damage due 

to frost, plants may not allow ice to form in any tissue (via supercooling of the 

tissue and freezing point depression) which has been described by Levitt as an 

resistance mechanism. 

Some plants, particularly woody plants may allow the formation of 

intercellular ice within tissues without tissue death, which is considered frost 

tolerance. Intracellular ice formation is generally lethal, and causes cell death by 

disrupting cell structure (Levitt, 1960). An important factor influencing the nature 

of damage due to cold temperatures is humidity. Under conditions of very low 

humidity the dew point (the temperature at which condensation may occur for a 
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given level of humidity) may be reduced (Lutgens and Tarbuck, 1979). Therefore, 

the temperature at which frost precipitates onto plants is reduced. Damage due 

to temperatures below freezing in the absence of frost may then occur. The rate 

of photsynthesis and other metabolic processes may be impaired (Bidwell, 1979). 

Between 5 and 30 C, the rate of photosynthesis may double for each ten degree 

rise in temperature (Q10=2). Below this optimum, photosynthesis may be 

substantially reduced, even in some plants which are not damaged by frost. In 

general, however, tolerance to low temperatures might be described as a state in 

which a plant is capable of surviving low temperatures and maintaining or resuming 

normal vital metabolism (ecologically or agronomically speaking) following 

temperatures below a threshold. 

Hardening processes are necessary for survival of plants at low 

temperatures, but may be different from metabolic responses to resume growth 

following frost. However, the ability to survive low temperatures and frost damage 

are obviously important prerequisites for resuming growth following frost. A 

number of researchers have studied factors influencing the ability of plants to 

harden and the relative degree of hardening achieved as indicated by the degree 

of frost damage. 

GENETICS OF HARDENING AND FROST TOLERANCE 

Hardening has been shown to under genetic control in a number of studies 

on species such as wheat fTriticum aestivum). apple (Pyrus malus). and tea (Thea 

sinensis^ (for review, see Larcher and Bauer, 1981). Differences in frost resistance 
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among ecotypes or cultivars of a species have been ascribed to genetic factors in 

ecological (for review, see Hiesey and Milner, 1965) and agronomic studies. 

Frost tolerance has been shown to be under genetic control in several 

species, including both woody and herbaceous species, monocots and dicots, and 

self- and cross-pollinated species (review by Thomashow, 1990). Many species 

exhibit differences in frost tolerance, as a function of differences in ability to harden, 

among cultivars or ecotypes and genotypes. In wheat, oats (Avena satival. and 

barley (Hordeum vulqareV several studies have shown that frost tolerance (defined 

as survival or tissue tolerance to temperatures below O C) is a complex trait 

characterized by the quantitative effects of several genes. In wheat and barley, the 

severity of the frost treatment may determine which character state, frost tolerance 

or frost sensitivity, is the dominant state, and the dominance relationship appears 

to be reversible under different levels of stress (Thomashow, 1990). There may 

then be different genetic mechanisms for dealing with different intensities of low 

temperature stress. 

ENVIRONMENTAL FACTORS INFLUENCING HARDENING 

Many of the environmental factors thought to influence hardening have been 

manipulated to show how the relative levels and quality of photoperiod, light, 

temperature, and soil moisture affect hardening. Tysdal (1933) described the 

effects of these variables on hardening in alfalfa. He subjected plants from 

'Turkestan', 'Grimm', and 'Arizona Common' to variations in these factors under 

a 30-d growth period and 14-d hardening period. Varying photoperiod, he found 
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that more dormant types exhibited the greatest capacity to harden in response to 

reduction of daylength. Reducing light intensity below the minimum required to 

maintain healthy plants impaired the ability to harden. Also, white light was found 

to be more effective than blue or red alone in promoting hardening. Alternating 

temperatures (O C for 16 h, then 20* C for 8 h in the daylight) allowed maximal 

hardening to occur. He saw no effect on hardening when soil moisture was 

reduced, but if soil was dry during the freezing treatment, it would freeze solid very 

rapidly, and hardening effects were not apparent. 

Coffindaffer and Burger (1958) varied photoperiod (16,14, or 10 h of light) 

in 'Narragansett', 'Vernal', and 'Williamsburg' alfalfas. They found that yield was 

reduced in these dormant cultivars and that percent nitrogen in roots increased as 

photoperiod was reduced. Under 14 h light, root potassium levels were lowest, 

and root weight was highest. Carbohydrate levels were not assayed; however, 

carbohydrate accumulation is one possible explanation for increased root weight. 

Root carbohydrate reserves have been associated with the sugar mobilization that 

occurs with exposure of alfalfa to hardening temperatures. Increased levels of root 

carbohydrate reserves and increased levels of total nonstructural carbohydrates 

have both been correlated with increased frost tolerance of above-ground tissues 

after hardening (Smith, 1960.) 

EARLY MORPHOLOGICAL DISTINCTIONS AMONG DORMANCY CLASSES 

Dormant alfalfas may be distinguished from nondormant alfalfas by the 

distance from the soil to the cotyledons and by the distance from the cotyledons 
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to the first unifoliolate leaf (referred to as the first unifoliolate internode length). The 

population means of both of these measurements will be greater in nondormant 

alfalfas (Schneider et al., 1984). The greatest distinction in length of stems above 

and below cotyledons between southern- and northern-adapted populations was 

made with short photoperiod, low temperature (15/10* C), and light in red and 

green wavelengths (Nittler and Gibbs, 1959). 

ECOLOGICAL ASPECTS OF HARDENING AND FREEZING 

Larcher and Bauer (1981) described the ability to harden as the critical 

ecological factor in whether or not a plant will be frost tolerant. Chilling-sensitive 

plants which cannot harden are never frost tolerant, and can be eventually be 

irreparably damaged or killed by temperatures between 0 and 10° C. They also 

cites the ability to harden as the primary factor influencing temperature-dependent 

distributions of plant species and ecotypes. The distribution of a species or 

ecotype may depend on frost resistance of its various tissues, the level of 

hardening and tolerance that can be achieved by various life stages of the plant 

(particularly at juvenile stages, since seedlings have a reduced ability to harden 

relative to more mature plants), and the ability to form and maintain reproductive 

structures if low temperature stress occurs. The achievement of a plant's full 

potential to harden may also be limited by disease, mechanical damage, pollution, 

nutrient deficiencies, and insufficient root carbohydrate reserves (review by Larcher 

and Bauer, 1981). 

PHYSIOLOGICAL ASPECTS OF HARDENING AND FREEZING 
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Physiological phenomena associated with hardening and freezing of plant 

tissue have been extensively described (Hudson and Idle, 1962; Levitt, 1962; 

Weiser, 1970; Burke et al., 1976; Christiansen, 1978). Reviews specifically on 

alfalfa have been written by Smith (1962; 1964) and McKenzie et al. (1988). Many 

metabolic changes occur in plants in response to hardening temperatures. These 

vary among species and ecotypes depending on the temperature minima 

encountered. Changes in total (increased rate of synthesis and steady-state 

concentrations) and specific (appearance and disappearance of fractions) proteins 

occur; increases in total RNA, rRNA, and polysomes, and tRNA pool alterations 

may also take place. Lipid phase transitions from sol to gel occur at 4° C (or a 

critical temperature depending on the lipid composition of a species' plasma 

membrane). The production or mobilization of translocatable "hardiness-

promoting and -inhibiting factors", such as increases in reducing sugars, organic 

acids, increases in some free amino acids, and organic and inorganic phosphorus 

have been correlated with increased frost resistance. Reduced tissue hydration 

and increased starch content of chloroplasts may also occur during hardening or 

freezing (review by Weiser, 1970). Some of these changes may or may not 

contribute to frost tolerance directly. The accumulation during hardening of 

reducing substances has been shown by numerous studies in many plants (proline 

- Paquin, 1984; NADPH -Kuriashi et al., 1968; sulfhydryl groups - Levitt, 1962 and 

Heber, 1968; reducing sugars - Green and Ratzlaff, 1975). There is also in vitro 

evidence for the role of compatible solute accumulation (Paleg, 1985). These have 
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been hypothesized to prevent the denaturation or inactivation of structural or 

enzymatic proteins, especially those associated with membranes (Levitt, 1960, 

1962; Tappel, 1966; Steponkus, 1978). 

Two metabolite alterations associated with hardening in alfalfa in particular 

are increases in total protein content and increases in total nonstructural 

carbohydrates (Smith, 1960). Both of these changes have also been correlated 

with increased resistance to frost damage (Weiser, 1970). Some researchers have 

also hypothesized that specific carbohydrates may interact with particular proteins 

in hardened tissue and protect cells from damage (Hirsh, 1987; Chatterton, 1989). 

Such interactions have been hypothesized to maintain protein solubility in cells 

dehydrated by extracellular ice formation. 

There is much controversy over the nature of the true cause of hardening 

and frost tolerance, although many researchers have concluded that there may be 

a primary signal that results in the induction of a complex series of metabolic 

changes, no one of which is solely responsible for tolerance. The nature of frost 

tolerance may also not be the same for woody and herbaceous tissues (Weiser, 

1970). 

CURRENT RESEARCH ON GENE EXPRESSION AND 
MOLECULAR MECHANISMS OF COLD TOLERANCE 

Weiser (1970) suggested that the processes of hardening would be 

preceded by changes in gene expression. While some researchers have focused 

on the plasma membrane as the site of signal transduction, injury, and changes 

preceding frost tolerance, others have focused on changes in gene expression 



following exposure to cold. 

Thomashow (1990) has reviewed current research on the mechanisms by 

which plants acclimate to low temperatures and tolerate temperatures below O C. 

There has been no consensus on a single cause or site of either frost or chilling 

injury. This implies that there are probably many complex processes involved in 

frost and chilling tolerance and injury. However, several phenomena occur upon 

exposure of plants to temperatures between 0 and 5° C, which may be functionally 

related to cold tolerance, whether as causes of tolerance or symptoms of stress. 

New isozymes, proteins, and mRNA's (and the loss of some forms of these 

molecules) can appear under low temperature stress. Genes for many of these 

cold-induced mRNA's and proteins have been cloned, and their regulation by cold, 

drought, and the plant hormone abscissic acid (ABA) have been shown. The 

regulation of some cold-stress genes by drought is an engaging idea, since the 

hypothesis is currently that both types of stress tolerance are actually tolerance to 

cell dehydration and its accompanying effects on structural and enzymatic proteins, 

membrane lipids, and therefore on cell ultrastructure and membrane-associated 

metabolism. The regulation of some cold-stress genes by ABA is a property 

shared by other genes expressed under stress. Both whole plant and in vitro 

evidence show that applied ABA can enhance cold tolerance without hardening, 

and induce the same polypeptides that are induced under cold stress. However, 

in vivo evidence for cold regulation of whole plant ABA levels is inconsistent (review 

by Thomashow, 1990). It may be that there are several mediators of cold 
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response or that ABA is not the primary signal for cold acclimation processes. 

OBJECTIVES 

The main objective of this study was to develop a screening procedure to 

evaluate the response following frost of cultivars representing the range of fall 

dormancy in cultivated alfalfa, with particular interest in nondormant entries from 

the Middle East, as well as cultivars and germplasms developed for use in the 

desert southwestern U.S. The data obtained in the frost response evaluation was 

analyzed to determine the efficiency of the procedure, and to test hypotheses 

regarding the expected behavior of the populations in the study. A selection 

scheme was also developed with the aim of eventually improving the response of 

nondormant germplasm to low temperatures. 

RESEARCH GOALS 

The rate of regrowth following frost was the response of interest in this 

study, although data on plant damage and mortality were considered. One aspect 

of the study focused on the physiological consequences of low temperatures by 

examining rate of regrowth, and morphological characters predicting regrowth 

potential in various cultivars. The purpose of this study was to collect preliminary 

data to indicate the prospects for breeding to improve the response of nondormant 

alfalfas to low temperature stress, whether by reducing damage or improving the 

rate of recovery from damage if it occurs. The hypothesis under which this study 

was conducted was that there would be measurable differences in the level of frost 

damage incurred, and rate of regrowth among low temperature-stressed 
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populations, and possibly differences in rate of regrowth or final plant morphology 

in low temperature-stressed compared to control populations, and among 

dormancy classes. 

A simulation of frost exposure was undertaken in order to analyze the 

immediate effects of low temperature on alfalfa plants. The nature and rate of 

regrowth after low temperature stress under greenhouse conditions was also 

evaluated. Plants were subjected to approximately the same temperature extremes 

they would experience during the winter months at low elevations in southern 

Arizona. Weather Service temperature data from Campbell Avenue Experimental 

Farm, Tucson, Arizona, (from November to March) indicates that the mean 

maximum temperature ranges from 19 to 30 »C, and that the mean minimum 

temperature ranges from 0.6 to 4 °C at night. Temperatures below O C may be 

expected to occur on an average of 54 d per winter (Sellers et al, 1985), along with 

daytime highs between 15 and 20° C. See Appendix C for a comparison of 

temperature maxima and minima from 100-year temperature data at the Campbell 

Avenue Experimental Farm to winter greenhouse temperatures. 

MATERIALS AND METHODS 

The screening and data collection for the selection experiment was 

performed between 1 January and 2 April 1990 at the Campbell Avenue 

Experimental Station, Tucson, AZ (32.15 N, 111.00 W). Eleven cultivars (Barnes 

et al., 1977) and one nondormant composite germplasm (Smith and Fairbanks, 

1988) were used in this experiment (Table 1). Cultivars in this experiment 
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represent the range of Fall Dormancy from classes 01 through 10 according to the 

University of California Fall Dormancy Rating System (Marble, 1987). 



31 

Table 1. Germplasfli origins of populations used in evaluation of response to low temperatures. 

Original 
No. of plants Germplasm 

DC-}- Cultivar in population 

#f M. fal. Ladak M. var. Turkis Flemish Chilean Indian African 

01 
02 
03 
OA 
05 
06 
07 
08 
09 
10 
10 
09 

Spreador 
Vernal 
Ranger 
Saranac 
Washoe 
Lahontan 
Hesilla 
Moapa 69 
Lew 
Hejazi 
Sudan 
AZ88NDC 

7 
11 
5§ 
500 
8 
4 
4 
9 
100 

28 
16 

28 
17 
10 
2 

27 
50 
45 
7 

45 
2 
100 
100 
23 

87 

3 
17 

77 

14 

17 83 
-—100 

100 
100 

-—100 

t Dormancy class. 
Nunber of selected plants intermated to form the cultivar. 

§ Lines rather than individual plants. 
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SEEDLING DATA 

Plants for seedling data measurements were grown by sowing approximately 

20 scarified seeds of each population in each of two 8.8 cm peat pots and thinning 

to 10 to 15 seedlings per pot. Data consisted of measurements of the length of 

hypocotyls from the soil to the cotyledons 7 d after planting, and the length of the 

first unifoliolate internode of the same lots of seedlings 21 d after planting. 

Separate groups of plants were scored for each variable, and a completely 

randomized experimental design was used. These plants were not included in the 

selection experiment. 

EVALUATION OF RESPONSE TO LOW TEMPERATURE 

Information from other studies on the environmental factors influencing 

hardening was synthesized and used to develop protocols for the evaluation 

described here. Approximately 40 plants from each population were grown in 

styrofoam Speedling flats (8 by 16 cells, dimensions 63x34x8 cm) in each of four 

replications in time. Planting dates, treatment dates, and data collection dates are 

given in Appendix B. For both the low temperature and normal greenhouse 

temperatures (control), four flats were used in each replicate of the screening 

procedure. Each flat included three of the populations selected randomly. 

All plants were grown in a greenhouse for approximately 70 d at a mean 

maximum temperature of 35 ± 3» C and mean minimum of 20 ± 4° C under 24 

hours of light (natural daylight supplemented with fluorescent light at night). A 24-

hr photoperiod was used to minimize differences in growth rate due to differences 



in fall dormancy. When each replication reached 70 d of age, plants from that 

replication were clipped to four centimeters, and allowed to regrow for 14 d. 

Plants were approximately 84 d old at the beginning of the hardening 

treatment. Low temperature treatment flats from one replication of the experiment 

were placed in a low temperature incubator at 5° C with a fluorescent light fixture 

for 5 d to allow hardening. Three 8-cell rows that had been left unplanted needed 

to be removed from each flat prior to placing the flats in the incubator so that the 

flats would fit in the incubator. All flats for one replication of the experiment had 

been well watered at least 2 hr prior to the beginning of the hardening treatment. 

Flats were also briefly removed from the incubator during the 5 d hardening 

treatment in order to be watered as needed, usually after 2 to 3 d. 

For low temperature treatments, the temperature in the incubator was reduced 

gradually over about 4 h to -3° C. The rate of cooling and final position of the 

temperature control were different every time the experiment was run. This could 

be due to differences in plant height impeding air circulation, differences in soil 

moisture level among replications, differences in flat and soil temperatures among 

replications, and differences in the starting position of the temperature control at 

the beginning of treatment. The latter would depend on the amount of adjustment 

necessary to achieve the desired temperature, and was different for every 

replication. The flats remained in the incubator at -3° C for 6 to 8 h. Soil 

temperature measured on several flats in each replication at the end of the cold 

treatment was always approximately -2.8° C. Flats were then returned to the 
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greenhouse, normally in the late afternoon, and exposed to the same temperature 

and light conditions under which the plants were originally grown. 

After 2 to 3 d, individual plants were scored for leaf and stem damage 

(indicated by necrotic tissue; Table 2) and length of longest three stems (> 4 cm). 

Regrowth also was allowed to occur under 24 hr of light. All plants remained in the 

greenhouse and stem height measurements were repeated every 7 d for each 

group of plants for an additional 21 d. The final measurement at 28 d included an 

additional damage score for each plant using the same scoring system as 

previously reported. A qualitative damage score was chosen in preference to the 

measurement of electrical conductivity, which measures leakage of cell solutes into 

distilled water after cell rupture by frost (Dexter et al., 1932), for ease of 

measurement of a large number of plants. 

Approximately 40 plants from each of 12 populations were in each replication 

(4) and each temperature treatment (2) of the experiment. Three thousand eight 

hundred forty seeds were sown, 1920 plants were exposed to the low temperature 

treatment and by the end of the experiment, there were approximately 1789 living 

plants in the low temperature treatment. Plants were lost due to poor germination 

and disease, or frost mortality in the low temperature treatment population. Plants 

that were missing prior to the application of the low temperature treatment were 

excluded from statistical analysis which included data only from plants that had 

survived at least to the age at which treament was applied. 



Table 2. Frost damage rating system for 12 alfalfa populations for scores given 
3 d, and 28 d after artificial frost at -3* C. 

Score Symptoms 

0 no damage 

1 0-20 % total leaf damage 

2 20-40 % total leaf damage 

3 40-60 % total leaf damage 

4 60-80 % total leaf damage 

5 80-100 % total leaf damage, or half of stems 
frozen to crown, other half undamaged 

6 up to 20 % total stem damage 

7 up to 40 % total stem damage 

8 up to 60 % total stem damage 

9 up to 80 % total stem damage, living crown 

10 >80% total stem damage, damaged crown,dead plant 
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Final low air temperature achieved in the low temperature treatment were as 

follows: replication 1: -5.0* C; replication 2: -2.9* C; replication 3: -3.4' C; 

replication 4: -8.7° C. The total length of time at the minimum temperature also 

varied, so the actual temperature may be less important than the duration at that 

temperature. Also, due to difficulties in controlling temperature in the incubator, 

replication 1 was repeated with the same plants. Since these plants were exposed 

to frost twice, a large portion of the replication effect may be due to this replication. 

Three variables used in simulated selection (growth rate ratios, mean damage 

scores, and stem number in the fourth wk) differed significantly in replication 1 from 

the means for these variables in other replications (see Simulated Selection, 

beginning on p. 61). 

DATA ANALYSIS 

Most of the variables measured in this study were found not to be normally 

distributed, by examination of normal plots, and skewness and kurtosis values. 

None of the several transformations attempted (including sine, cosine, square root, 

common logarithm, tangent) corrected non-normality. Therefore, non-parametric 

methods were employed using untransformed data to detect significant differences 

among populations, and for mean separations. Two non-parametric tests with 

different purposes and assumptions were used. In order to test for significant 

differences among populations and treatments for mortality frequencies, the 

Cochran-Mantel-Haenszel statistic was calculated using SAS (SAS Institute, 1987). 

This statistic (Cochran 1950,1954) is similar to a Chi-square test. In order to test 
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for significant differences among populations and treatments for damage scores 

and stem number and height, it was necessary to use Friedman's two-way analysis 

of variance. This statistic approximately follows a Chi-square distribution, and in 

the case of a large number of treatments (populations in this study), the usual Chi-

square table may be used to obtain the critical value for the desired level of 

significance and degrees of freedom. For hand calculation, the formula for this 

statistic is: 
12 k 

X.- = z R*2 - 3b(k+1), where b= blocks or 
" bk(k+1) i = 1 

replications, k = treatments and the squares of the ranks (R) for each treatment 

are summed. However, the analysis was performed using SAS by ranking the 

means for each variable and performing a general linear model analysis of variance 

on the rank-transformed data (see Appendix B). These ranks would then be 

normally distributed (whereas the original data was not); therefore, parametric 

mean separation procedures could be used, in this case, Duncan's Multiple Range 

Test (Duncan, 1975). 

Tests for significance among treatments were performed by using Dunnett's 

mean separation for treatments versus a control (Dunnett, 1955) on means ranked 

within treatments. 

PREDICTED RESPONSE TO SIMULATED SELECTION 

In a computer-simulated selection, single plants were selected based on an 

index value derived from combined growth rate ratios and damage scores and their 

relative economic weights, with selection intensity, i=1.74 (selected proportion 



10%). With a constant value for heritability of 0.25 under each selection scheme, 

expected gain was calculated as the change in the index, or *H. The net merit 

value, H, could be calculated as: 

H = b,x, + b^, where t '̂s are index weights and ^,'s are phenotypic values 

measured on each individual, x, is growth rate ratio and % is damage score. The 

index weights were determined by solving the simultaneous equations: 

b, a2(x,) + b> a^x,) = a, a2^ + a, a^x^, and 

b, afc^) + b^ c2^) = a, ^(x^^ + % a2(^, wherea(x1)^) is the covariance 

between growth rate ratio and damage score, a2(xh)G is the genetic variance for 

each trait estimated as the phenotypic variance divided by h?, is the genetic 

covariance between the two traits estimated as the covariance between the traits 

divided by hp, and the e '̂s are the economic weights assigned to each trait. An 

economic weight of 2 was chosen for growth rate ratios, and -1 for damage 

scores, in order to increase growth rate ratio, while decreasing damage score, 

because the traits are negatively correlated (rp =-0.15). The change in the index 

aH was calculated as: aH + i<rH , where i is the selection intensity, and aH is the 

standard deviation of the index calculated as: 

the square root of a H2 = b12ax12 + b^2ax22 + 2b, b^ a(xt>^). Correlated responses 

in growth rate ratio and frost tolerance with index selection was calculated as: 

CR,;ra,t =[<7 (trait, index)/* H for each trait (Baker, 1986; and S. DeNise, personal 

communication). 

In order to compare index selection to direct selection for either growth rate 
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ratio, or damage score, percent gain was estimated for these two selection 

schemes using the same heritability and selection intensity. Correlated response 

in damage scores were calculated following selection of the top 10% of plants with 

the greatest growth rate ratio values, or in growth rate ratios following selection of 

the best 10% of plants with the lowest damage scores. Correlated responses were 

calculated as: 

CRtrait = L ( ^x12) ( r
G 'Ptr.1t' Wher® * 'S 9r0Wth fate rat'° 3nd ^ 'S 

damage score, and rG is the genetic correlation between the two traits estimated 

as: 

rG = a(x1^\3/( a(x,)^). This was estimated as the phenotypic correlation 

between the two traits Gain was calculated as: G = h2 i op, and percent gain 

determined by dividing G by the population mean value in each trait. 

All calculations were performed separately by population, and Vernal, 

Spreador, and Saranac were excluded from simulated selection due to the large 

number of missing plants in these populations which would impose a greater 

selection intensity. 

The heritability value chosen for this simulation study was based on a study by 

Daday (1964). In Daday's sward experiment (1964), the parental cultivars Hunter 

River and DuPuits (dormant), and Hairy Peruvian and African (non-dormant), plus 

E, & F2 families from the cross DuPuits (dormant) x Hairy Peruvian (moderately 

non-dormant) were included. The heritability values determined for winter growth 

(family mean of dry matter per plot) and cold injury (family mean of proportion of 



cold-damaged dry matter per plot) ranged from 0.67 to 0.90. Single plot values 

ranged from 0.25 to 0.57. Based on Daday's study, a similary low, conservative 

value (0.025) was chosen for heritability for the simulation of gain for growth rate 

ratios and damage scores. 

RESULTS AND DISCUSSION 

PEARSON PRODUCT-MOMENT CORRELATIONS 

Pearson product-moment correlations for measured and calculated variables 

are presented in Table 3. Growth rates calculated by replication (GR1-4) were not 

well correlated with any variables (i.e. stem heights) to which they were not 

functionally related (or from which they were derived). Correlations were slightly 

higher among growth rates in different replications, and among growth rates and 

stem heights (H1-4.) There was a consistent and moderate correlation (rp=0.30 

to 0.37) between change in stem number (STD) and stem heights (H1-4.) There 

is a higher positive correlation (rp =0.55 to 0.64) between stem number at the fourth 

measurement (ST4) and the stem height variables, suggesting that plants with 

higher average stem heights also develop a high number of stems by the fourth 

wk. The correlations between earlier stem number variables (ST1-3) and stem 

height variables are much lower, indicating that the potential relationship between 

stem height and number is realized as development proceeds. 

Also particularly interesting is the fairly high negative correlation (-0.56) 

between initial damage (D1) and stem number in the first wk. The correlation 

between these two variables is particularly relevant since they occur and are 



measured simultaneously. Plants with a large number of stems also had lower 

damage scores. This could be an effect of dormancy class, since populations with 

a lower dormancy class rating tended to have numerous, short stems and small 

leaves (casual observation, no data on leaf area). Damage scores below 5 indicate 

damage to leaf tissue, so these ecotypes may be scored so that only leaf damage 

is reflected, but the relative insult to the plant could be equivalent to a higher 

damage score for a taller plant with more stem damage. However, there is also 

a moderate negative correlation (rp=-0.44 to -0.48) between stem heights and initial 

damage score, suggesting that plants with tali stems (a relatively nondormant 

growth habit) are experiencing fairly low damage scores. Also, since stem number 

in the first and fourth wk have a significant positive correlation to stem height, it 

appears that within each dormancy class there are a fair number of plants with a 

vigorous growth habit. Mortality (M) is fairly well correlated to initial damage (D1), 

indicating that the level of initial damage is a fair predictor of survival. As expected, 

mortality is highly correlated to final damage (D2), from which it is derived. 
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Table 3. Pearson product-moment correlations for variables measured and 
calculated in the evaluation of response to low temperature. 

DRDRTREP SH ROW D1 D2 M ST1 ST2 ST3 
DRT -0.15 -0.01 0.04 0.04 -0.01 0.0 0.04 

REP -0.34-0.36-0.290.42 0.16 0.08 

SH 0.21 0.20 0.20 -0.14-0.09-0.06 

ROW -0.25-0.20 

D1 -0.01 0.56 -0.56-0.18-0.11 

D2 0.04 -0.49-0.18-0.07 

M 0.04 -0.39-0.20-0.03 

ST1 -0.01 -0.01 0.42 -0.56-0.49 

ST2 0.0 0 0.15 -0.18-0.18 

ST3 0.03 0.04 0.08 -0.11-0.07 

ST4 0.43 

DR= Dormancy class 1-10 
DRT= Cultivar code number 1-12 
REP= Replication number 1-4 
SH= Shelf number 1-4 
ROW- Row nunber 1-8 
D1= Initial damage score 1-10 
D2= Final damage score 1-10 
M- Mortality score 0 (living) or 1 (dead) 
ST1= Stem number, wk 1 
ST2= Stem nurber, wk 2 
ST3= Stem number, wk 3 
St4= Stem number, wk 4 
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Table 3. cont'd. 

ST4 H1 H2 H3 H4 RT GR1 GR2 GR3 GR4 GWO GW1 GW2 GW3 

DR 0.04 0.23 0.22 0.18 0.15 0.14 0.07 0.01 0.01 0.06 0.05 0.04 0.01 0.01 

DRT 0.04 0.22 0.22 0.18 0.15 0.14 0.05 0.02 0.02 0.07 0.05 0.04 0.02 0.01 

REP 0.35 0.31 0.31 0.32 0.15 

SH -0.16-0.21 -0.26-0.26-0.26-0.12-0.14-0.21 -0.26-0.05-0.20-0.18-0.14-0.13 

ROW 

D1 -0.44-0.39-0.40-0.40-0.40-0.15-0.21 -0.12-0.21 0.04 -0.21 -0.2- -0.22-0.33 

D2 -0.52 -0.35 -0.42 -0.45 -0.48 -0.27 -0.45 -0.20 -0.24 -0.19 -0.33 -0.33 -0.33 -0.33 

M -0.44 -0.29 -0.35 -0.39 -0.42 -0.24 -0.39 -0.22 -0.24 -0.15 -0.28 -0.28 -0.26 -0.26 

ST1 0.73 0.41 0.43 0.50 0.52 0.31 0.33 0.26 0.35 0.37 0.27 0.30 0.35 0.38 

ST2 0.33 0.16 0.16 0.19 0.22 0.11 0.06 0.12 0.40 0.36 0.11 0.12 0.13 0.15 

ST3 0.24 0.11 0.10 0.11 0.14 0.06 0.01 0.11 0.38 0.34 0.06 0.06 0.07 0.09 

ST4 0.50 0.51 0.55 0.60 0.35 0.50 0.21 0.35 0.33 0.32 0.32 0.35 0.40 

HT1= Height of three tallest stems, wk 1 
HT2= Height of three tallest stems, wk 2 
HT3= Height of three tallest stems, wk 3 
HT4= Height of three tallest stems, wk 4 
RT= Ratio of individual plant's growth rate to its corresponding control population's mean growth rate 
GR1= Growth rate for all populations in replication 1 
GR2= Growth rate for all populations in replication 2 
GR3= Growth rate for all populations in replication 3 
GR4= Growth rate for all populations in replication 4 
GU0= Growth rate for all populations in 1st wk following frost treatment 
GW1= Growth rate for all populations in 2nd wk following frost treatment 
GW2= Growth rate for all populations in 3rd wk following frost treatment 
GW3= Growth rate for all populations in 4th wk following frost treatment 
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Table 3. cont'd. 

ST4 H1 H2 H3 H4 RT GR1 GR2 GR3 GR4 GWO GW1 GW2 GW3 

H1 0.82 0.72 0.65 0.16 0.24 0.05 0.14 -0.150.23 0.12 0.12 0.12 

H2 0.84 0.76 0.35 0.53 0.15 0.36 0.13 0.38 0.39 0.28 0.30 

H3 0.89 0.59 0.69 0.67 0.60 0.41 0.62 0.59 0.60 0.54 

H4 0.65 0.87 0.51 0.88 0.64 0.69 0.66 0.66 0.67 

RT 0.91 0.94 0.91 0.72 0.86 0.90 0.90 0.88 

GR1 ... 1.00 0.96 0.65 0.54 

GR2 1.00 1.00 1.00 1.00 

GR3 1.00 1.00 1.00 1.00 

GR4 -0.150.40 0.77 1.00 

GWO 0.91 0.82 0.77 

GW1 0.89 0.84 

GW2 0.93 

GW3 



SEEDLING DATA 

There were significant differences among populations for hypocotyl length, 

as well as for first unifoliolate internode length (Table 4). These variables both 

correlate positively with dormancy rating (Schneider et al., 1984). For hypocotyl 

length, this correlation may hold prior to contractile growth (Smith, personal 

communication). This correlation should not be assumed to be a predictor of the 

level of frost sensitivity for three reasons. (1) The data was measured on plants 

not included in the selection experiment, and in a different location than the one in 

which the frost response evaluation was carried out. (2) Also, dormancy rating is 

not well correlated in this study (rp =-0.008, P<0.73) to the level of frost sensitivity 

(damage score) to be discussed below. A positive correlation was anticipated; with 

increasing nondormancy, increasing levels of frost damage were expected. (3) 

Finally, Schneider et al. (1984) reported that first unifoliolate internode lengths tend 

to vary more closely with cultivar than with fall dormancy classes. Therefore, this 

would probably not be a useful variable by which to select for reduced frost 

damage. However, since hypocotyl length and first unifoliolate internode length 

are positively correlated with dormancy ratings (rp=0.19, P<0.01; and rp=0.73, 

P<0.0001, respectively), they may be useful in preselecting for the most 

nondormant individuals within a population, if one chose to select separately for 

nondormancy and frost resistance in early stages. Hypocotyl length is less 

strongly correlated to dormancy class than is first unifoliolate internode length and 

has less predictive value. 
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Table 4. Means (tSE) of first unifoliolate internode lengths measured 
1 wk after emergence, and hypocotyl lengths measured 1 and 2 
wk after emergence. 

Cultivar Dormancy class Hypocotyl 1st unifoliolate internode 

mm 

Spreador 01 3.9t0.5d 3.0*0.4* 

Vernal 02 2.2t0.1d 2.0t0f 

Ranger 03 2.6t0.4d 2.3t0.3ef 

Saranac 04 3.ao.5d 2.3t0.2de 

Washoe 05 6.9t0.9d 2.&0.58 

Lahontan 06 s.&o.s* 7.1±1.4def 

Mesilla 07 5.1±0.5cd 5.8±3.8bcd 

Moapa 69 08 4.7±0.4bc 7.&1.8cd 

Lew 09 6.1±0.5b 10.8t1.5abc 

Hejazi 10 6.5t0.6a 20.6± 1.8ab 

Sudan 10 4.5±0.5a 20.3t2.0cd 

j Means within a column with the same letter are not significantly different with a 
Duncan's Multiple Range Test at the 5% level of significance. 



MORTALITY FREQUENCIES 

Significant differences were observed in mortality among populations in both 

the low temperature and control treatments (Table 5). A test for significant 

treatment effects showed that there was a significant difference in frequency of 

mortality between low temperature and greenhouse treatments. Since neither initial 

nor final damage scores were normally distributed, and transformations (square 

root, arithmetic log, sin, cosine, tangent) did not substantially improve normality, 

the nonparametric Cochran's test, which is based on a Chi-square distribution, was 

used to detect significant differences among population means. 

Mortality was not well correlated (r=0.04, P<0.07) with dormancy class. 

There was, however, a small but significant correlation (r=0.20, P<0.0001) with 

shelf position in the low temperature incubator used for the frost treatments. This 

correlation agrees with the significant effect of shelf position on damage score 

(Table 6). Shelves were numbered from 1 to 4 from the top to the bottom of the 

incubator. Higher shelf numbers were associated with higher levels of mortality, 

regardless of dormancy rating. The best explanation would be that temperatures 

were lower, or that frost formation occurred more rapidly or easily on the lower 

shelves. After each replicaton, there was substantial accumulation of ice on the 

bottom shelf. Temperatures on different shelves could not be measured within a 

short time period without opening the incubator door. If temperature had been 

measured on each shelf over a long period of time (to allow the incubator to 

assume its normal temperature distribution) it might have been difficult to 
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Table 5. Frequency of plant mortality in 12 populations screened for response to 
low temperature after 28 d, expressed as a percentage of the total number of 
plants evaluated in each population^ 

Cultivar Dormancy Low temperature Greenhouse control 
class treatment 

Spreador 01 26.0 1.7 

Vernal 02 5.0 0 

Ranger 03 3.8 0 

Saranac 04 11.7 0 

Washoe 05 6.9 0 

Lahontan 06 1.2 0 

Mesilla 07 10.0 2.5 

Moapa 69 08 21.7 2.5 

Lew 09 10.1 0.6 

AZ88NDC 09 7.5 0 

Hejazi 10 27.0 0.6 

Sudan 10 22.6 6.9 

•f Cochran-Mantel-Haenzel statistics were calculated to determine whether there 
were significant differences among populations in mortality in either the presence 
or absence of frost, and among treatments, with the following results: 
within low temperature treatment: 84.57, among treatments: 110.17, within control 
treatment: 60.61, x-0 05 1t = 19.68. 
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Table 6. Analysis of variance performed on untransformed initial damage scores. 

Source df MS F P 

Replication 3 1104.74 150.90 0.0001 
Dormancy rating 11 103.30 14.11 0.0001 
Shelf 3 867.44 118.49 0.0001 
Shelf*Dormancy rating 18 57.38 7.84 0.0001 
Row 7 234.12 31.98 0.0001 
Plant # in row 4 10.05 1.37 0.2412 
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distinguish between temperature fluctuations over time versus the presence of a 

temperature gradient. 

Mortality did occur in several control populations (Spreador, Mesilla, Moapa 

69, and Sudan). Many plants in both treatments died prior to the application of the 

low temperature treatment due to seedling and root diseases. In several of the 

populations in which there was mortality in the control population, disease 

susceptibility may have impaired the population's ability to resist damage and 

regrow following frost. 

DAMAGE SCORES 

Significant differences were observed among populations in leaf and stem 

damage both 2 to 3 d (Fig. 1) and 28 d (Fig. 2) after low temperature exposure. 

Damage score means for the most dormant (Spreador) and the least dormant 

populations (Hejazi and Sudan) did not significantly differ at this point (Table 7). 

The initial mean damage score for the most dormant population was unexpectedly 

high. This was originally attributed to one of at least three possible causes. 

1) In its original constitution, Spreador alfalfa contained 14% percent African 

germplasm (Table 1). It is apparently unusual for a northern-adapted alfalfa to 

contain nondormant germplasm, but this portion of the germplasm may have been 

included to increase the frequency of disease or pest resistance alleles. It is 

possible that under the relatively mild (compared to northern latitudes) conditions 

of hardening and growth used in this study that this population exhibited 

nondormant characteristics due to its nondormant African germplasm. This 
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2-3 days post freezing 

1 2 3 4 5 6 7 8 9 9 10 10 

Dormancy Rating 

Fig. 1. Means and standard errors of initial damage score 2-3 d following frost 
treatment. For explanation of dormancy classes, refer to Appendix D. 
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1  2 3 4 5 6 7 8 9 9  1 0  1 0  

Dormancy Rating 

Fig. 2. Means and standard errors of final damage score approximately 28 d 
following frost treatment. 
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Table 7. Means (tSE) and Duncan's 5% groupings for damage scores for 12 
populations in the low temperature treatment population.! 

Cultivar Dormancy Initial damage (I) Final damage (F) Ratio (l/F) 
class 

Spreador 01 4.32t0.32a+ 3.93*0.31 * 1.10 

Vernal 02 2.64±0.30bc 2.40t0.22* 1.10 

Ranger 03 2.60t0.28b 2.4510.25* 1.06 

Saranac 04 3.06*0.311,0 2.99t0.29c* 1.02 

Washoe 05 2.63t0.26b 2.4410.22* 1.08 

Lahontan 06 2.15*0.24* 1.63t0.16f 1.32 

Mesilla 07 2.06±0.25c 2.5110.25* 0.82 

Moapa 69 08 2.26t0.32c 2.90t0.24cd 0.78 

Lew 09 2.67±0.29bc 2.72t0.25°* 0.98 

AZ88NDC 09 2.29t0.26bc 2.34±0.22ef 0.98 

Hejazi 10 3.91±0.318 4.00t0.29ab 0.98 

Sudan 10 4.34±0.31a 4.33t0.31a 1.00 

+ Plants were scored for damage due to low temperature 2 to 3 d (initial damage) 
and 28 d (final damage) following low temperature treatment. Damage score 
system is described in Table 2. 

-I- Means within a column with the same letter are not significantly different with a 
Duncan's multiple range test at 5%. 
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possibility has not been ruled out in this study, but could be eliminated by 

comparing the performance of Spreador to another cultivar of the same dormancy 

class (01) containing no nondormant germplasm. If African germplasm is affecting 

the post-frost response of Spreador, mean growth rates, stem number, and yield 

in Spreador should be greater than in other dormant populations under the same 

conditions. 2) It was possible that the initial damage score was inflated due to the 

inclusion of scores of 10 for dead plants that had died prior to the application of 

the freezing treatment due to disease. Many of these plants would have been 

given an initial damage score of 9. However, mortality frequencies were derived 

from final damage scores, and a comparison of the mortality frequencies of the low 

temperature treatment population to those of the control population showed that 

mortality in the control population was low. This led to a conclusion that the 

differences in mortality among treatments were probably due to the freezing 

treatment rather than disease. This is not to say that mortality due to disease did 

not occur. It simply occurred at a much lower frequeny than did mortality due to 

the freezing treatment. 3) Another possibility is that, during pre-treatment 

regrowth, Spreador assumed a growth habit characteristic of summer growth, and 

placed a metabolic emphasis on growth rather than frost resistance. Morley et al. 

(1957) noted that some of the most dormant populations in their study had some 

of the highest winter growth rates. Plants from arctic and alpine regions have been 

known to grow very quickly in order to complete reproductive development during 

relatively warm seasons when temperature and daylength are not limiting (review 
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by Savile, 1972). It may be that dormant, northern-adapted alfalfas behave in a 

manner similar to arctic or alpine plants in the summer, for the same reasons-in 

order to complete flowering and seed production in a relatively short northern 

spring and summer. Morley et al. (1957) found that some of the most dormant 

populations in their study had among the highest growth rates in the summer. 

Data from the present study on growth rates support this hypothesis; Spreador has 

one of the higher mean growth rates in all replications. However, data on stem 

height means do not support this hypothesis, in contrast to growth rate data. Stem 

heights for Spreador are not significantly different from other dormant populations 

(i.e. Ranger [03] and Saranac [04] in the study. Also, it would be difficult to test 

the hypothesis that Spreador grows in a manner characteristic of arctic or alpine 

plants, in mild southwestern U.S. winters, with hot dry summers. This hypothesis 

could be tested in an alpine climate, with episodic (unseasonally or diurnally 

occurring) rather than periodic (seasonally occurring) frosts, or in a growth 

chamber with refrigeration. The first hypothesis, that Spreador's high growth rate 

is due to its nondormant germplasm, would be the most plausible, and also the 

most testable in the climactic conditions of the southwestern United States. 

The analysis of variance performed on the untransformed initial damage 

scores indicated that there were highly significant (P<0.0001) effects of both 

position (shelf in the incubator and row in the flat) and replication. The significant 

position effect could indicate that the effects of genotype (within and among 

populations) may be confounded with the effects of its vertical position in the 
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incubator. This could result in misidentification of plants selected as parents based 

primarily on their damage scores, and in misrepresentation of response to low 

temperature in individuals. Replication effects should not pose such a problem if 

plants were selected in equivalent proportions from within each replication. 

Replication effects could indicate that the low temperature treatment (and possibly 

treatment during regrowth in the greenhouse) were not equivalently applied to all 

replications. 

For the final damage scores, a slight increase in damage score means in 

Hejazi and AZ88NDC relative to their initial damage scores was not significant, 

judging from the standard errors associated with these means. It would probably 

not be appropriate to directly compare these two scores; however, a comparison 

of a ratio between them (i.e. initial damage/final damage) may give an indication 

of a population's overall capacity to recover from frost damage (Table 6). The 

relatively dormant ecotypes exhibit high rates of growth (under greenhouse 

conditions) following frost, and this is also reflected in high ratios of initial to final 

damage in these populations. For Moapa 69, there could be a significant increase 

in mean damage score, which could be due to progressive tissue death occurring 

after the initial damage score, with insufficient new growth to compensate for the 

increased proportion of dead tissue. The final damage score for Lahontan is less 

than the initial score, which may indicate that Lahontan produced a high level of 

compensatory growth in recovery from frost. This notion is confirmed by the fact 

that Lahontan has either the highest or one of the highest growth rates in 



replications 1, 2, and 4 (data not shown), and the highest ratio for initial to final 

damage of all populations (Table 6). 

It is possible that above a certain threshold of damage, all regrowth comes 

from new shoots, while below that level, regrowth continues on previously existing 

(possibly damaged) shoots and is also initiated from new shoots. For that reason, 

it is proposed that the origin of each stem present prior to frost be noted, and that 

the origin of regrowing stems be noted following frost if the experiment is repeated. 

STEM NUMBERS 

In addition to low initial damage, reduced final damage and high growth 

rates, Lahontan also had relatively high stem numbers in the 1st, 2nd, and 4th wk 

following low temperature treatment (Table 8). In the third wk, the means and 

standard errors for stem number in Mesilla and AZ88NDC increase dramatically. 

This may be the time point at which new stems are being initiated. 

There were also significant differences among populations for change in 

stem number over 28 d from the first to the final measurement (Table 9). Change 

in stem number was found to be normally distributed (skewness 1.30, kurtosis 

2.72), and analysis of variance was performed on this variable. Population and 

replication effects were both highly significant (P<0.0001). 

An assumption was made that low temperature stress could have an effect 

on the number of stems per plant in the low temperature treated population 

compared to the control population. This is the case for at least one other type of 

stress. The number of stems per plant may be reduced following heat stress 
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Table 8. Mean (*SE) for stem number at wk 1-4 in each population exposed to low 
temperature, and change in stem number from wk 1 to wk 4.) 

Cultivar Dormancy 
class 

Week 1 Week 2 Week 3 Week 4 Week4-week1 

Mean* SE 

Spreador 01 1.05*0.10*+ 1.46*0.11*" 1.68*0.14cd 1.72* 0.13d 0.64±0.19cde 

Vernal 02 1.29*0.09*d 1.6110.10"° 1.87*0.11* 2.18*0.12b 0.88*0.09 

Ranger 03 1.49*0.10b 1.71±0.11ab 2.03*0.12ab 2.18*0.12b 0.6a 0.08 

Saranac 04 1.25t0.09bcde 1.45*0.10*d 1.57±0.11d 1.75t0.12cd 0.50*0.06* 

Washoe 05 0.99*0.09* 1.29*0.09d 1.60*0.11cd 1.9Q*0.13*d 0.92*0.09" 

Lahontan 061.57±0.05a 1.84±0.09a 2.14±0.09a 2.39*0.10a 0.82t0.08bcd 

Mesilla 071.11±0.08cde 1.34±0.08*d 2.24±0.67cd 1.7a0.10cd 0.5a0.07 

Moapa69 08 1.32*0.11ab 1.56*0.09a* 1.76*0.10* 1.93* 0.12*d 0.68*0.10 

Lew 09 1.27t0.08cde 1.97±0.65cd 1.67±0.10° 1.91*0.11*d 0.69*0.08 

AZ88NDC 091.33*0.08a* 1.46*0.08*d 3.07±0.88* 2.31±0.17b 0.98*0.14 

Hejazi 10 1.18*0.13* 1.34±0.10cd 1.71±0.13c 2.07±0.16bcd 0.88*0.09 

Sudan 10 1.10*0.09de 1.55*0.18*d 1.91±0.19bc 2.20*0.16* 1.10*0.11 

de 

bcde 

i bcde 

abed 

i be 

•f Means within a column with the same letter are not significantly different with a 
Duncan's multiple range test at 5%. 



Pulgar and Laude, 1974.) This was noted in a study in which shoot numbers were 

evaluated after stressing plants with either 52 or 46* C for 2.5 h on the 14th and 

21st d of regrowth in clonal material of the individual plant selections c904 and 

Lahontan 145. This depression in growth occured in the stressed plants even 

though they were permitted to regrow at temperatures of 24- C in the light and 32° 

C in the dark. This reduction occurred for both stubble and crown shoots, and in 

the absence of visible tissue mortality. It was also found that shoots that had 

already formed below the clipping height (5 cm) were the source of most of the 

subsequent regrowth. Growth suppression in both stem number and stem height 

persisted for up to 6 wk following heat stress. The authors proposed no 

mechanism for the observed growth suppression. It is possible that the inhibition 

of the shoot-forming meristems has some physiological cause. 

In contrast, tissue mortality was observed in this study, and so no purely 

physiological mechanism for differences in shoot numbers among treatments could 

be implied. Reductions in growth, particularly stem number, could be due simply 

to the loss of meristems during freezing in the crown and stubble tissue, rather 

than to the impairment of rates or efficiencies of metabolic reactions. There was 

a significant negative correlation (r=-0.44, P.0.0001) between initial damage score 

and stem number in the fourth wk. So, plants which have high damage scores 

immediately following frost tend to have low stem numbers several wks later. It 

was not immediately clear, however, whether plants with large numbers of stems 

experience less damage, or that plants with high levels of damage have reduced 
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stem numbers due to destruction of stems or meristems by frost. In order to 

distinguish between these two possibilities, correlations between replication, initial 

damage, stem number, and growth rates and their ratios were examined. There 

is a significant negative correlation (r=-0.34, P<0.0001) between replication 

number and initial damage. Earlier replications (especially replication 1) tend to 

have higher mean damage scores. Further, there was a significant positive 

correlation (r=0.43, P<0.0001) between replication number and stem number in 

the fourth wk, as well as a significant difference among replications, with 

replications 1 and 2 significantly different from each other and from replications 3 

and 4, which did not significantly differ. Earlier replications tended to have lower 

mean stem numbers. These correlations, and the significant negative correlations 

between overall growth rates in replications 1 and 3, and weekly growth rates, 

suggest that the intensity of low temperature treatment may have the effect of 

reducing stem numbers and post-freezing growth rates. However, there was no 

significant difference among treatments for stem number in the fourth wk of 

regrowth in the greenhouse following low temperature (Dunnett0 05 =-25.62, 95% 

C.I. (-31.19, -20.05), so low temperature may not be the only environmental 

variable affecting stem numbers within populations. 

Further analyses were more conclusive. Judging from the standard errors 

of the means for stem numbers in low temperature treatment versus control plants, 

there were significant differences between treatments in Spreador, Vernal, Ranger, 

Saranac, Washoe, Mesilla, Moapa 69, and Hejazi. In Lahontan, Lew, Sudan, and 



AZ88NDC, there may have been no significant difference in stem numbers among 

treatments. Dunnett's test performed on ranked mean stem numbers and the 

change in mean stem number from wk 1 to wk 4 showed that there was a 
i 

significant treatment effect on mean stem number, but not change in stem number, 

at the 5% level of significance (Table 9). 

Stem number has been shown to be an important component of yield 

(Leach, 1969) in alfalfas from the range of fall dormancy. Variation in the yield (dry 

weight) in all three of the cultivars used in Leach's study was accounted for by 

variation in shoot number, with its relative contribution varying by cultivar and 

cutting intensity. The most nondormant population in the study 'Totana' yielded 

more than the more dormant 'Rhizoma' at low cutting intensity (5 cm above crown) 

due to the higher weight of its shoots. Totana tended to produce a higher number 

of shoots, however. There were no differences in shoot numbers under intense 

cutting (removal of all shoots > 5 cm at the crown). 

Kapulnik et al. (1986) also found that stem number was an important 

component of yield differences between an improved population 'Hairy Peruvian 

32', and the germplasm from which it was derived, 'Hairy Peruvian'. After two 

cycles of selection for high dry weight and high N content on two different nitrogen 

sources,the number of stems per plant (among other parameters of more direct 

interest in their study) in Hairy Peruvian 32 was significantly higher than that in 

Hairy Peruvian at P< 0.001 at the seedling, first, and second harvests. The authors 

of this study quoted a correlation value between stem number and yield of r=0.64, 
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Table 9. Means (tSE) of change in stem number (the difference in stem number 
at wk 4 and wk 1) and mean stem number in low temperature treatment 
populations compared to their corresponding control population!-. 

Stem number week4-week1 Mean stem number 
Dormancy 

Cultivar class Low temperature Control Low temperature Control 

mean ± SE 

Spreador 01 0.64±0.09 0.8a 0.12 1.47±0.11 2.iao.n 

Vernal 02 0.8a 0.09 0.6a 0.09 1.74*0.10 2.32t0.11 

Ranger 03 0.6a 0.08 0.9a 0.14 i.sao.io 2.5a0.14 

Saranac 04 0.5a 0.06 0.5a 0.08 i.sao.io i.sao.io 

Washoe 05 0.92t0.09 0.7a 0.08 1.45±0.10 1.92t0.09 

Lahontan 06 0.82t0.08 0.51±0.08 1.9a 0.08 1.96*0.09 

Mesilla 07 0.5a 0.07 0.3a 0.07 1.6a0.18 1.8a 0.09 

Moapa 69 08 o.6ao.io 0.9a0.12 1.6a0.12 2.01±0.10 

Lew 09 0.6a 0.08 i.oao.11 1.7a0.18 1.7a0.12 

AZ88NDC 09 0.87±0.09 i.iao.13 2.01±0.22 2.32t0.09 

Hejazi 10 o.9ao.n 1.4a0.13 1.57±0.12 2.32t0.09 

Sudan 10 i . i a .12 0.51±.09 1.6a.13 1.47*.11 

+ There were significant differences among treatments for their effects on mean 
stem number, but not for change in stem number. A two-tailed Dunnett's test 
showed no difference among treatments for ranked mean change in stem number 
of 0.07 with a 95% confidence interval (-5.21,5.35), and a significant difference 
among treatments for ranked mean stem number of -33.82 with a 95% confidence 
interval (-28.22,-22.61). 
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P<0.01 from Cowett and Sprague (1963). 

GROWTH RATES AND STEM HEIGHTS 

There was significant variation in growth rates across replications (data not 

shown). This variation could be due to changes in: daylength, changes in the 

wavelength and intensity of natural daylight over the course of the experiment, 

changes in the greenhouse temperature extremes, and variation in quantities of 

water applied to each replication. It is also likely that differences in application of 

the low temperature treatment had some effects on subsequent regrowth (see 

Materials and Methods, p. 33). The third replication often had the highest growth 

rates in both control and low temperature treatment populations, as well as some 

of the lowest damage scores in the low temperature treatment populations (data 

not shown). 

Greenhouse temperatures also differed significantly over the months from 

October to April, which included the entire growth period for the plants in this 

experiment from germination to final measurement. If the temperatures are 

subdivided according to the dates during which each replication took place, there 

were significant differences (high temperature, P< 0.0165; low temperature 

P<0.0001) in mean high and low daily temperatures over replications. Greenhouse 

temperatures also differed significantly from field conditions in at least one location 

in southern Arizona in two years. Mean high temperatures and low temperatures 

at the Campbell Avenue Experimental Farm during these years were both 

significantly different (high temperature, P<0.0001; low temperature, R»0.0001) 
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from greenhouse mean high and low temperatures. Since greenhouse conditions 

were significantly different from field conditions results from this experiment should 

probably not be generalized to field conditions. Also, during frost treatments, soil 

in the styrofoam flats was always frozen solid (at a temperature of approximately -

3» C). This is not a phenomenon common to low and mid-elevation deserts. 

Ratios of growth rates in the low temperature treatment population to the 

control population are unexpectedly high (Table 10), particularly in the least 

dormant populations (Lahontan through AZ88NDC). This may be due to the length 

of the hardening treatment for the low temperature treatment. If stem heights had 

been measured following the two wk regrowth, and prior to hardening, a more 

direct comparison of the growth rates among the treatments could be made. They 

may not be comparable for the following reasons. It is possible that the treated 

plants ceased growth during hardening and that regrowth following the frost 

treatment resembled regrowth from new meristems following clipping. When 

compared to the control plants, the growth of treated plants was probably inhibited 

during the treatment, and these plants consequently grew at a higher rate than the 

control plants grown in the greenhouse during the hardening time period. The 

growth rate for each population is a mean over replications, among which there 

was a great deal of variation for this character. 

There is, however, a clear difference in the initial height measurement among 

the treatments (Appendix D) which reflects the temporary cessation of the growth 

in the treated population. Stem heights increase with increasing nondormancy as 
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Table 10. Meanst (SE) of the ratios of total growth rates in low temperature 
treatment populations, corresponding control populations, and the ratio of the 
mean for the low temperature treatment populations to their corresponding control 
populations. 

Treatment 

Dormancy 
Cultivar class 

Low temperature (F) Control (C) Ratio (F/C) 
mm d"1 

Spreador 01 0.12t0.01 0.14±0.01 0.86 

Vernal 02 0.11±0.01 0.16*0.01 0.69 

Ranger 03 0.0&0.01 o.iao.oi 0.65 

Saranac 04 0.10*0.01 0.1 a 0.01 0.77 

Washoe 05 0.05*0.01 o.oao.oi 0.65 

Lahontan 06 0.14±0.01 0.12t0.01 1.19 

Mesilla 07 0.09t0.01 0.11±0.01 0.85 

Moapa 69 08 o.iao.oi 0.10t0.01 1.00 

Lew 09 0.11±0.01 0.11t0.01 1.01 

AZ88NDC 09 0.12t0.01 0.1&0.01 0.88 

Hejazi 10 o.iao.oi 0.11±0.01 0.94 

Sudan 10 0.11±0.01 0.06t0.01 1.87 
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expected (Table 11) and the correlation between dormancy class and stem height 

ranges between r=0.15 and 0.23 (Table 3). Stem heights are also significantly 

lower in the low temperature treatment versus the control (Table 12). 



Table 11. Mean (tSE) of stem heights measured four times at approximately 7d 
intervals for each population in the low temperature treatment, and Duncan's 5% 
groupings. 

Dormancy 
Cultivar class 

Spreador 01 

Vernal 02 

Ranger 03 

Saranac 04 

Washoe 05 

Lahontan 06 

Mesilla 07 

Moapa 69 08 

Lew 09 

AZ88NDC 09 

Hejazi 10 

Sudan 10 

Week 1 Week 2 Week 3 Week 4 
cm ± §E 

3.73t0.35d+ 

5.40*0.37* 

4.8&0.33cd 

4.42t0.32cd 

4.07±0.37d 

6.65t0.35a 

5.17*0.40* 

6.26± 0.50s 

6.84t0.47a 

7.26±0.47a 

6.46±0.56ab 

7.91±0.64a 

4.90t0.38d 

6.91±0.43bc 

6.68±0.43° 

5.85±0.39cd 

5.02t0.36d 

8.63t0.38a 

6.68t0.47c 

8.45t0.49a 

8.50t0.52ab 

8.91±0.51a 

7.98±0.59ab 

9.oao.64a 

6.3Qt0.46fg 

7.68±0.42cde 

7.35*0.41^ 

6.81±0.43ef 

5.42t0.359 

10.06t0.40a 

7.57±0.47cdef 

9.36±0.54ab 

8.92* o.so"0 

9.61±0.49ab 

8.6a 0.62^ 

9.41±0.60ab 

7.5Qt0.52e 

8.5&0.47cde 

7.53t0.40ef 

7.60t0.48e 

6.oao.38f 

10.86t0.40a 

8.11*0.50^ 

9.91±0.54abc 

9.45t0.52bc 

10.30t0.51ab 

g.^to.eoh0" 

10.13* 0.63 ab 

{ Means within a column with the same letter are not significantly different with a 
Duncan's Multiple Range Test at 5%. 
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Table 12. Mean (±SE) over all measurements for stem height in low temperature 
treatment populations compared to their corresponding control population. 

Mean stem heightf 

Cultivar Dormancy Low temperature^ Control 
class 

mean ± SE in cm 

Spreador 01 5.62*0.40* 8.98*0.51 

Vernal 02 7.14*0.38"° 12.01±0.54 

Ranger 03 6.65t0.36cd 10.45t0.58 

Saranac 04 6.1710.39* 10.23t0.70 

Washoe 05 5.15t0.34e 7.96*0.33 

Lahontan 06 9.0&0.348 11.24±0.46 

Mesilla 07 6.76*0.41cd 10.63t0.56 

Moapa 69 08 8.83t0.58a 10.50t0.53 

Lew 09 8.46t0.46ab 11.44±0.73 

AZ88NDC 09 9.03t0.45a 13.89t0.54 

Hejazi 10 8.14±0.54ab 14.19t0.54 

Sudan 10 9.14±0.58a 8.34±0.62 

* Dunnett^, 05 =-41.29, 95% C.I. (-46.80, -35.78) shows that mean stem heights do 
not significantly differ among treatments. 

* Means within a column with the same letter are not significantly different with a 
Duncan's Multiple Range Test at the 5% level of significance. 
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PREDICTED RESPONSE TO SIMULATED SELECTION 

Simulated selection was carried out in three ways: 

1) Plants were selected (i=1.74, p=0.10) based on the growth rate ratio, and the 

correlated response of the initial damage score was determined. 

2) Plants were selected (i = 1.74, p=0.10) based on their initial damage score, and 

the correlated response in growth rate ratios was determined. 

3) A selection index, H, was constructed for selection by both growth rate ratio and 

initial damage score, and 10% of plants with the highest net merit were retained. 

Under index selection the greatest responses (expressed as the change in 

the index, aH, with selection) were obtained in Hejazi, Sudan, and Moapa 69 

respectively (Table 13). These were the tree populations with the greatest 

estimated genetic variance for growth rate ratio, while Hejazi, Sudan and Lew had 

the greatest estimated genetic variance for damage score. The predicted response 

in both traits, growth rate ratio and damage score was greater under index 

selection than for direct selection by either growth rate ratio or damage score alone 

(compare CF\ H to (^, and CF^, H to G^). 

Under selection for increased growth rate ratio alone, the greatest response 

occurred in the nondormant populations, but when this was expressed as percent 

gain, the response was more uniform across populations (ranging from 45 to 71%). 

Accompanying selection for growth rate ratio, there was a reduction in damage 

score in most populations, with the exception of Lahontan, for which there was a 

positive correlation between the two traits. Selection for decreased damage score 
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alone resulted in the greatest decrease in damage score in Mesilla and Lew 

respectively. In the remaining populations, percent gain ranged from 53 to 93%. 

When selected for reduced damage, however, there was little gained in growth rate 

ratio. 

Baker (1986) has reviewed comparisons of the relative efficiency of various 

methods for selection for pairs of traits, including index selection, independent 

culling, and tandem selection. With a small number of traits and high selection 

intensity the efficiency of index selection and independent culling levels is 

equivalent and superior to tandem selection. Independent culling may be 

advantageous when the traits under selection are uncorrelated or negatively 

correlated. However, index selection may be more appropriate when selection for 

the first trait in independent culling would result in a non-normal distribution of 

values from which to choose in the second trait. In this study, this would be the 

case if selection for increase growth rate ratio preceded selection for reduced 

damage score, which is not normally distributed. 

In this study, the advantage of selection via an index is clear when the gain 

values for each selection scheme are compared. Gains under index selection are 

consistently higher for both traits, and both traits could be significantly improved 

with one cycle of selection using this index.-
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Table 13. Predicted response to simulated selection by index selection and direct 
selection, change in the index a h, and percent gain, with correlated responses. 

Dormancy 
Cultivar class aH+ cfv„ G* %<* %q> 

Ranger 03 5.99 0.45 -5.01 0.40 58 -0.04 -1.37 71 0.01 

Washoe 05 6.59 0.59 -5.11 0.46 71 -0.04 -1.38 93 0.01 

Lahontan 06 6.19 0.72 -4.42 0.54 45 0.05 -1.30 82 -0.02 

Mesilla 07 7.48 0.75 -5.00 0.45 53 -0.21 -1.34 149 0.07 

Moapa 69 08 11.33 1.52 -6.19 0.69 69 -0.16 -1.50 
• 

0.08 

Lew 09 8.51 0.95 -6.63 0.52 51 -0.20 -1.53 133 0.07 

AZ88NDC 09 7.06 0.63 -5.26 0.43 49 -0.18 -1.39 74 0.05 

Hejazi 10 12.15 1.38 -7.69 0.66 70 -0.15 -1.68 68 0.06 

Sudan 10 20.65 3.35 -7.96 0.99 53 -0.34 -1.65 53 0.20 

+H = net merit; *H = change in index with selection of 10% of individuals with 
highest index values; CF^ H = correlated response between growth rate 
ratio/damage score with the'index; = estimated gain in growth rate ratio 
%(^ = percent gain in growth rate ratio; CF^ = correlated response in damage 
score with selection for high growth rate ratio; = estimated gain in damage 
score; %§, = percent gain in damage score; CF\, = correlated response in growth 
rate ratio with selection for low damage score; + The amount by damage scores 
could be expected to be reduced with this simulated selection scheme. 
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SUGGESTED MODIFICATIONS TO SCREENING PROTOCOL 

The low temperature incubator should be equilibrated prior to lowering the 

temperature by placing flats in the incubator, and beginning to lower the 

temperature the next day. Brighter lights should be used in the incubator to insure 

that the plants aren't also recovering from lack of illumination while they are 

recovering from the freezing treatment. Smaller flats should be used in order to 

maximize air circulation and reduce the possibility of temperature gradient 

formation. A larger fan in the incubator also might assist air flow. All cultivars 

should be included in each flat in randomized rows in order to balance the design 

so that if there is a temperature gradient, it will become a block effect. 

In both the control and treatment populations stem heights and numbers 

could be measured prior to treatment, in order to obtain a measure of the 

immediate effect on growth rates and stem number (and origin) casue by the low 

temperature treatment. If the experiment is large, measurements could be made 

once 2 to 3 d after the treatment and again 28 d after the treatment. An 

excessively large experiment should also be avoided, since replication occurs in 

time. An alternative approach could be to clip the control plants to 4 cm when the 

low temperature treatment plants are removed from the incubator. In this way, the 

growth rates, although not the stem heights of the two treatment populations might 

be more appropriately compared. Germination data could be used to eliminate 

populations susceptible to establishment problems prior to the screening. 

An alternative method for the assessment of frost damage could be to 
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harvest plants following frost. Dried plant tissue could be separated, frost 

damaged form undamaged tissue, and leaf from stem tissue. This data could be 

represented as ratios of damaged to undamaged tissue on both a whole plant 

and tissue specific basis. Regrowth analysis would then focus on a comparison 

of regrowth, and stem number and origin in frost-treated versus control 

populations. This would give an estimate of damage to crown tissue. Recovery 

following frost could then be expressed in terms of biomass, and (if leaf area data 

were taken) relative growth rates. A disadvantage of this method would be that 

any possible effect exerted by the frost damaged tissue on the rest of the plant (i.e. 

due to the translocation of hormones such as ABA, which could inhibit growth from 

new meristems, or cytokinins, which would encourage such growth) would not be 

measurable. 

The experiment could be run midwinter, in a greenhouse with 24 h lights in 

order to make the greenhouse regrowth temperatures realistic and comparable to 

field conditions, perhaps with the greenhouse thermostat set at a lower 

temperature to prevent freezing during regrowth. 

CONCLUSIONS 

Variation within and among cultivars in this study has been assessed. 

Variation apparently exists in all of the variables in this study suggesting that plants 

may be selected for improved response following frost using these variables, in 

particular growth rate ratios, stem number in wk 4, and initial damage score. 

Heritability of these characters was not assessed. However, the comparison of 
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realized gain to simulated gain with a herrtabilrty of 0.25 would allow the calculation 

of realized heritability. 

Dormancy rating did not prove to be predictive of response to frost for any 

of the variables measured in this study. Response following frost was more 

attributable to population than dormancy class (considering the unexpected 

behavior of dormant Spreador and moderately nondormant Lahontan). 

The interpretation of initial damage scores should be considered relative to 

final damage, rather than independently, in order to assess recovery from frost 

damage as well as initial response. These scores and mortality frequencies of 

specific germplasm populations may be used to eliminate undesirable populations 

entirely. 

Simulated selection with constant heritabilities was performed in order to 

estimate expected gain. Using a heritability value of 0.25, considerable gain was 

predicted for the characters under selection. Index selection was successful in 

improving the net merit of each population, and direct selection for increased 

growth rate ratio resulted in a correlated response of decreased damage score. 

Direct selection for reduced damage score, did not, however result in much 

improvement in growth rate ratios. Further work could be done to compare these 

expected gain values to realized gain. This should give some indication of the 

potential for progress in the improvement of regrowth and the reduction of frost 

damage after low temperature stress in nondormant alfalfa. 

The conclusions reached by Daday et al. (1973) were considered during the 
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design of the freezing protocol for the selection experiment in this study. Although 

the plants in this experiment were not subjected to constant, severe stress, it may 

still be possible to select from among them for improved performance under low 

temperature stress, without sacrificing performance under optimal conditions. 

Agronomic performance was also a primary consideration in the choice of a 

simulated selection scheme in this study. Plants were selected by growth rate 

ratios and stem number values before selection for low damage score was applied. 

Variation in growth rate and stem number may be important indicators of the 

degree of damage or recovery from frost, and may be more reliable, and less 

arbitrary and subjective than qualitative damage scores. They may also be more 

biologically relevant to the physiological processes occurring following low 

temperature stress. They (or a dry weight based measure) may also standardize 

damage evaluation across dormancy classes without requiring additional data 

collection. Also, in contrast to more direct physiological measurements of frost 

damage (i.e. electrical conductivity), data on regrowth is technically simpler to 

obtain. 

Also, the selection experiment may not detect plants with a specific degree of 

resistance to frost injury as intended, but rather, randomly select plants, due to 

temperature gradients, insufficient air circulation in the incubator, inconsistent 

watering, pesticide damage, etc. However, selection from this experiment for 

improved agronomic performance via selection for stem number and growth rate 

may coincidentally result in populations with improved agronomic performance 
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following stress (Rosielle and Hamblin, 1981.) This would be expected to occur in 

the populations with the greatest genetic variance for the character under selection. 

There appears to be variation in regrowth after the freezing treatment, but this may 

also reflect uncontrolled environmental variation (since there were significant 

replication effects and replications occurred over time). Therefore, growth rates 

were analyzed within replications in order to standardize for environmental variation 

in the experimental material. Stem numbers in the fourth wk and initial damage 

were also analysed for selection from within replications. 

Another caveat to interpreting this study is that the damage scores may 

have been a function of in the degree of hardening achieved within a time period 

rather than ultimate resistance to frost damage, the degree of which may not be 

directly correlated with the length of time required to achieve the same degree of 

hardening across all cultivars. In his studies on cold-induced gene expression, 

Mohapatra (1989) found that two cultivars of comparable dormancy rating (Trek 

and Anik) achieved their maximum level of whole population frost tolerance 

(measured as LT50) at quite different rates (2 d for Anik vs 17 d for Trek). 

Molecular studies on other plants have raised the possibility that there may 

be ecotype-specific changes in gene expression following low temperatures in 

alfalfa populations of diverse geographic origin. One population in particular, 

Omani, could provide and interesting comparison to populations from other areas 

of adaptation in the Middle East, and the southwestern United States. Omani 

alfalfa has evolved under cultivation in a region free of frost (Guarino, 1989), and 
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it may be that it would respond differently to frost at the whole plant and molecular 

level than would other alfalfas. Probably the most appropriate way to detect any 

such differences would be to perform a whole plant screening of Omani, and also 

to examine induced mRNA populations for new mRNAs and mRNAs differing from 

those induced by cold in plants from other populations, and demonstrate that their 

protein products confer tolerance to cold. 

Finally, the protocol for the evaluation of response to frost should be made 

to mimic natural conditions more closely, and variation in the experimental 

populations due to uncontrolled environmental factors should be reduced, if at all 

possible. This study demonstrated the importance of such control in order to 

clarify interpretation of data, and to allow unequivocal genetic conclusions to be 

drawn from that data. 
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Appendix A Dates of planting, treatment, and data collection 

Rep Planting Clipping Hardening Freezing Data 1 Data 2 Data 3 Data4 

1 10/6/89 12/20/89 1/3/90 1/8/90 1/21/90 1/21/90 1/29/90 1/5/90 

2 10/14/89 12/28/89 1/11/90 1/17/90 1/21/901/30/90 2/7/90 2/14/90 

3 10/23/89 1/7/90 1/21/90 1/28/90 1/31/90 1/9/90 1/18/90 1/25/90 

4 11/20/89 2/17/90 3/3/90 3/9/90 3/11/90 3/18/90 3/25/90 4/1/90 
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Appendix B SAS program for Friedman's two-way analysis of variance 

DATA; 

INFILE 'C:\MARY\DAT\SEL100'; 
INPUT REP DRATE TRT SH ROW PN DAM1 ST1 HT11 HT12 HT13 ST2 HT21 

HT22 HT23 ST3 HT31 HT32 HT33 DAM2 ST4 HT41 HT42 HT43; 

The following command applies only to Friedman's tests for the low temperature 
treatment population.* 
IF TRT=2 THEN DELETE; 

IF DRATE='10' THEN DR=10; 
IF DRATE = '11' THEN DR = 10; 
IF DRATE = '12' THEN DR = 10; 
IF DRATE <'10' THEN DR = DRATE; 

LABEL REP ='REPLICATION'; 
LABEL DRATE = 'CULTIVAR CODE'; 
LABEL DR ='DORMANCY RATING'; 

IF DR = •01' THEN LABEL= 'VERNAL'; 
IF DR = '02' THEN LABEL= 'SPREADOR'; 
IF DR = '03' THEN LABEL= 'RANGER'; 
IF DR = '04' THEN LABEL= •SARANAC; 
IF DR = '05' THEN LABEL= 'WASHOE'; 
IF DR = '06' THEN LABEL= 'LAHONTAN'; 
IF DR = '07' THEN LABEL= 'MESILLA'; 
IF DR = '08' THEN LABEL= 'MOAPA 69'; 
IF DR = '09' THEN LABEL= 'LEW'; 
IF DR = '10' THEN LABEL= 'HEJAZI'; 
IF DR = '11' THEN LABEL= 'SUDAN'; 
IF DR = '12' THEN LABEL= 'AZ88NDC'; 

LABEL TRT='TREATMENT'; 
IF TRT=T THEN LABEL='FROZEN AT -3C FOR 6 TO 10 HOURS'; 
IF TRT='2' THEN LABEL='GREENHOUSE CONTROL'; 

LABEL SH ='SHELF NUMBER'; 
IF SH = '4' THEN LABEL ='BOTTOM SHELF; 
IF SH = '3' THEN LABEL='3RD FROM TOP SHELF'; 
IF SH = '2' THEN LABEL='2ND FROM TOP SHELF'; 
IF SH = T THEN LABEL=TOP SHELF'; 



LABEL ROW='ROW NUMBER'; 
LABEL PN = 'PLANT NUMBER'; 
LABEL DAM1 ='1ST DAMAGE RATING'; 
LABEL DAM2='FINAL DAMAGE RATING'; 
LABEL HAV1 ='HEIGHT AVERAGE 1ST MEASURE'; 
LABEL HAV2 ='HEIGHT AVERAGE 2ND MEASURE'; 
LABEL HAV3 ='HEIGHT AVERAGE 3RD MEASURE'; 
LABEL HAV4 ='HEIGHT AVERAGE 4TH MEASURE'; 
LABEL HT11 = 'HT WK1 ST1 
LABEL HT12 = 'HT WK2 ST2'; 
LABEL HT13 = 'HT WK3 ST3'; 
LABEL HT21 = 'HT WK2 ST1'; 
LABEL HT22 = 'HT WK2 ST2'; 
LABEL HT23 = 'HT WK2 ST3'; 
LABEL HT31 = 'HT WK3 ST1'; 
LABEL HT32 = 'HT WK3 ST2'; 
LABEL HT33 = 'HT WK3 ST3'; 
LABEL HT41 ='HT WK4 ST1'; 
LABEL HT42 = 'HT WK4 ST2'; 
LABEL HT43 = 'HT WK4 ST3'; 

IF HT11 >4 THEN HT11 = HT11-4 
IF HT12>4 THEN HT12= HT12-4 
IF HT13>4 THEN HT13 = HT13-4 

IF HT21 >4 THEN HT21 = HT21-4 
IF HT22>4 THEN HT22 = HT22-4 
IF HT23>4 THEN HT23 = HT23-4 

IF HT31 >4 THEN HT31 = HT31-4 
IF HT32>4 THEN HT32 = HT32-4 
IF HT33>4 THEN HT33 = HT33-4 

IF HT41 >4 THEN HT41 = HT41-4; 
IF HT42>4 THEN HT42 = HT42-4; 
IF HT43>4 THEN HT43 = HT43-4; 

HAV0=0; 

IF ST1 = 2 THEN HAV1 = (HT11 + HT12)/2;IF ST1 = 1 THEN HAV1 = HT11; 
ELSE HAV1 = (HT11 + HT12+HT13J/3; 

IF ST2=2 THEN HAV2=(HT21 +HT22)/2;IF ST2 = 1 THEN HAV2=HT21; 
ELSE HAV2=(HT21 + HT22+HT23)/3; 

IF ST3=2 THEN HAV3 = (HT21 +HT22)/2;IF ST3 = 1 THEN HAV3 = HT31; 
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ELSE HAV3=(HT31 + HT32+HT33)/3; 
IF ST4=2 THEN HAV4 = (HT41 +HT42)/2;IF ST4 = 1 THEN HAV4 = HT41; 

ELSE HAV4=(HT41 + HT42+HT43)/3; 

LABEL STD ='CHANGE IN STEM NUMBER'; 
STD=ST4-ST1; 

LABEL GR10 ='GROWTH RATE REP 1 PRETRT'; 
LABEL GR20='GROWTH RATE REP 2 PRETRT'; 
LABEL GR30='GROWTH RATE REP 3 PRETRT'; 
LABEL GR40='GROWTH RATE REP 4 PRETRT'; 
LABEL GR11 ='GROWTH RATE REP1 WK1'; 
LABEL GR12 ='GROWTH RATE REP1 WK2'; 
LABEL GR13 = 'GROWTH RATE REP1 WK3'; 
LABEL GR21 ='GROWTH RATE REP2 WK1'; 
LABEL GR22 ='GROWTH RATE REP2 WK2'; 
LABEL GR23 ='GROWTH RATE REP2 WK3'; 
LABEL GR31 ='GROWTH RATE REP3 WK1'; 
LABEL GR32 ='GROWTH RATE REP3 WK2'; 
LABEL GR33 ='GROWTH RATE REP3 WK3'; 
LABEL GR41 = 'GROWTH RATE REP4 WK1'; 
LABEL GR42 ='GROWTH RATE REP4 WK2'; 
LABEL GR43 ='GROWTH RATE REP4 WK3'; 

IF REP = 1 THEN GR11 
IF REP = 1 THEN GR12 
IF REP = 1 THEN GR13 
IF REP = 1 THEN GR10 
IF REP =2 THEN GR21 
IF REP =2 THEN GR22 
IF REP =2 THEN GR23 
IF REP =2 THEN GR20 
IF REP =3 THEN GR31 
IF REP =3 THEN GR32 
IF REP =3 THEN GR33 
IF REP =3 THEN GR30 
IF REP =4 THEN GR41 
IF REP =4 THEN GR42 
IF REP =4 THEN GR43 
IF REP =4 THEN GR40 

HAV2-HAV1)/7; 
HAV3-HAV2)/8; 
HAV4-HAV3)/7; 
HAV1 -HAV0)/24; 
HAV2-HAV1)/9; 
HAV3-HAV2)/8; 
HAV3-HAV2)/7; 
HAV1-HAV0)/31; 
HAV2-HAV1)/9; 
HAV3-HAV2)/9; 
HAV4-HAV3)/7; 
HAV1 -HAV0)/24; 
HAV2-HAV1)/7; 
HAV3-HAV2)/7; 
HAV4-HAV3)/7; 
HAV1-HAV0)/22; 

LABEL GRIND0='GROWTH RATE FROM CUT TO 1ST MEASURE'; 
LABEL GRIND1 ='AVERAGE GROWTH RATE WEEK 1'; 



LABEL GRIND2='AVERAGE GROWTH RATE WEEK 2'; 
LABEL GRIND3='AVERAGE GROWTH RATE WEEK 3'; 

GRINDO=(SUM(OF GR10-GR40))/4; 
GRIND1 =(SUM(OF GR11-GR41))/4; 
GRIND2=(SUM(OF GR12-GR42))/4; 
GRIND3=(SUM(OF GR13-GR43))/4; 

IF GR02=0 THEN GR02=0.000001; 
LABEL GR01 = 'DRATE OVERALL AVG GROWTH RATE-FRZ'; 
LABEL GR02 ='DRATE OVERALL AVG GROWTH RATE-CTRL'; 

IF TRT=1 THEN GR01 =(SUM(OF GRIND0-GRIND3))/4; 
IF TRT=2 THEN GR02 = (SUM(0F GRIND0-GRIND3))/4; 

LABEL GREP1 = 'GROWTH RATE REP 1'; 
LABEL GREP2 ='GROWTH RATE REP 2'; 
LABEL GREP3='GROWTH RATE REP 3'; 
LABEL GREP4 ='GROWTH RATE REP 4'; 
IF REP = 1 AND TRT = 1 THEN GREP1 =(GR10+GR11 +GR12+GR13)/4 
IF REP=2 AND TRT=1 THEN GREP2 = (GR20+GR21 +GR22+GR23)/4 
IF REP=3 AND TRT=1 THEN GREP3 = (GR30+GR31+GR32+GR33)/4 
IF REP=4 AND TRT=1 THEN GREP4 = (GR40 + GR41 +GR42+GR43)/4 
IF REP = 1 AND TRT=2 THEN GREP1 =(GR10+GR11 +GR12+GR13)/4 
IF REP = 2 AND TRT=2 THEN GREP2 = (GR20+GR21 +GR22+GR23)/4 
IF REP=3 AND TRT=2 THEN GREP3 = (GR30+GR31 +GR32+GR33)/4 
IF REP=4 AND TRT=2 THEN GREP4 = (GR40+GR41 +GR42+GR43)/4 

LABEL RATIO='FROZEN/CTRL AVG RATIOS'; 
LABEL RATI001 ='VERNAL FROZEN/CTRL AVG RATIO'; 
LABEL RATI002 = 'SPREADOR FROZEN/CTRL AVG RATIO'; 
LABEL RATI003 ='RANGER FROZEN/CTRL AVG RATIO'; 
LABEL RATI004 = 'SARANAC FROZEN/CTRL AVG RATIO'; 
LABEL RATI005 ='WASHOE FROZEN/CTRL AVG RATIO'; 
LABEL RATI006 = 'LAHONTAN FROZEN/CTRL AVG RATIO'; 
LABEL RATI007 = 'MESILLA FROZEN/CTRL AVG RATIO'; 
LABEL RATI008 = 'MOAPA 69 FROZEN/CTRL AVG RATIO'; 
LABEL RATI009 = 'LEW FROZEN/CTRL AVG RATIO'; 
LABEL RATI010='HEJAZI FROZEN/CTRL AVG RATIO'; 
LABEL RATI011='SUDAN FROZEN/CTRL AVG RATIO'; 
LABEL RATI012 = 'AZ88NDC FROZEN/CTRL AVG RATIO'; 

IF DRATE=01 THEN RATIO=RATI001; 
IF DRATE=02 THEN RATIO = RAT1002; 
IF DRATE=03 THEN RATIO = RATI003; 



IF DRATE=04 THEN 
IF DRATE=05 THEN 
IF DRATE=06 THEN 
IF DRATE=07 THEN 
IF DRATE=08 THEN 
IF DRATE=09 THEN 
IF DRATE=10 THEN 
IF DRATE=11 THEN 
IF DRATE=12 THEN 

RATIO=RATI004; 
RATIO=RATI005; 
RATIO=RATI006; 
RATIO=RATI007; 
RATIO= RATI008; 
RATIO=RATI009; 
RATIO=RATI010; 
RATIO=RATI011; 
RATIO=RATI012; 

IF TRT = 1 AND DRATE=01 THEN RATIO=GR01/0.14; 
IF TRT=1 AND DRATE=02 THEN RATIO=GR01/0.16; 
IF TRT = 1 AND DRATE=03 THEN RATIO=GR01/0.13; 
IF TRT=1 AND DRATE=04 THEN RATIO=GR01/0.13; 
IF TRT=1 AND DRATE=05 THEN RATIO=GR01/0.08; 
IF TRT = 1 AND DRATE=06 THEN RATIO=GR01/0.12; 
IF TRT=1 AND DRATE=07 THEN RAT!0=GR01/0.11; 
IF TRT = 1 AND DRATE=08 THEN RATIO=GR01/0.10; 
IF TRT=1 AND DRATE=09 THEN RAT!0=GR01/0.11; 
IF TRT=1 AND DRATE = 10 THEN RAT!0=GR01/0.11; 
IF TRT = 1 AND DRATE=11 THEN RATIO=GR01/0.06; 
IF TRT=1 AND DRATE=12 THEN RATIO=GR01/0.13; 

IF DAM2=10 THEN MORT=1; 
IF DAM2<10 THEN MORT=0; 

LABEL RATIO ='FROZEN/CTRL AVG RATIOS'; 
LABEL RATI001 ='VERNAL FROZEN/CTRL AVG RATIO'; 
LABEL RATI002='SPREADOR FROZEN/CTRL AVG RATIO'; 
LABEL RATI003='RANGER FROZEN/CTRL AVG RATIO'; 
LABEL RATI004 = 'SARANAC FROZEN/CTRL AVG RATIO'; 
LABEL RATI005 ='WASHOE FROZEN/CTRL AVG RATIO'; 
LABEL RATI006 = 'LAHONTAN FROZEN/CTRL AVG RATIO'; 
LABEL RATI007 = 'MESILLA FROZEN/CTRL AVG RATIO'; 
LABEL RATI008 = 'MOAPA 69 FROZEN/CTRL AVG RATIO'; 
LABEL RATI009 = 'LEW FROZEN/CTRL AVG RATIO'; 
LABEL RATI010 = 'HEJAZI FROZEN/CTRL AVG RATIO'; 
LABEL RATI011 ='SUDAN FROZEN/CTRL AVG RATIO'; 
LABEL RATI012 = 'AZ88NDC FROZEN/CTRL AVG RATIO'; 

IF DRATE=01 THEN RATIO = RATI001 
IF DRATE=02 THEN RATIO = RATI002 
IF DRATE=03 THEN RATIO = RATI003 



IF DRATE=04 THEN RATIO=RATI004; 
IF DRATE=05 THEN RATIO=RATI005; 
IF DRATE=06 THEN RATIO=RATI006; 
IF DRATE=07 THEN RATIO=RATI007; 
IF DRATE=08 THEN RATIO=RATI008; 
IF DRATE=09 THEN RATIO=RATI009; 
IF DRATE=10 THEN RATIO= RATI010; 
IF DRATE = 11 THEN RATIO=RATI011; 
IF DRATE = 12 THEN RATI0 = RATI012; 

IF DAM2 = 10 THEN MORT=1; 
IF DAM2<10 THEN MORT=0; 

PROC SORT; 
BY REP DRATE; 
RUN; 

PROC RANK; VAR DAM1; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL DAM1 =REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR DAM2; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL DAM2=REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR ST1; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL ST1 =REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR ST2; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL ST2=REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR ST3; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL ST3=REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR ST4; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL ST4=REP DRATE; 



MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR HAV1; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL HAV1 =REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR HAV2; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL HAV2=REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR HAV3; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL HAV3=REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR HAV4; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL HAV4=REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 

PROC RANK; VAR STD; BY REP; 
PROC GLM; CLASS REP DRATE; MODEL STD=REP DRATE; 
MEANS REP DRATE / DUNCAN; 
RUN; 
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Appendix C Temperature data 

Greenhouse temperature means during regrowth by replication 

REP DATES INCL. HIGH TEMPERATURE(C) LOW TEMPERATURE(C) 
1 1/9-2/6/90 32.79 18.24 

2 1/18-2/14/90 33.35 18.12 

3 1/29-2/25/90 34.32 18.45 

4 3/10-4/1/90 35.34 21.67 

Means by month in the greenhouse, CAC, And Casa Grande 

GREENHOUSE CAC Casa Grande 
High Low High Low High Low 

OCT 30 18 38 18 37 16 

NOV 29 13 31 11 30 10 

DEC 29 11 20 2 26 7 

JAN 28 12 19 7 25 7 

FEB 29 13 22 9 27 8 

MAR 29 16 25 6 30 10 

APR 27 16 36 16 34 13 

Pearson product moment correlations for temperature data classified by replication 

AVERAGE GROWTH RATE 

HIGH TEMPERATURE -0.14 P<0.0001 

LOW TEMPERATURE -0.32 P<0.0001 
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Appendix D Figures for stem heights over time in all populations included in 
evaluation of response to low temperature 

Legend: 
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