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Withholding irrigation to alfiadfa (Afedicago sativa L.) during summer, a 

management strategy referred to as summn irrigation termination (SIT), has been 

suggested as a way to conserve water in desert environments. SIT may decrease 

productivity of alfalfa stands, although such negative effects may be reduced if 

cultivars with improved tolerance to SIT could be developed. This research was 

undertaken to determine how improved tolerance to SIT could be achieved through 

plant breeding. 

Single spaced plants of an extremely nondormant alfalfa population w  ̂

grown in a field trial in Tucson, AZ and exposed to SIT in 1994 and 1995. These 

plants were used to identify traits associated with tolerance to SIT and rq)resrated 

parental material in a selection experiment. Direct selection for minimal reduction 

of forage yield following SIT was conducted under two stress intensities (lengths of 

SIT) and compared to indirect selection for characteristics potentially associated with 

dehydration avoidance. None of these selection criteria improved post-SIT forage 

yield relative to a random sample of plants from the parental population. This lack 

of response from selection was attributed to stress intensities that w  ̂not 

sufficiently high to fiilly expose genetic variation for yield following SIT. 

Physiological studies showed that high concentrations of total nonstructural 

carbohydrates (TNC) in crown tissue are positively associated with tolerance to SIT. 

Using TNC concentrations as an indirect selection criterion may therefore represent 
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a more promising approach in improving tolerance to SIT than direct selection for 

post-Srr yield. 

Crown tissue was shown to die if the tissue moisture content fell below about 

42%. This threshold value was used to predict whole-plant mortality of alfal& 

grown in solid-seeded plots comparable to commercial fields. Crown samples were 

taken at five locations within the field along a soil gradient that caused whole-plant 

mortality to vary from 0.5 ± 0.5 to 48.7 ±4.1%. Predicted values closely 

followed this change in observed mortality rates (r  ̂ = 0.97*) but tended to 

overestimate actual mortality on average by 4.2%. Alfalfa growers may be able to 

minimize mortality using this simple method to predict mortality during SIT and to 

reschedule irrigation accordingly. 
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INTRODUCTION TO THE DISSERTATION 

Due to its high feeding value, al£al£i (Medicago sativa L.) is the predominant 

forage crop grown with irrigation in desert environments throughout the world 

(NGchaud et al., 1988). As a perennial, al£al£fi has one major disadvantage in long 

season desert environmoits. Because it may be actively growing and therefore using 

water during much of the year, water use on a yearly basis may be exceedingly high. 

For example, in low-elevation desert valleys of the southwestern U.S., total 

consumptive water use of al£alfa can exceed 2 m per year (Erie et al., 196S; 

Robinson and Teuber, 1992). Annual crops such as cotton (Gossypium hirsunon) 

typically require only about half of that amount of water in these environments (Erie 

et al., 1965). The high water requirements of alfalfo have been criticized in the 

southwestern U.S. due to the needs of municipalities and of other higher value crops. 

In order to successfully compete with increasing non-agricultural water 

demand, al&lfa growers recognize the need to use water more efficiently (Frate et al., 

1991). Forage yield of alfal£ai has been shown to be linearly related to the amount of 

moisture available for transpiration (Kipnis et al., 1989; Grimes et al., 1992). 

Reducing the amount of water applied in each irrigation will therefore proportionally 

decrease forage yields. However, in long-season desert ravironments, seasonal 

changes in water use efficiency (WUE) have bera observed in alfalfa, despite the 

linear relation of forage yield with evapotranspiration (ET) throughout the year. In 

Israel, WUE declined from 2.8 kg dry matter (DM) mm"' ET between April and early 
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June to 1.0 DM mm"' FT in August (Kipnis et al., 1989). This seasonal decline in 

WUE has been attributed to high temperatures that increase ET and reduce forage 

yield as a result of high nighttime respiration (Robison and Massengale, 1968; 

Husman, 1992). Similar changes in WUE between seasons were reported from 

Cyprus (Metochis and Orphanos, 1981), California (Robinson and Teuber, 1992), and 

Arizona (Ottman et al., 1996). In addition to low WUE, hay quality and prices in the 

southwestern U.S. are typically lowest from July to September (Hood, 1992). This 

combination of factors may drastically reduce profitability of alfalfa production during 

this period and in extreme cases can lead to net losses for growers in this region 

(Husman, 1992). Discontinuation of irrigation during mid-summer to fall, a 

management strategy referred to as summer irrigation termination (SIT), could 

increase overall water use efficiency in alfalfa and free water for other, more 

economical uses. These desirable effects could be achieved with minimal effects on 

farm income if alfalfa plants survive the SIT period and maintain high levels of 

productivity once irrigation is resumed. 

In addition to its water conservation benefits, SIT has been considered in areas 

where heavy insect infestations severely affect the production of fall vegetable crops 

(Wrona, 1992). Forcing alfalfa stands into dormancy from mid-summer to ̂  could 

interrupt the nearly continuous year roimd cropping pattern in long-season desert 

environments. Between harvests of summer crops and planting of fall crops, alfalfa 

can be the main host for insects such as the sweetpotato whitefly (Bemisia tabaci) 
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(Natwick et al., 1992). Depriving whiteflies of a preferred host in early fall may 

reduce whitefly populations to a level where biological control agents or insecticides 

will be effective control measures in ̂  crops. 

The combination of low WUE and profitability during summer and potential 

benefits related to insect management has led growers in long-season desert 

environments of the southweston U.S. to consider SIT as a management option 

(Peterson, 1990; Frate et al., 1991; Ottman et al., 1992). Withholding irrigation 

during summer was a common practice in this region until the mid 1960s. The main 

reasons that led growers to practice SIT then was to limit plant mortality caused by 

root pathogens, and to reduce infestation by summer annual weeds (Schonhorst et al., 

1963; Robinson and Teuber, 1992). Alfalfa would generally survive the summer 

drought period in a dormant state, and once reirrigated, produce forage yields equal 

to those expected with normal irrigation (Schonhorst et al., 1963). The development 

of disease-resistant cultivars allowed growers to resume summer irrigation (Robinson 

and Teuber, 1992; Ottman et al., 1996). However, the shift towards new, more 

nondormant and disease-resistant cultivars, may have altered the ability of alfalfa to 

survive summer drought in a dormant state and to produce high forage yields 

following Srr (Wrona, 1992). 

Plants experience a form of drought stress as a consequence of decreased soil 

moisture during periods of irrigation termination. Several studies have been 

conducted to determine effects of this stress on plant survival and yield following SIT. 



11 

Li the San Joaquin Valley of California, eight weeks of SIT on a Hanford sandy loam 

did not affect yield (Frate et al., 1991). In Cyprus on a fine sandy loam soil, forage 

yield following SIT that lasted from July to August was reduced by 20% in the first 

post-Sn harvest, but later increased to levels comparable to those with normal 

irrigation (Metochis and Orphanos, 1981). Ottman et al. (1996) rqmrted that nine 

weeks of SIT (Aug. to Oct.) in central Arizona on a Casa Grande sandy loam did not 

affect post-Srr yield in the first year. However, repeating SIT in the following year 

resulted in forage yields that were reduced by 33% in the first and 14% in the second 

harvest after irrigation was resumed. In Yuma, AZ, on a lighter soil (Superstition 

Sand) 12 weeks of SIT (July to (Dct.) resulted in 62% plant mortality and 74% 

reduction in the first post-Sir yield without any substantial recovery of yields during 

the next spring (Ottman et al., 1996). From these studies it can be concluded that 

summer irrigation termination can permanently reduce productivity of alfalfa stands. 

The degree to which SIT will a^ect short and long-term productivity depends at least 

on the severity of drought stress which is a function of location, soil type, weather, 

and diu:ation of SIT. 

Because no harvestable forage is genoally produced during the period of 

irrigation termination, SIT will inevitably reduce annual forage yield. Any further 

yield reduction in post-SIT forage harvests will reduce the benefits of SIT. Whether 

SIT can be recommended as a management option therefore depends largely on 

whether post-SIT yield reduction can be avoided. Reducing the duration of SIT could 



12 

be one solution to this problem. However, this will reduce the water conservation 

benefits from SIT. Developing varieties with high post-SIT yield potential would be 

preferable to limiting the duration of SIT because such varieties would allow higher 

water savings. 

Improving Forage Yield FoUowine SIT Through Plant Breeding 

At the beginning of a breeding program, plant breeders need to define their 

objectives and make a number of decisions regarding choices of plant material, 

environments, and criteria to be used in selection. These decisions will ultimately 

determine to what degree their objectives will be achieved. Results obtained from 

breeding experiments conducted in similar environments or with related species can 

provide valuable guidelines during this initial planning stage. 

Most research on drought stress in crops, including alfalfa, has focused on 

improving productivity during drought stress (Daday et al., 1973; Wilson et al., 

1983; Johnson and Tieszen, 1994). Research presented in this dissertation is unique 

in that minimizing mortality rather than increasing productivity during stress is the 

major concern. Results and recommendations made for improving productivity during 

stress can not automatically be applied here. Due to the lack of experiments 

specifically addressing the question of how to limit mortality during SIT, most of the 

present study will be aimed at providing information to be used in the initial planning 

stages of breeding programs for improving forage yield following drought stress. 

Following SIT in alfalfa, new herbaceous shoots originate from the perennial 
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basal (woody) portion of the stem, an area referred to as the crov/n (Steward, 1926). 

Whole-plant mortality is a gradual process that can be best described by increasing 

crown mortality until the whole plant dies, which is equal to a crown mortality of 

100%. Complete crown mortality will reduce stand density and post-SIT yield, but 

any partial loss of productive crown area is also likely to reduce post-SIT yield. In 

addition, a temporary reduction in post-SIT grov  ̂rate will also reduce post-SIT 

yield, but this should not have an effect as permanent as crown mortality. In 

cultivars specifically developed for use under SIT, reduced crown mortality would 

therefore represent the primary manifestation of tolmnce to SIT. 

Choice of plant material 

Even if a cultivar with specific tolerance to Sn can be developed, its 

acceptance by growers will depend largely on its annual forage yield potential. 

Because forage production during SIT is usually negligible (Ottman et al., 1996), the 

number of harvests per year will decrease with this management. As a consequence, 

each remaining regrowth period will contribute relatively more to annual yield. High 

yield during these remaining periods will therefore be crucial for cultivars developed 

for use under SIT. High yield during the cooler periods of the year (November to 

April), at times when hay quality and prices are traditionally highest in the 

southwestern U.S. (Bloyd et al., 1992), could partly compensate for lost revenues 

during SIT. Studies conducted at Tucson, AZ, (Smith et al., 1991) indicate that 

relatively unimproved alfalfa populations from Arabia and North Afnca may have a 
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high yield potential during the cooler periods of the year and substantial unexploited 

genetic variation for this trait. These very nondomumt alfalfa populations may 

therefore be the ideal plant material for the development of cultivars with increased 

tolerance to SIT. 

In order to produce high forage yield following Sn, plants must possess 

tolo^ance to SIT, that is have low crown mortality. Little is known about differences 

among genotypes of alfalfa in their ability to tolerate periods of drought. Wrona 

(1992) pointed out that the very nondormant cultivars grown today may be less 

tolerant to SIT than the more dormant cultivars of the 19S0s and 60s because they 

may lack the ability to become completely dormant during SIT. This hypothesis was 

tested in 1994-1995 in Tucson, AZ, in a comparative study with cultivars and 

populations representing dormancy classes from moderately nondormant to very 

nondormant (Dormancy Classes 7 to 9). Very nondormant material (Class 9) showed 

significantly lower plant mortality and higher forage yield during the growth season 

following srr than moderately nondormant matnial (Class 7) (M. Wissuwa and S.E. 

Smith, unpublished data). These results indicate that either dormancy in fall is not 

associated with the ability of plants to become dormant during summer droughts, or 

that properties other than dormancy during drought are of importance for tolerance to 

Sir. High post-Srr yield of alfalfa populations from Arabia and North Africa could 

indicate that they already posses some tolerance to SIT, which would further make 

them the preferable plant material in a breeding program for tolerance to SIT. 
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Selection environment 

One of the potential difficulties in selection for plant attributes expressed 

during drought stress has been the choice of selection environments where genetic 

variation is not masked by environmental variation. Li alfalfa, heritability and genetic 

variation have been shown to decrease with increasing severity of stress (Daday et al., 

1973; Rumbaugh et al., 1984). Where environmental stress reduces heritability, 

response to selection may be minimal. The amount of crown mortality will depend 

on the intensity of drought stress experienced during SIT. Selection for high post-Sn 

yield will therefore depend on the intensity of stress during SIT, even though post-SIT 

yield itself will be assessed under adequate irrigation. Results from studies comparing 

different environments in selection for productivity during stress have shown that 

response from selection under intermediate stress intensities is greater than that with 

high or low stress intensities (Daday et al., 1973; Rumbaugh et al., 1984; Salter et 

al., 1984). At high intensities of stress, heritability approached values near zero and 

in low or non-stress environments, much of the observed variation was due to non-

stress yield potential and not related to stress tolerance. The question remains 

whether intermediate stress intensities will maximize gains from selection for low 

crown mortality and high post-SIT yield and if so, what duration of SIT represents an 

intermediate intensity of stress. 

Indirect selection 

Limited success from selection under drought stress has led several authors to 
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propose conducting indirect selection for plant traits associated with the trait (primary 

trait) for which improvement is sought (Turner, 1981; Blum, 1983; Austin, 1989; 

Ludlow and Muchow, 1990). Response from indirect selection is expected to be 

greater than that from direct selection if the associated and primary traits have a close 

genetic correlation, and if the heritability of the associated trait is considerably higher 

dian that of the primary trait (Falconer, 1981). An additional positive effect of 

indirect selection can occur if associated traits could be assessed in a non-stress 

environment. This would eliminate the need to identify the ideal selection 

environment and to devote substantial resources to specific trials under stress 

conditions. Under these circumstances, alfalfa breeders trying to improve tolerance to 

Sn could select for the associated traits in breeding nurseries without drought stress 

and at the same time concentrate on improving general agronomic performance 

including pest and disease resistance. Understanding the morphological and 

physiological basis for variation for tolerance to SIT may lead to the identification of 

traits that could be used in indirect selection for tolerance to STI. 

Three distinct strategies have been suggested to have evolved in plants 

allowing them to cope with drought stress. Using definitions proposed by Ludlow 

(1989) these are; 1) drought escape, 2) dehydration avoidance, and 3) dehydration 

tolerance. Drought escape, defined as the completion of the life cycle before a water 

deficit restricts growth, can be ruled out as a useful strategy for a perennial plant like 

alfalfa. Dehydration avoidance is the ability of plants to maintain a water status 
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sufficiently high to avoid deleterious cellular damage when confronted with drought 

stress. This can either be achieved through continuous water uptake or by reducing 

water loss. Increased root mass and depth as means to prolong water uptake in 

drying soil is an example of dehydration avoidance and has been related to the 

performance of alfalfo under less than optimum moisture conditions (Christian, 1977; 

Salter et al., 1984; Kipnis et al., 1989). However, in very dry soil water may be lost 

from roots to soil and under such conditions a small root system may actually be 

advantageous in terms of restricting water loss (Levitt, 1980). Water loss from 

aboveground biomass could be limited by a reduction in leaf area. Small leaflets have 

a larger convective heat exchange, which reduces the increase in leaf temperature 

above air temperature when stomata are closed (Ludlow, 1989). Plants with small 

leaflets may therefore reduce water loss by closing stomata at an earlier point during 

Srr with less danger of heat injury than in plants with large leaflets. Alternatively, 

water loss could be minimized by rapidly reducing shoot growth or shedding of leaves 

early in the stress episode. 

Dehydration tolerance is defined as the ability of plants to maintain fimction 

under water-limited conditions while exhibiting substantial plant water deficits. In its 

extreme expression, dehydration tolerance includes tolerance of protoplasmic 

dehydration (Turner, 1986). A mild form of dehydration tolerance has been related 

to the accumulation of osmotically active substances such as proline, glycinebetaine 

and certain sugars (Hsiao, 1973; Tyree and Jarvis, 1982; Ludlow, 1989), a process 
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known as osmotic adjustment. Osmotic adjustment facilitates the maintenance of cell 

turgor during periods of drought stress, which in turn assists maintenance of carbon 

acquisition by sustaining stomatal opening and photosynthesis. Furthermore, it may 

enhance water uptate by maintaining root extension (Ludlow, 1989). Apart from 

maintenance of turgor, the role of osmotic adjustment has been related to tolerance of 

low leaf water potentials (Sheriff et al., 1986). In addition, plants with a high degree 

of osmotic adjustment have been shown to reach a lethal leaf water contents later 

during drought stress than plants with low levels of osmotic adjustment (Flower and 

Ludlow, 1986). Similarly osmotic adjustment may delay the development of a water 

content that is detrimental in alfalfa during SIT. 

Drought stress has been shown to induce osmotic adjustment in alfalfa leaves, 

predominantly as increased concentrations of proline (Irigoyen et al., 1992; Naidu et 

al., 1992) or sucrose (Stout, 1980). In alfalfa roots, salt stress led to 11-fold 

increases in proline and twofold increases in sucrose concentrations (Foug^re et al., 

1991), but drought stress did not have similar effects in this tissue (Hall et al., 1988). 

Data on osmotic adjustment in alfalfa crowns are not available. However, osmotic 

adjustment in crown tissue may be of greater importance than that in leaf tissue 

during SIT because shoot regrowth originates from axillary buds within the crown 

(Shaeffer et al., 1988). Apart from their role in osmotic adjustment, sucrose and 

proline can also serve as protectants of membranes and proteins during extreme 

dehydration (Levitt, 1980; Schwab and Gaff, 1986; Bianchi et al., 1991), which may 
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also be of importance for alfelfa during SIT. 

Traits associated with improved response to drought have been identified and 

used in selection in a variety of crops but few of these attempts have led to the 

development of drought-tolerant cultivars (Ludlow and Muchow, 1990). The 

potential complexity of plant response to drought stress, as experienced during SIT, 

could make it difficult to identify a single trait that would explain genotypic variation 

for drought tolerance (Austin, 1989). Using selection criteria that are based on 

multiple morphological or physiological characteristics may be a more promising 

approach than direct or indirect selection for a single trait (Turner, 1981; Blum, 

1988; Johnson and Asay, 1993). 

Management of SIT 

The degree of stand depletion during SIT has been shown to depend on soil 

type and duration of SIT (Ottman et al., 1996). Particularly on soils with low water 

holding capacity, timing of re-irrigation will be crucial to minimize excessive plant 

mortality. Cultivars with improved tolerance to SIT will be able to withstand drought 

stress for longer periods of time, but ultimately timing of reirrigation will determine 

plant mortality regardless of plant material. If growers are able to predict the 

likelihood of mortality during SIT, they could schedule reirrigation before high 

mortality occurs leading to permanent decreases in the productivity of a stand. No 

objective criterion now exists that would allow growers to predict mortality and 

reschedule irrigation accordingly. 
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Because regrowth following harvest or drought stress originates from axillary 

buds within the crown (Shaeffer et al., 1988), crown mortality wiU be a major factor 

affecting post-SIT yield. Crown tissue survival may depend on maintaining crown 

moisture content above some critical threshold. If a threshold moisture content can be 

established for al£dfa crowns, this value may be used to predict crown and plant 

mortality under fidd conditions. 

Objectives 

The objectives of this study were to: 

1) Identify morphological and physiological characteristics associated with 

crown mortality in alfalfe and to evaluate the potential value of such 

characteristics as traits in indirect selection for high post-SIT yield; 

2) Compare the response from direct selection for high post-SIT yield in two 

different selection environmmts to response from indirect selection for 

characteristics associated with avoidance of dehydration during SIT; and 

3) Test the hypothesis that crown moisture content could be used to predict 

mortality in alfal£i stands subjected to SIT. 

Explanation of Dissertation Format 

Results and Materials and Methods are summarized in the following Chapter 

titled "Present study." A detailed description of the research is given in three 

manuscripts found in Appendices A, B, and C. All three manuscripts are based on 

experiments conducted by myself. 



21 

The first manuscript (Appendix A) is based on results from a two-year field 

study related to Objective 1), in which I attempted to identify plant traits responsible 

for variation in crown mortality and yield following SIT. Based on results of that 

study, the significance of such traits as criteria in indirect selection is discussed. The 

second manuscript (Appendix B) describes a selection experiment comparing selection 

for high forage yield in a non-stress oivironmait to direct selection under two stress 

intensities and to indirect selection for potentially beneficial strategies (Objective 2). 

These selection strategies were compared to a random sample of the parental 

population to determine whether any of the selection criteria resulted in increased 

tolerance to SIT. Due to the ̂ t that the experiments presoited in Appendices A and 

B were conducted parallel to each other, some results obtained under Objective 1) 

could not be validated in another selection experiment. In the third manuscript 

(Appendix C), I used results firom the first manuscript to formulate and test the 

hypothesis that crown moisture content can be used to predict mortality in alfalfa 

fields during SIT (Objective 3). 



PRESENT STUDY 

A detailed description of methods, results, and conclusions of this study are 

presented in the manuscripts 2q>pended to this dissertation. The following is a 

summary of the most important findings in these manuscripts. 

Traits Associated With Tolerance to Summer Irrigation Termination rAPPENDIX M 

This manuscript deals with a test of the hypothesis that tolerance to SIT is 

related to either continuous water uptake through an extensive root system or to a 

reduction of water loss from aboveground biomass by reducing that biomass during 

sn. Root, leaf, and shoot characteristics were measured on single spaced plants and 

associated with crown mortality following 84 days of SIT in 1994. Plants were 

grown in Tucson, AZ, in the field or in a large box that simulated field conditions. 

Neither taproot diameter and number or diameter of lateral roots were significantly 

correlated with crown mortality. Similar results were obtained for leaf area, specific 

leaf weight, leaf to stem wdght ratio, and pre-SIT shoot height. However, 

correlations with crown mortality were significant for shoot height during SIT (r = -

0.29*) and days to wilting (r = -0.25*). Tall shoots and a delay in wilting are 

characteristics contrary to the hypothesis that a reduction of aboveground biomass is 

beneficial during SIT. It therefore appears that conservative use of soil moisture is 

not advantageous during summer drought. Plants that produced large amounts of 

tissue capable of assimilation or that kept that tissue functional for a long time during 

sn may have been able to acquire more assimilates than plants that reduced 
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aboveground biomass early during SIT. High amounts of assimilates may have 

contributed to dehydration tolerance as drought stress increased with increasing 

duration of SIT. 

To resolve whether crown mortality is related to the accumulation of proline, 

sucrose, and total nonstructural carbohydrates, their concentrations were determined 

in crown tissue taken firom individual plants. Plants were separated into groups of 

tolerant (< 50% crown mortality) and intolerant (> 50% crown mortality) plants. 

Low crown mortality depended on maintaining a crown moisture content of at least 

42%. Such a moisture content has been shown to be too high to cause damage to 

proteins and cellular membranes (Hsiao, 1973). It can therefore be ruled out that 

proline and sucrose fimction as protectants of proteins and membranes during extreme 

dehydration. However, both compounds may be involved in osmotic adjustment as a 

less extreme form of dehydration tolerance. 

In 1994, up to 11-fold increases in proline concentrations between Days 5 and 

84 of Sn were detected in most tolerant and some intolerant plants. Differences in 

concentrations of these compounds were not significant between these groups. Even 

though it can not be excluded that proline performed an important fimction during 

SIT, proline accumulation did not explain differential tolerance to SIT. Increases in 

sucrose concentrations between Days 5 and 42 of SIT were less pronounced than for 

proline and could have been caused by fluctuations following forage removal and 

regrowth, rather than by active osmotic adjustment during drought stress. In both 



24 

toierant and intolerant plants, sucrose concentrations declined between Days 42 and 

84. Such a decUne despite increasing drought stress further indicates that sucrose 

probably does not play an important role in osmotic adjustment in alfalfa crown 

tissue. 

During the SIT period in 1995, concentrations of total nonstructural 

carbohydrates (INC) were determined in two-year old plants during SIT. Tolerant 

plants did not have higher levels of TNC than intolerant plants during the first seven 

days of SIT but accumulated significantly more TNC during the entire SIT poiod. 

Such superior net assimilation could have been due to high absolute assimilation rates 

or low rates of carbohydrate depletion in respiration. Even before these reserves have 

been completely depleted, cell injury or death can occur as a result of starvation 

(Levitt, 1980). Genotypic differaices in respiration rates at high temperatures have 

been related to persistence of alfalfii in hot climates even under adequate irrigation 

(West and Prine, 1960; Robison and Massengale, 1968). These authors suggest that 

high respiration rates lead to plant mortality due to starvation. The significance of 

TNC concentrations for tolerance to SIT may therefore be associated with the 

duration of drought stress that can be tolerated without reaching levels of 

carbohydrate reserves that can cause starvation and mortality. 

Concentrations of total nonstructural carbohydrates were more closely 

correlated with crown mortality (r = - 0.79* on Day 35) than any other trait 

measured in this study. TNC concentrations may therefore be a more valuable 



criterion in indirect selection for tolerance to SIT than morphological traits. 

Differences in carbohydrate reserves between tolerant and intolerant plants were only 

significantly expressed after at least 28 days of SIT. Using this trait in indirect 

selection would therefore not eliminate the need to conduct trials under SFT. 

However, indirect selection for concentrations of TNC may rq)resent a valuable 

alternative to direct selection for post-SIT yield, particularly if responses from direct 

selection are not great. 

Comparison of Selection Criteria (APPENDIX B'l 

To determine which selection criterion is best suited to improve toloance to 

SIT, six experimental populations were formed using different selection criteria. 

Selection was conducted among the single spaced plants used in experiments in 

Appendix A. Of these six populations, two were formed by direct selection for high 

(relative) post-Sn yield following 42 or 84 days of SIT. Indirect selection was done 

for two potentially beneficial plant strategies that I have termed "Dormant" and 

"Shedding." "Dormant" plants had less than average stem height during SIT but 

more than 50% of fully expanded leaves were not wilted and dark green throughout 

the Sn period. Slow growth during SIT may have conserved water and delayed 

wilting, which could have prolonged carbon acquisition during drought stress. 

"Shedding" plants selectively shed lower leaves during SIT but were able to prevent 

desiccation of shoots and youngest leaves until reirrigation. Direct and indirect 

selection for post-SIT yield were contrasted to selection for high pre-SIT yield, and to 
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a control population comprised of a random sample of parents. Expeiimeital 

populations were grown in 1-m  ̂plots in a field in Tucson, AZ and subjected to a 39-

Day Srr period in August and September 1995. 

Experimental populations did not differ in pre-SIT yield, indicating that this 

trait was unaffected by the selection in this study, including selection for high pre-SIT 

yield. Irrigation termination reduced mean plant drasity by 51% with no significant 

differences between experimental populations. Differences in post-Sn yield among 

experimental populations were significant, but relative to a random sample of parental 

plants, post-Sn yield was either unchanged or reduced. Post-SIT yield reduction was 

greatest in the population sdected for high pre-SIT yield; however, selecting for high 

pre-Sn yield did not lead to increases for this trait. 

None of the selection criteria used in this study was able to improve post-SIT 

yield. Either sufficient genetic variation for post-SIT yield did not exist in the 

parental population, or heritability of this trait was too low in the selection 

environments used in this study. Stress intensities after 42 and 84 days of SIT may 

not have been high enough to fiilly express genetic variation for tolerance to SIT. 

The majority of parental plants survived the SIT period (98.5% in ST and 75.3% in 

LT plots) and did not show yield reductions that could have been attributed to drought 

stress during SIT. Under these conditions it would have been possible to identify 

extremely intolerant plants but not plants with superior tolerance to SIT. Selection 

for relative post-SIT yield among survivors may have actually been equivalent to 



27 

selection for increased fall yield rather than selection for specific tolerance to SIT. 

Increasing stress intensities to levels wh  ̂the majority of plants show permanently 

reduced post-SIT yields may be necessary in order to identify genotypic differences 

for tolerance to SIT. To achieve this, selection would have to be conducted on soils 

with low water holding c îadty or after SIT periods in two years. 

Where response from direct selection under drought stress is insufficient due to 

low heritability for the trait that is selected for, indirect selection may be a valuable 

alternative. However, indirect selection for plant strategies based on developmental 

characteristics as practiced in this study was not superior to direct selection. Using 

concentrations of total nonstructural carbohydrates in crown tissue as a selection 

criterion may be a solution to the lack of response to selection, unless direct selection 

under increased stress intensities leads to improvements in tolerance to SIT. 

Method to Predict Plant Mortalitv Purine SIT (APPENDIX O 

The crown tissue samples used in the study described in Appendix A were 

used to determine a threshold crown moisture essential for survival of crowns during 

Sir. The majority of plants with less than 25% crown mortality had a crown 

moisture content between 42 and 48%, whereas most plants with high crown mortality 

had less than 10% crown moisture. Few plants were found between 10 and 42%. 

The lack of intermediate values can probably be attributed to rapid water loss in tissue 

that has died and lost its water retention capacity. Towards the end of the SIT 

period, crown moisture content apparently approaches a threshold level that is critical 
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for survival. Only one of 32 plants at or above 42% crown moisture did not survive 

Sn, while 22 of 27 plants below 42% had crown mortalities greater than 50%. At a 

crown moisture content between 42 and 43%, seven of eight plants had less than 25% 

CFown mortality. A crown moisture content of approximately 42% may therefore 

represent a critical threshold level. 

This threshold was used to predict mortality in field plots that closely 

represented plant density and row arrangements of commercial alfalfo fields. Plots 

were located in a field that showed substantial variation with regard to water holding 

capacity of the soil and stress intoisity differed gready between plots as a results of 

this soil gradient. Crown tissue was sampled from five locations within the field that 

showed different degrees of drought stress. The proportion of samples from each 

location below the threshold of 42% was equated with predicted mortality and 

compared to actual mortality on those locations. Both predicted and observed 

mortalities were not significantly different. This simple method accurately predicted 

actual mortality under different severities of drought stress and may therefore be used 

by growers to predict mortality during SIT. Based on the predicted mortality, 

growers could reschedule irrigation before mortality increases to levels that 

permanently reduce forage yield. 

Future Work 

Results presented in this dissertation indicate that the concentration of total 

nonstructural carbohydrates in crown tissue is associated with tolerance to SIT. 
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Genotypic differences in respiration rates at high temperatures may strongly influence 

TNC concentrations and could th^fore be a determining factor for tolerance to SIT. 

If this hypothesis could be verified in further studies, respiration rates may become a 

valuable trait in indirect selection for persistrace of al£al£a during SIT. In addition, 

this could improve persistence of alfalfo in regions whore high temperatures can 

severely reduce plant densities in fields that recdve adequate irrigation throughout the 

growing season. 

Insufficient intensities of drought stress and a potentially low hoitability for 

post-Sir yield are probable causes for the lack of response firom direct selection for 

relative post-SIT yield. Increasing the intensity of stress alone may not be sufficient 

to successfully improve post-SIT yield, unless combined with a breeding scheme 

better suited to improve low-heritabiUty traits than mass selection. Future selection 

experiments aimed at improving tolerance to SIT should therefore include progeny 

tests under SIT. 

Some points should be clarified before a crown moisture content of 42% could 

be recommended to growers for use as an aid for rescheduling irrigation. To predict 

mortality in this study, crown tissue from 6-month old plants was used. The critical 

moisture content may change with plant age and therefore experiments should be 

rq)eated with plants that differ in age. In this study, crown moisture content 

measurements on individual plants were repeated in intervals of 28 or more days. 

Little can therefore be said about how fast plants reach the threshold of 42% and 
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about how long they may be able to remain at that threshold. However, this may 

have important implications for the decision when to reinigate fields. This lack of 

information could be addressed by studies of moisture loss over time. 



REFERENCES 

Austin, R.B. 1989. Prospects for improving crop production in stressful 

environments, p.235-248. In: H.G. Jones, T.J. Flowers, and M. B. Jones 

(eds.), Plants under stress. Soc. Exp. Biol. Seminar Ser. 39. Cambridge Univ. 

Press, Cambridge. 

Bianchi, G., C. Murelli, A. Bochicchio, and C. Vazzana. 1991. Changes of low -

molecular weight substances in Boea Hygroscopica in response to 

desiccation and rehydration. Phytochemistry 30:461-466. 

Bloyd, B.L. 1992. 1991 Arizona Agricultural Statistics. Ariz. Agricul. Statistics 

Service, Bull. S-26, Phoenix, AZ. 

Blum, A. 1983. Genetic and physiological relationships in plant breeding for 

drought resistance. Agr. Water Management 7:195-205. 

Blum, A. 1988. Plant breeding for stress environments. CRC Press, Inc., Boca 

Raton, FL. 

Christian, K.R. 1977. Effects of the environment on the growth of alialfa. Adv. 

Agron. 29:183-227. 

Daday, H., F.E. Binet, A. Giassia, and J.W. Peak. 1973. The effect of environment 

on heritability and predicted selection response in Medicago sativa. Heredity 

31:293-308. 

Erie, L.J., O.F. French, and K. Harris. 1965. Consumptive water use by crops in 

Arizona. Ariz. Agric. Exp. Stn. Tech. Bull. 169. 



32 

Falconer, D.S. 1981. Introduction to quantitative genetics. 2nd ed. Wiley, New York. 

Flower, D.J. and M.M. Ludlow. 1986. Contribution of osmotic adjustment to the 

dehydration tolerance of water-stressed pigeonpea (Cajanus cajan (L.) millsp.) 

leaves. Plant, Cell and Environ. 9:33-40. 

Foug^re, F., D. Le Rudulier, and J.G. Streeter. 1991. Effects of salt stress on amino 

acid, organic acid, and carbohydrate composition of roots, bacteroids, and 

cytosol of alfalfo {Medicago sativa L.). Plant Physiol. 96:1228-1236. 

Frate, C.A., B.A. Roberts, and V.L. Marble. 1991. Imposed drought stress has no 

long term effect on established alfalia. Calif. Agric. 45:33-36. 

Grimes, D.W., P.L. Wiley, and W.R. Sheesley. 1992. Alfalfa yield and plant water 

relations with variable irrigation. Crop Sci. 32:1381-1387. 

Hall, M.H., C.C. Sheaffer, and G.H. Heichel. 1988. Partitioning and Mobilization of 

Photoassimilate in alfalfa subject to water deficits. Crop Sci. 28:964-969. 

Hood, L.R. 1992. Overview of alfalfa production in the Colorado river region of 

Arizona, p. 10-13. In: Proceedings of the 22nd California/Arizona alfalfa 

symposium, Holtville, California. 

Hsiao, T.C. 1973. Plant responses to water stress. Ann. Rev. Plant Physiol. 

24:519-570. 

Husman, S.H. 1992. Central Arizona alfalfe production overview, p. 14-17. In: 

Proceedings of the 22nd California/Arizona alfalfa symposium, Holtville, 

California. 



Irigoyen, JJ., D.W. Emerich, and M. Sinchez-Didz. 1992. Water stress induced 

changes in concentrations of proline and total soluble sugars in nodulated 

alfalfa (Medicago sativa L.) plants. Physiol. Plant. 84:55-60. 

Johnson, D.A. and K.H. Asay. 1993. Viewpoint: Selection for improved drought 

response in cool-season grasses. J. Range Manage. 46:194-202. 

Johnson, R.C. and L.L. Tieszen. 1994. Variation for water use efficiency in alfalfa 

germplasm. Crop Sci. 34:452-458. 

Kipnis, T., I. Vaisman, and I. Granoth.1989. Drought stress and alfalfo production 

in a mediteiranean environment. Irrig. Sd. 10:113-125. 

Levitt, J. 1980. Responses of plants to environmental stresses. Vol 2. Water, 

Radiation, Salt, and other stresses. 2nd ed. Academic Press, New York. 

Ludlow, M.M. 1989. Strategies of response to water stress, p. 269-281. In: K.H. 

Kreeb, H. Richter, and T.M. Hinkley (ed.) Structural and functional responses 

to environmental stress. SPB Academic Publishing bv, The Hague, The 

Netherlands. 

Ludlow, M.M., and R.C. Muchow. 1990. A critical evaluation of possibilities for 

modifying crops for higher productivity per unit rainfall, p. 179-211. In: F.R. 

Bidinger and C. Johansen (eds.). Drought research priorities for the dryland 

tropics. ICRISAT, Patancheru, India. 

Metochis, C., and P.I. Oiphanos. 1981. Alfalfa yield and water use when forced 

into dormancy by withholding water during the summer. Agron. J. 73:1048-



1050. 

Michaud, R., W.F. Lehman, and M.D. Rumbaugh. 1988. World distribution and 

historical development, p. 25-91. In A. A Hanson et al. (ed.) Alfalfa and 

alfal£a improvement. Agron. Monogr. 29. ASA, CSSA, and SSSA, Madison, 

WI. 

Naidu, B.P., L.G. Paleg, and G.P. Jones. 1992. Nitrogenous compatible solutes in 

drought-stressed Afedicago ssp. Phytochem 31:1195-1197. 

Natwick, E.T., F. Robinson, and C.E. Bell. 1992. Alfalfa irrigation practices and 

cultivar selection for sweetpotato whitefly management, p. 61-65. In: 

Proceedings of the 22nd California/Arizona Alfalfa Symposium, Holtville, 

California. 

Ottman, M.J., R.L. Roth, and B.R. Tickes. 1992. Summer and winter termination 

of irrigation, p. 53-60. In: Proceedings of the 22nd California/Arizona Alfalfa 

Symposium, Holtville, California. 

Ottman, M.J., B.R. Tickes, and R.L. Roth. 1996. Alfalfa yield and stand response 

to irrigation termination in an arid environment. Agron. J. 88:44-48. 

Peterson, M. 1990. Impact of new techniques and technologies on alfalfa 

varieties for the 1990s, p. 1-3. In: Proceedings of the 20th California Alfalfa 

Symposium, VisaHa, California. 

Robinson, F.E. and L.R. Teuber. 1992. Water conservation for the Imperial Valley, 

p 41-44. In: Proceedings of the 22nd California/Arizona alfalfa symposium, 



Holtville, California. 

Robison, G.D. and M. A. Massengale. 1968. Effect of harvest management and 

temperature on forage yield, root carbohydrates, plant density, and leaf area 

relationships in alfalfa {Medicago sativa L. cultivar 'Moapa'). Crop. Sci. 

8:147-151. 

Rumbaugh, M.D., K.H. Asay, and D.A. Johnson. 1984. Influence of drought stress 

on genetic variance of al&l£a and wheatgiass seedlings. Crop Sci. 24:297-

303. 

Salter, R., B. Melton, M. )^son, and C. Currier. 1984. Selection in alfal̂  for 

forage yield with three moisture levels in drought boxes. Crop Sci. 24:345-

349. 

Schonhorst, M.H., R.K. Thompson, and R.E. Dennis. 1963. Does it pay to irrigate 

alfalfa in the summer? Prog. Agr. Arizona 15(6):8-9. 

Schwab, K.B. and D.F. Gaff. 1986. Sugar and ion content in leaf tissues of several 

drought tolerant plants under water stress. J. Plant Physiol. 125:257-265. 

Sheaffer, C.C., G.D. Lacefield, and V.L. Marble. 1988. Cutting schedules and 

stands, p. 411-438. In A.A Hanson et al. (ed.) Alfalfa and alfalfa 

improvement. Agron. Monogr. 29. ASA, CSSA, and SSSA, Madison, WI. 

Sheriff, D.W., M.J. Fisher, G. Rusitzka, and C.W. Ford. 1986. Physiological 

reactions to an imposed drought by two twining pasture legumes: Macroptilium 

atropurpureum (desiccation sensitive) and Galactia striata (desiccation 



insensitive). Aust. J. Plant Physiol. 13:431-445. 

Smith, S.E., A. Al-Doss, and M. Waibuton. 1991. Morphological and agronomic 

variation in North Afirican and Arabian alfalfias. Crop Sci. 31:1159-1163. 

Stewart, D. 1926. Alfal£i growing in the United States and Canada. MacmiUan 

Publishing Co., New York. 

Stout, D.G. 1980. Alfalfa water status and cold hardiness as influenced by cold 

acclimation and water stress. Plant, Cell and Environ. 3:237-241. 

Turner, N.C. 1981. Designing crops for dryland Australia: Can the deserts help 

us? J. Austr. Inst. Agr. Sci. 47:29-34. 

Turner, N.C. 1986. Crop water deficits: a decade of progress. Adv. Agron. 39:1-51. 

Tyree, M.T. and P.G. Jarvis. 1982. Water in tissues and cells, p. 35-77. Ini O.L, 

Lange, P.S. Nobel, C.B. Osmond, and H. Ziegler (ed.) Encyclopedia of plant 

physiology (New Series), vol. 12B. Springer Verlag, Berlin. 

West, S.H. and G.M. Prine. 1960. Alfalfa persistence studies. Crop Sci. Soc. Florida 

Proc. 20:93-98. 

Wilson, M., B. Melton, J. Arledge, D. Baltensperger, R.M. Salter, and C. 

Edminster. 1983. Performance of alfal£i ctUtivars under less than optimum 

moisture conditions. Bull. 702. New Mexico State Univ., Agric Exp. Stn., Las 

Cnices. 

Wrona, A.F. 1992. Alfalfa production in the Imperial and Palo Verde Valleys, p. 

1-6. In: Proceedings of the 22nd California/Arizona alfalfa symposium. 



Holtville, California. 



APPENDIX A. MORPHOLOGICAL AND PHYSIOLOGICAL 

CHARACTERISTICS ASSOCIATED WITH TOLERANCE TO SUMMER 

IRRIGATION TERMINATION IN ALFALFA 



Morphological and Physiological Characteristics Associated with 

Tolerance to Summer Irrigation Termination in Alfalfa 

Matthias Wissuwa and S. E. Smith'^ 

M.Wissuwa and S.E. Smith, Dept of Plant Sciences, Univ. of Arizona, 

Tucson, AZ, 85721. Received * Corresponding author 

(azalfalf@ag. arizona.edu) 

Abbreviations: SIT, summer irrigation termination; TNC, total 

nonstructural carbohydrates. 



40 

ABSTRACT 

Deliberately withholding irrigation to alfalfa {Medicago sativa L.) during 

summer, a management strategy referred to as summer irrigation termination (SIT), 

has been suggested to conserve water in long-season desert environments. SIT may 

reduce productivity of alfalfa stands, although such effects may be lessened if 

cultivars with improved tolerance to SIT could be developed. This study was con

ducted to identify characteristics associated with low crown mortality as the primary 

component of tolerance to sn. Using such traits in selection may be superior to 

direct selection for post-SlT yield, a trait potentially characterized by low heritability. 

Single spaced nondormant alfalfa plants were grown in a field trial in Tucson, AZ, 

and subjected to two SIT treatments over two years (84 d in 1994 and 42 d in 1994, 

and 75 d in 1995). Traits evaluated prior to SIT (forage yield, stem number, plant 

height, leaf area, and root diameter) were not significantly associated with crown 

mortality. Significant correlations were detected between crown mortality and days to 

wilting (r = -0.25*) and plant height during SIT (r = -0.29*). Accumulation of 

osmoticaUy active substances, such as proline and sucrose, was not related to crown 

mortality. However, crown mortality was significantly correlated with concentration 

of total nonstructural carbohydrates (TNC) in crown tissue on Days 28 (r = -0.57*) 

and 35 (r = -0.79*) of SIT. TNC reserves may be essential for continued respiration 

during periods of drought. Depletion of TNC reserves could have caused plant death 

in intolerant plants. Concentrations of TNC in crown tissue may represent a valuable 



criterion in indirect selection for decreased crown mortality during SIT. 
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Annual water consumption of alfalfa can be extremely high in long-season 

desert ravironments where nearly continuous year-round growth is possible. For 

example, in the southwestern U.S., irrigation requirements for alfalfa can exceed 2 m 

per year (Robinson and Teuber, 1992). Rising irrigation costs and water demand 

from municipalities have forced alfal£i growers in this region to use water more 

efficiently. High average daily temperatures in summer also drastically reduce water 

use efficiency in alfidfa (Kipnis et al., 1989; Robinson and Teuber, 1992). Further

more, hay quality and prices in the southwestern U.S. are typically lowest during 

summer (Hood, 1992; Husman, 1992). The combination of these factors makes 

summer the least economical time for alfalfa production in long-season desert environ

ments in this region. Discontinuing irrigation during this period, a management 

strategy referred to as summer irrigation termination (SIT), has been considered as an 

option to conserve water and increase profitability of alfalfa production in this envi

ronment (Peterson, 1990; Frate et al., 1991; Ottman et al., 1992). 

Recent studies have shown that SIT may be associated with permanent reduc

tion in forage yield in alfalfa (Wrona, 1992), particularly on sandy soils or if irriga

tion termination is extended to 12 or more weeks (Ottman et al., 1996). The most 

extreme effect of SIT will be reduced stand density due to mortality of whole plants. 

But because new shoots originate from the basal woody portion of the stem (crown), 

any partial loss of productive crown area is also likely to reduce post-SIT yield. 

Furthermore, a reduction in post-SIT growth rate will reduce post-SIT yield, but this 
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should not have an effect as pennanent as crown mortality. The problem of reduced 

yield following SIT might be avoided by decreasing the duration of SIT or by devel

oping cultivars with improved post-SIT yield, which would allow higher water sav

ings. In cultivars specifically developed for use under SIT, reduced crown mortality 

would represent the primary manifestation of improved tolerance to SIT. 

Plants will experience a form of drought stress as a consequence of decreased 

soil moisture during irrigation termination. Limited success from selection undo  ̂

drought stress has led several authors to propose conducting indirect selection for 

plant characteristics associated with performance under stress (Turner, 1981; Blum, 

1983; Austin, 1989; Ludlow and Muchow, 1990). For the improvement of tolerance 

to SIT, traits used in selection would need to be associated with crown mortality. 

Ideally, expression of such traits could also be accurately assessed in a non-stress 

environment. Understanding mechanisms responsible for variation in tolerance to SIT 

may lead to the identification of traits that could be used in indirect selection for 

tolerance to SIT. 

During drought, plants may avoid dehydration either by continuous water 

uptake or by reducing water loss. Increased root mass and dqpth as a means of 

prolonging water uptake in drying soU have been related to the performance of alfalfa 

under less than optimum moisture conditions (Christian, 1977; Salter et al., 1984; 

Kipnis et al., 1989). Water loss from shoot tissue can be limited by a reduction in 

leaf area by decreasing shoot growth or by rapidly shedding leaves early in the stress 



episode. Manipulating leaf size per se may also influence the rate of water loss. 

Tolerance to drought has been associated with the accumulation of osmotically active 

substances (osmotic adjustment) such as proline, glycinebetaine and certain sugars 

(Hsiao, 1973; Tyree and Jarvis, 1982; Ludlow, 1989). In alfalfa, accumulation of 

proline and sucrose during drought and salt stress has been reported for leaves (Stout, 

1980; Irigoyen et al., 1992; Naidu et al., 1992) and roots (Foug^re et al., 1991). 

Data on osmotic adjustment in crown tissue may be of greater importance than in leaf 

tissue under SIT conditions because shoot regrowth originates from axillary buds 

within the crown (Shaeffer et al., 1988). 

The objectives of this study were to identify characteristics associated with low 

crown mortality as the main component of tolerance to SIT, and to evaluate the 

potential value of such characteristics as traits in indirect selection. Traits considered 

were leaf, shoot, and root properties, as well as concentrations of proline, sucrose, 

and total nonstructural carbohydrates in crown tissue. All measurements were done 

on single spaced plants of an extremely nondormant alfalfa population. Plants were 

grown in a field trial at Tucson, AZ, and exposed to SIT during two consecutive 

years. 

MATERIALS AND METHODS 

Field Trial 

Plant materials used in this experiment were single spaced plants of the Arizo

na 91 Arabian Composite (AZ91-AC). Seed of this population was produced by 
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intermating plants that represented bulked open pollinated Syn-1 seed from the six 

highest yielding entries in a two-year field trial of extremely nondormant Arabian and 

North African ecotypes at Tucson, AZ (Smith et al., 1991). On 30 Sept. 1993, seed 

of this composite was sown in six field plots at the Campus Agricultural Center, Tuc

son, AZ on a soil classified as Pima clay loam (Fine-silty, mixed (calcareous), ther

mic Typic Tonifluvent). Plots received one of three summer irrigation treatments 

and were arranged in a randomized complete block design with two replications. 

Each plot was bordered to allow independent flood irrigation and a 5-m tilled area 

existed between plots to avoid lat»al water movement between them. Plots contained 

ten rows of 24 plants. Plant spacing was 0.50 m between rows and 0.25 m between 

plants within rows. Three seeds were sown per plant site; these were lat  ̂thinned to 

one plant. Two outside rows and three plants at both ends of each row were treated 

as borders. Weeds were controlled manually. Plots were sprinkle irrigated until 

seedlings were established and flood irrigated at approximately 110-130% cumulative 

evj^transpiration thereafter (60 mm of irrigation every 5 to 10 d), except during 

periods of irrigation termination. Three SIT treatments were imposed: 84 days of 

irrigation termination in 1994 (SIT-1), 42 days of irrigation termination in 1994 plus 

75 days of SIT in 1995 (Srr-2), and a control that was normally irrigated in both 

years. SIT treatments began on 18 July in 1994 and on 4 August in 1995. Because 

84 days of SIT produced significant mortality in SIT-l plots that could have affected 

the performance of remaining plants, SIT was not repeated for a second year in the 



Srr-l plots. Data for Srr-2 plots are only presented for 1995 (following the 75-d 

Srr) since 42 days of SIT in 1994 did not negatively affect crown or whole-plant 

mortality. 

Individual plants were harvested (10-cm stubble) and forage weighed fresh 

when most plants were at approximately 10% bloom in nine harvests in 1994 and ten 

harvests in 1995 (control plots). The 84 and 75 d SIT periods reduced the number of 

harvests per year by three, the 42 d period by two. We considered the day of the last 

pre-Sn forage harvest to be Day 1 of the SIT period because the next irrigation 

would have occurred that day. The following traits that might be associated with 

tolerance to SIT were also evaluated for individual plants. Plant height (tallest stem 

per plant) was recorded 14 d after forage had been harvested in March and August 

1994 (Srr-l) and in April and August 1995 (SIT-2). In both years, the height mea

surement in August was done on Day 14 of SIT. Root diameter 3 cm below the soil 

surface was measured on 80 plants in SIT-l plots (4 central rows per plot with 10 

plants measured per row) 14 d prior to SIT in 1994. A mean of three caliper mea

surements taken at different positions along the root diameter was used for further 

analysis. On Day 4 of SIT in both SIT-l and SIT-2 plots, the relative number of 

stems per plant was scored on a scale from 1 to 7, with 1= few and 7= many stems. 

The percentage of the crown area that had produced new shoots was also estimated in 

these plots then. This procedure was repeated after the first post-SIT harvest. From 

both estimates, crown mortality was calculated as a percentage of the productive pre-
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Srr crown area. The number of days from the onset of SIT to the appearance of first 

symptoms of wilting was recorded in SIT-I plots. Evaluations were done daily 

between 1200 and 1300. 

To determine whether leaf characteristics are important for tolerance to SIT, 

leaflet size was estimated for the youngest fully expanded leaf 14 d prior to SIT in 

1994 in the SIT-l plots. Estimates were based on scores that ranged from I to 7, 

with 1= small and 7= large. In 1995, three randomly selected shoots per plant in 

Sn-2 plots were sampled after 10 d of SIT. Shoots were kept on ice in plastic bags 

for transport to the laboratory. Leaves were separated from stems and fresh weights 

of these organs determined. All leaves were placed between clear plastic sheets for 

leaf-area measurement using a licor LI-3100 area meter (Ll-Cor Inc., Lincoln, NE). 

Stem and leaf matnial was subsequratly dried for 24 h at 55C. Dry weights were 

used to calculate leaf:stem ratio and specific leaf weight (mg cm'̂ . 

Determiiiatioii of Moisture, Proline, and Carbohydrate Content in Crown Tissue 

On Days 5, 42, and 84 of the 1994 SIT period, one branch (approximately 3 

cm in length and 2 g in weight) of the woody, lower part of the crown was sampled 

on 60 plants in SIT-l plots (3 alternate rows per plot with 10 plants sampled per 

row). In a similar manner, sampling was done in SIT-2 plots in 1995 on Days 1, 28, 

and 63 in Replication 1, and on Days 7, 35, and 65 in Replication 2. Crown mortali

ty of plants in neighboring rows was used to determine whether sampling had an 

effect on survival. Crown samples were wrapped in aluminum foil and placed in 
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plastic bags on ice for transportation to the laboratory. Immediately after detramina-

tion of fresh weight, samples were shock-frozen in liquid nitrogen and stored at -80C. 

Dry weight was determined after lyophilization for 24 h. Dried crown samples were 

ground in a UDY Cyclone Sampling \G11 (UDY Corp., Boulder, CO) to pass a 1-nun 

mesh filter. Extraction of sugars and proline was done in IS mL test tubes with 40 

mg of ground crown tissue mixed with 2 mL of aqueous ethanol (800 mL L'̂ ) 

(Hendrix, 1993). Four washes in hot ethanol were used to extract sugars and proline 

from 40 mg of sample tissue. Each wash involved 2 mL of 80C ethanol for IS min. 

Washes were collected in 10 mL volumetric flasks that were brought to final volume 

with ethanol. Extractions w  ̂stored at -80C until colorimetric analysis of glucose, 

fructose (data not reported), and sucrose in a microplate reader at 492 nm. For the 

analysis of total nonstructural carbohydrates (TNC), the Nelson's assay was followed 

as modified by Somogyi (194S) from Southgate (1976). Absorbance was read at SSO 

nm in a microplate reader. Proline analysis followed the procedure outlined by 

Paquin et al. (1979). In crown tissue, the chloroform-based purification process was 

found to be unnecessary and was eliminated. 

Study of Root Characteristics 

To examine the effect of root characteristics on crown mortality in more 

detail, an experiment was conducted in Tucson, AZ, with plants of AZ91-AC grown 

in a container referred to as a "drought box" (Salter et al., 1984). Dimensions of the 

box were 2.7 x 1.35 x 1.0 m (length, width, depth). Perforated plastic sheeting was 
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used to line the interior of the box which was covered by a 0.05-m layer of gravel 

prior to filling the box with soil (Tubac sandy clay loam [Fine, mixed, thermic Typic 

Paleargid]). Three replications of five rows with 9 plants per row were sown in 

October 1994. Plant spacing was IS cm within and between rows. One plant at both 

ends of each row and one additional row at both sides of the box were added as 

borders. The soil in the box was drip irrigated to field capacity as needed. Single-

plant forage yield (10-cm stubble) was measured for three harvests (April-July 199S) 

as described for the field trial. Irrigation was withheld from 13 July to 24 Aug. 1995 

(42 d). Plants were allowed to recover for 7 d after re-irrigation prior to the assess

ment of root characteristics and crown mortality (as described for the field trial). To 

recover a maximum amount of roots, panels on one side of the box were removed and 

plants with roots were separated from soil using running water. The diameter of the 

taproot, which is positively associated with total root length (Upchurch and Lowom, 

19S1), was measured at dq)ths of 3 cm and O.S m. Additional estimates for the 

extensiveness of the root system were obtained by recording the number and diameter 

of all lateral roots per plant (> 1 mm in diameter). These values were summed to 

obtain a value for total lateral root diameter. 

Statistical Analysis 

Analysis of variance was used to determine significance of any difference 

between summer irrigation treatments. A mixed model was used with replications 

considered random and parents considered fixed. PROC CORR of SAS (SAS Insti
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tute, 1988) was used to estimate correlation coefficients between morphological and 

physiological traits, crown mortality and pre- and post-SIT yield. Plants were segre

gated with respect to crown mortality to determine relationships between crown 

moisture, concentrations of proline, sucrose, and TNC, and tolerance to SIT. Two 

groups were formed and designated tolerant (crown mortality < 50%) and intolerant 

(crown mortality > 50%). A r-test was conducted to determine differences between 

these groups. Statistical significance was assigned at P  ̂0.05 throughout. 

RESULTS AND DISCUSSION 

Forage yield and crown mortality 

SIT in 1994 resulted in whole-plant mortality of 24.3 ± 0.7% (mean ± SQ 

in Sn-l plots compared to 1.5 ± 0.6% in both SlT-2 and control plots. Mean 

forage yield in the first post-SIT harvest (1994) in Srr-2 plots were significantly 

higher (141.8 ± 3.7 g planr') than in the control plots (126.1 ± 3.5 g plant"'). 

Stress levels in SIT-2 plots were {^>parently not severe enough to affect whole-plant 

mortality and post-SIT yield. For this reason we repeated the SIT treatment in SIT-2 

plots in 1995 with a 75-day period of irrigation termination. This increased overall 

whole-plant mortality to 34.7 ±1.4% which was significantly greater than that 

observed in control plots (18.5 ± 2.3%). Data for Srr-2 plots are therefore only 

presented for SIT in 1995. 

With normal irrigation, persistence of alfalfa in central Arizona has been 

associated with "conservative growth," particularly during cooler portions of the year 
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(November to April), when persistent plants showed low stem elongation rates and 

low forage yield (Hotchkiss et al., 1996). Similarly, tolerance to SIT could be associ

ated with conservative growth, which could complicate improving post-SlT productiv

ity without losing some pre-SIT yield potential. In 1994, pre-SIT forage yidd in SIT-

1 plots was not significantly correlated with crown mortality but significant and 

positive corrdations were observed between pre- and post-SlT yield (Table 1). 

Following the 75-d irrigation termination in 1995 (Sn-2), plants with high pre-SIT 

yield also tended to have reduced crown mortality and high post-SIT yield (Table 2). 

Plant height during the period from November to April was positively and significant

ly correlated with pre-SIT yield in both years. Height during this period was also 

significantly associated with low crown mortality and high post-SIT yield in 1995 

(Table 2), but not in 1994 (Table 1). We therefore concluded that under the condi

tions of this study, selection for improved tolerance to SIT would not favor plants 

with conservative growth and low forage yield during the cooler seasons of the year. 

High yielding plants were able to partly maintain their yield advantage following SIT, 

but to a lesser degree in SIT-l plots with 84 d of SIT in 1994 than in SIT-2 plots 

following 75 d of SIT in 1995. 

Morphological Characteristics 

Except for taproot diameter at a depth of 0.5-m, all root characteristics mea

sured on plants grown in the drought box were significantly correlated with pre-SIT 

forage yield (Table 3). Although their correlation with crown mortality was either 



low (root diameter) or non-significant (number and diameter of lateral roots). The 

diameter of the t^root measured 3 cm below the soil surface was positively correlat

ed with taproot diameter at a depth of 0.5 m and with the number and total diameter 

of latoal roots. Similar results were reported for al£al£i by Upchurch and Lowom 

(1951) and Saindon et al. (1991), suggesting that root diameter measured just below 

the soil surface may be used to predict total root length. From a selection experiment 

that aimed to increase the size of the root system, Saindon et al. (1991) concluded 

that root characteristics may be valuable criteria in indirect selection for forage yield. 

Apart from non-stress yidd, root mass and depth have also been positively related to 

the yield of alfalfa under less than optimum moisture conditions (Christian, 1977; 

Salter et al., 1984; Kipnis et al., 1989). In 1994, we used taproot diameter measured 

3 cm below the soil sur£u:e as an estimate for the size of the root system in SIT-1 

plots in the field and found a highly significant correlation between this trait and pre-

Srr yield, but root diameter was not significantly associated with crown mortality or 

post-Srr yield (Table 1). Alfal& with large leaflets generally has a higher water use 

efficiency under conditions of adequate soil moisture (Dobrenz et al., 1971; Leavitt et 

al., 1979) and under moderate moisture stress (Estill et al., 1993). However, under 

severe stress, small leaflets may have a larger convective heat exchange that reduces 

the increase of leaf temperature above air temperature when stomata are closed 

(Ludlow, 1989). Plants with small leaflets may therefore reduce water loss by closing 

stomata at an earlier point during SIT with less danger of heat injury than in plants 
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v/ith large leaflets. Since leaf size is a highly heritable trait in alfalfa (Carlson, 

1981), and can be easily measured or scored, we investigated the relationship between 

leaf size of field-grown plants and parameters related to post-Sn productivity. 

Neither the leaf-size score taken in SII-l plots in 1994 (Table 1), or the leaf area 

measured in SlT-2 plots after 14 d of SIT in 1995 (Table 2), was significantly associ

ated with crown mortality or post-SH yield. The same result was obtained for 

specific leaf weight, an estimate of leaf thickness and palisade density (Dobrenz et al., 

1971) and for leaf to stem weight ratio. 

The size of leaflets represents only one of several mechanisms to reduce 

transpirative water loss through a reduction in total leaf area. An early decrease in 

shoot growth or rapid wilting of transpiring leaves could be alternative strategies in 

this regard, but our results indicate that a reduction in leaf area is not related to low 

crown mortality. This trait was positively associated with late wilting in SlT-1 plots 

(Table 1), however, due to the lack of sufficient variation in time to wilting 

(CV=9%), we did not consider this trait to be of value in indirect selection and did 

not repeat measurements in 1995. Regardless of SIT treatment, increased shoot 

growth during SIT was positively and significantly correlated with low crown mortali

ty and high post-SIT yield (Tables 1 and 2). 

Based on these results, it appears that neither increased water uptake through 

an extensive root system (indirectly measured by taproot diameter) or reduced water 

loss due to reduced leaf area are associated with improved tolerance to SIT. Plants 
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that reduce shoot growth or wilt later during the drought episode were better able to 

tolerate SIT than plants with conservative growth during Sn. Taller shoots, that 

presumably have higher leaf area than short shoots, and that delay wilting could have 

enabled plants to accumulate carbohydrates and other beneficial substances for a 

longer poiod during drought. 

Physiological Characteristics 

Sampling crown tissue could have affected crown mortality but differences in 

crown mortality were not significant between rows of sampled plants and neighboring 

unsampled rows following 84 days of SIT in 1994 (41.1 ± 6.7% vs. 35.1 ± 6.7%) 

or 75 days in 1995 (49.4 ± 6.0% vs. 48.2 ± 5.9%). 

Following discontinuation of irrigation in both years, mean crown moisture 

content was not significantly different between groups (plants classified as intolerant 

or tolerant) until the final sampling date. On Day 84 of SIT (1994) the majority of 

samples were found in two clusters with regard to crown moisture. Tolerant plants 

averaged 41.7 ± 1.7% moisture compared to 11.6 ± 3.1% among intolerant plants 

(Fig. lA). Crown tissue death has been shown to occur when tissue water content 

falls below a threshold moisture content of approximately 42% (M. Wissuwa, unpub

lished data). This would indicate that crown tissue sampled from intolerant plants on 

Day 84 had been dead for some time. Such dead tissue may have begun to decom

pose prior to sampling and this could have affected carbohydrate concentrations in the 

tissue. In an attempt to avoid this complication, final sampling in 1995 was done 



earlier (Days 53 and 65) than in 1994. On both final sampling dates in 1995, mean 

moisture of plants in the intolerant group was below the threshold of 42% (Fig. 2A), 

and evra though the tissue may not have been dead for many days, we can not ex

clude the possibility that decomposition may have altered proline and carbohydrate 

concentrations. 

If avoiding crown mortality depends on maintaining crown moisture content 

above a threshold level, lowering the osmotic potential in crown tissue may be of 

importance in restricting moisture loss. In 1994, proline content increased 7-fold 

after 42 d and up to 11-fold aft^* 84 d of SIT (Fig. IB), but means for tolerant and 

intolerant plants did not differ significantly for any of the sampling dates. High levels 

of proline may lower the osmotic potential in plant cells or protect proteins against 

denaturation during drought stress (Irigoyen et al., 1992). Since we detected increas

es in proline with stress similar to those found in other studies (He et al., 1992; 

Irigoyen et al., 1992), we can not exclude the possibility that both functions are of 

importance in alfalfa under SIT. However, because differences in proline concentra

tions were not detected between tolerant and intolerant plants, proline accumulation 

can not explain differential tolerance to SIT. 

During SIT in 1994, sucrose levels increased approximately twofold in both 

tolerant and intolerant plants (Fig. IC). Differences between these groups were not 

significant on Day 5 but were significant by Day 42 of SIT. Suca-ose concentrations 

on that day were significantly correlated with eventual crown mortality (r = -0.32*). 
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Higher sucrose concentrations in tolerant relative to intolerant plants could indicate 

that the degree to which plants are able to lower the osmotic potential in crown tissue 

is one of the determining factors for low crown mortality. However, up to four-fold 

increases in root sucrose concentrations have been reported in normally irrigated 

alfalfa as a result of herbage removal and regrowth kelson and Smith, 1968). In that 

study, sucrose concentrations decreased rapidly after harvest. This decrease was 

followed by an increase as new shoots become net suppliers of assimilates. In our 

study, the first crown sample in 1994 was taken 4 d after forage was harvested. By 

that day, sucrose concentrations may already have declined and increases in sucrose 

concentrations between Days 5 and 42 could have been due to such an initial decline 

rather than due to osmotic adjustment during drought stress. In 1995, correlations 

between sucrose concentrations and crown mortality, as well as differences between 

groups were not significant until Days 63 and 65 (Fig. 2B), when most intolerant 

plants were assumed to have died. This lack of significance prior to crown tissue 

death indicates that sucrose concentrations do not appear to play a major role in 

preventing crown mortality. 

Tolerant plants did not have significantly higher TNC concentrations than 

intolerant plants going into the SIT period in 1995, but accumulated significantly 

more TNC during the stress episode (Fig. 2C). Crown mortality was significantly 

correlated with TNC on Days 28 (r = -0.57*) and 35 (r = - 0.79*). Due to dehy

dration of herbaceous shoot tissue, assimilation will become negligible at some point 
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dining SIT. Maintenance respiration, however, is ocpected to continue at low levels 

throughout the stress period (Amthor, 1989) and may lead to the depletion of carbo

hydrate reserves. Even before these reserves have been completely depleted, cell 

injury or death can occur as a result of starvation (Levitt, 1980). Plants with high 

carbohydrates reserves should deplete carbohydrate reserves later during SIT, if at all, 

and may therefore be able to survive longer periods of drought stress. 

Another factor that will detomine whether starvation will occur during SIT is 

the rate of TNC depletion. In regions wh  ̂high temperatures lead to high respira

tion rates, increased carbohydrate reserves have been positively associated with 

persistence of alMfa with adequate irrigation (West and Prine, 1960; Robison and 

Massengale, 1968). These authors suggested that genotypic differences in respiration 

rates at high temperatures determine how well plants persist under such conditions. 

In this study, daily maximum temperatures during SIT averaged 36.8C in 1994 and 

36.9C in 1995. Genotypic differences in temperature-dependent respiration rates will 

influence TNC levels in two ways and may thus be one important factor influencing 

crown mortality. Net assimilation and therefore accumulation of TNC early during 

Sir is expected to be higher in plants with low respiration rates. Once assimilation 

has ceased as a result of increasing drought stress, plants with low respiration rates 

will also slowly dq)lete TNC reserves and may not reach TNC concentrations that 

lead to starvation. 
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SUMMARY 

Crown mortality could not be attributed to indirect measures of total root 

length. Relatively high shoot growth during SIT and a delay in wilting were associat

ed with low crown mortality. Both characteristics ace expected to increase rather than 

limit water loss and tissue dehydration during SIT. Such behavior may have enabled 

plants to acquire assimilates for use in osmotic adjustment. Increases in proline 

concentrations were detected in crown tissue during SIT but this increase was not 

associated with crown mortality and neither shoot height during SIT or late wilting 

was significantly correlated with concentrations of proline. Concentration of TNC in 

crown tissue, a trait considered unrelated to dehydration avoidance and tolerance, was 

highly correlated with crown mortality. Benefits of high TNC concentrations may 

have been related to avoidance of starvation during drought stress. Even if this 

hypothesis proves to be incorrect and TNC concentrations do not perform a function 

related to avoidance of crown mortality, their high correlation with crown mortality (r 

= -0.79* on Day 35) would make TNC concentrations a potentially valuable criterion 

in indirect selection for low crown mortality. 
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Fig. 1. Moisture, proline, and sucrose concentrations in crown tissue sampled after 

discontinuation of irrigation for 5, 42, and 84 d in 1994 (SIT-1 plots). Plants were 

divided into tolerant (< 50% crown mortality) and intolerant (> 50% crown mortali

ty) plants. Significance of any diffoence between these groups (P  ̂0.05) is denot

ed by *. Bars represent ± one SE. The threshold moisture content of 42%, which is 

considered critical for survival of crown tissue, is indicated by a horizontal line. 

Fig. 2. Moisture, sucrose, and total nonstructural carbohydrate (TNC) concentra

tions in crown tissue sampled after discontinuation of irrigation for 1, 7, 28, 35, 63, 

and 65 d in 1995 (SIT-2 plots). Plants were divided into tolerant (< 50% crown 

mortality) and intolerant (>50% crown mortality) plants. Significance of any 

difference between these groups (P  ̂0.05) is denoted by *. Bars represent ± one 

SE. The threshold moisture content of 42%, which is considered critical for survival 

of crown tissue, is indicated by a horizontal line. 
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Table 1. Correlation coefficients and coefficients of variation for morphological traits, pre and post-SIT forage yield, 

and crown mortality, measured on single spaced plants grown in field plots that did not receive irrigation from 18 July 

to 10 October 1994 (SIT-1 plots). 

CV Pie-SIT Post-SIT Post-SIT Days to Height Stem Leaf Root 

(%) yield yield-94 yield-95 wilting number area diameter 

(Mar-Jul) (Dec) (Mar-Jul) (Aug) (Mar) (Aug) (Jul) (Jul) (Jul) 

Crown nioi1ality-94 116 -0.02 -0.78* -0.78* •0.25* 0.00 -0.29* -0.08 -0.10 •0.09 

Pre-SIT yield-94(Mar-Jul) 27 0.29* 0.34* -0.21* 0.34* 0.37* 0.79* -0.11 0.66* 

Post-SIT yield-94 (Dec) 80 0.85* 0.11 0.09 0.48* 0.35* 0.26* 0.18 

Post-SIT yield-95(Mar-Jul) 76 O.IS* 0.11 0.39* 0.36* 0.19 0.29* 

Days to wilting (Aug) 9 -0.07 -0.16* -0.19* 0.02 •0.09 

Height (Mar) 26 0.18* 0,20* -0.16 0.21 

Height (Aug) 23 0.38* 0.22 0.31* 

Stem number (Jul) 17 -0.22 0.64* 

Leaf area (Jul) 18 0.20 

* Significant at ^ O.OS. 



Table 2. Correlation coefficients and coefficients of variation for morphological traits, pre and post-SIT forage 

yield, and crown mortality measured in 1995 on single spaced plants grown in field plots with SIT from 18 July 

to 28 August 1994 and 4 August to 18 October 1995 (Srr-2 plots). 

CV Pre-SIT Post-SIT Height Leaf Specific Leaf:stem 

(%) yield yield area leaf ratio 

(Mar-Jul) (Dec) (Apr) (Aug) (Aug) weight (Aug) 

Crown mortality 86 -0.25* -0.78» -0.15» -0.22* -0.19 -0.10 -0.08 

Pre-SIT yield (Mar-Jul) 29 0.50* 0.51* 0.40* -0.13 0.11 -0.15 

Post-SIT yield (Dec) 104 0.24* 0.38* 0.07 0.09 0.14 

Height (Mar) 20 0.50» -0.22 0.03 -0.22* 

Height (Aug) 20 0.30* -0.08 •0.47** 

Leaf area (Aug) 26 0.38* 0.38* 

Spec, leaf weight (Aug) 19 0.01 

* Significant at P  ̂0.05. 



Table 3. Correlation coefHcients and coefficients of variation between crown mortality, pre-SIT forage yield, and 

root diameter of plants grown in a large "drought box" that did not receive irrigation from 13 July to 24 August 1995. 

CV Pre-SIT Root diameter Number of 

(%) yield 3-cm depth 0.50-m depth Lateral roots  ̂ lateral roots* 

Crown mortality 114 0.11 -0.23* 0.10 -0.17 -0.15 

Pre-SIT yield 62 0.62* 0.20 0.62* 0.53» 

Root diameter (3-cm depth) 25 0.47* 0J6* 0.65* 

Root diameter (O.SO-m depth) 37 0.25* 0.23» 

Diameter of lateral roots  ̂ 57 0.90  ̂

* Significant at P  ̂0.05. 

* Sum of diameter of all lateral roots > 1 mm in diameter per plant. 

* > 1 mm in diameter. 



APPENDIX B. COMPARISON OF SELECTION CRITERIA FOR IM

PROVED FORAGE YIELD FOLLOWING SUMMER IRRIGATION TERMINA

TION IN ALFALFA 
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ABSTRACT 

As a measure to conserve water in desert environments, irrigation of alfalfa 

(Medicago sativa L.) could be discontinued during months with low water use 

efficiency (July to September). However, this practice, referred to as summer 

irrigation termination (SIT), may permanently reduce forage yield. This problem may 

be resolved if cultivars with improved post-Sir yield potential could be developed. 

The objective of this study was to identify selection criteria that lead to improvements 

in post-Sn yield. Selection was conducted among single spaced plants of an 

extremely nondormant alfalfa population that were grown in field plots exposed to 

either 42 or 84 days of SIT in 1994. The experimental site was located in Tucson, 

AZ on a Pima clay loam (Fine-silty, mixed (calcareous), thermic Typic Torrifluvent). 

Direct selection for minimal reduction of forage yield following SIT was conducted 

under two stress intensities and compared to indirect selection for two developmental 

strategies potentially associated with dehydration avoidance, and to selection for high 

pre-Sn yield. None of these selection criteria improved post-SlT forage yield 

relative to a random sample of plants from the parental population, but rather, 

selection for high pre-SIT yield significantly reduced post-SIT yield. This lack of 

response from selection was attributed to stress intensities that were not sufficiently 

high to fully expose genetic variation for yield following summer drought. To 

increase the intensity of drought stress, selections could be made on a soil with low 

water holding capacity or after two SIT periods in consecutive years. 
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Annual water use of alfalfa {Medicago sativa L.) may be exceedingly high in 

long-season desert environments where nearly continuous year-round growth is 

possible. For example, in low-elevation desert valleys of the southwestern United 

States, total consumptive water use of alfalfa can exceed 2 m per year (Robinson and 

Teuber, 1992). In order to successfully compete with increasing non-agricultural 

water demand, alMfa producers recognize the need to use water more efficiently 

(Frate et al., 1991). In hot desert environments, alfalfa forage yields are relatively 

low between July and September (Husman, 1992). Low yields at times of high 

evaporative demand lead to a drastic decline in water use efficiency from about 2.8 kg 

dry matter (DM) mm'̂  evapotranspiration (ET) between April and early June to about 

1.0 kg DM mm'* ET in August (Kipnis et al., 1989). Furthermore, summer is the 

time of peak water demand for other crops such as cotton (Gossypium hirsutum) and 

from non-agricultural sources. Withholding irrigation to alfalfa from July to 

September or October, a management strategy referred to as summer irrigation 

termination (SIT), has recently received considerable attention for alfalfa grown in 

long-season desert environments (Peterson, 1990; Frate et al., 1991; Ottman et al., 

1992; 1996). By discontinuing irrigation during the least water use efficient period, 

overall water use efficiency could increase if alfalfa plants survive the SIT period and 

maintain high levels of productivity once irrigation is resumed (Metochis and 

Orphanos, 1981). 

Recent studies have shown that drought stress during SIT may permanently 
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reduce forage yield of alfalfa stands (Wrona, 1992), particularly on sandy soils or if 

Srr is prolonged to October (Ottman et al., 1996). Permanent yield reductions 

following irrigation termination might be avoided by reducing the duration of SIT or 

avoiding Sn on soils with low water holding capacity. However, this will reduce the 

watK conservation benefits of SIT. Developing cultivars with improved post-SIT 

yield would be preferable to limiting the duration of SIT because such cultivars would 

allow higher water savings. 

Selection for a potentially complex trait such as survival and minimal yield 

reduction following drought can pose several problems for plant breeders. With 

increasing intensity of drought stress, genetic variation, broad-sense heritability, and 

predicted gains from selections were shown to decrease in alfalfe (Daday et al., 1973; 

Rumbaugh et al., 1984). In both of these studies, phenotypic variation at the most 

severe stress was almost entirely due to environmental effects, and gains from 

selection were highest at intermediate stress levels. Authors of both studies 

emphasized the importance of limiting stress intensities to a level that does not 

drastically reduce heritability. However, defining the stress intensity that results in 

maximum gains from selection could be difficult. 

In response to limited success from direct selection under drought stress, 

indirect selection for plant characteristics related to the trait for which improvement is 

sought (primary trait) has frequently been proposed as an alternative strategy (Turner, 

1981; Blum, 1983; Austin, 1989). However, the potential complexity of plant 
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response to drought stress could make it difficult to identify a single trait to be 

successfully used in indirect selection (Austin, 1989; Ludlow and Muchow, 1990). 

Using selection criteria that are based on multiple physiological and developmental 

characteristics may be a more promising approach than direct or indirect selection for 

a single trait (Blum, 1988; Ludlow and Muchow, 1990). The majority of drought-

related breeding experiments have attempted to increase yield during drought. 

Improving forage yield following SIT is different in the sense that productivity 

following rather than during drought is the main concern. Nevertheless, many of the 

problems encountered in breeding for productivity during drought are also lilffily to be 

of relevance for improving post-SIT yield, because the expression of that trait will 

depend on genotypic diffo^nces in tolerance to drought. 

The objective of this study was to contrast the effectiveness of different 

selection criteria in improving post-SIT productivity. Direct selection for minimal 

yield reduction following SIT was done under two stress intensities (42 and 84 days 

of SIT) and compared to two selections using multiple-trait indirect criteria and to 

selection for high pre-SIT forage yield. Traits were evaluated and selections made in 

Tucson, AZ, on single spaced plants that were grown in a field trial and exposed to 

Sir in 1994. SIT as typically practiced in the southwestern U.S. inevitably results in 

the loss of forage yield from two to three harvests in late summer and early fall. This 

loss may partly be offset if productivity could be increased in the remainder of the 

growing season. Since forage quality and prices in this region are traditionally 
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highest during the period from November to March (Bloyd et al., 1992), yield 

increases during that period would be particularly desirable. Studies conducted at 

Tucson, AZ, (Smith et al., 1991) indicate that substantial unexploited genetic 

variation for productivity during that period may exist in relatively unimproved al£alfa 

populations from North Africa and Arabia. These populations were therefore used as 

parental material in this study. 



MATERIALS AND METHODS 

Initial Field Trial 

Open pollinated Syn-1 seed of the six highest yielding entries in a two-year 

field trial of extremely nondormant Arabian and North African ecotypes (Smith et al., 

1991) was bulked and then sown to produce Syn-2 seed in a bee cage. The resulting 

composite was designated Arizona 91 Arabian Composite (AZ91-AC). On 30 

September 1993, seed of this composite was sown in six field plots at the Campus 

Agricultural Center, Tucson, AZ (Pima clay loam, Fine-silty, mixed (calcareous), 

thermic Typic Torrifluvent). Plots were arranged in a randomized complete block 

design with two replications of three summer irrigation treatments. Each plot was 

bordered to allow independent fiood irrigation. A S-m tilled area existed between 

plots to avoid lateral water movement between them. Plots contained ten rows of 24 

plants. Plant spacing was 25 cm within and 50 cm between rows. Three seeds were 

sown per plant site; these were later thinned to one plant. Two outside rows and 

three plants at both ends of each row were treated as borders. Weeds were controlled 

manually. Plots were sprinkle irrigated until seedlings were established and fiood 

irrigated at approximately 110-130% cumulative ET thereafter (60 mm of irrigation 

every 5 to 10 days), except for during periods of irrigation termination. In 1994, 

three SIT treatments were imposed beginning on 18 July: a normally irrigated control 

without irrigation termination (Control), a 42-day (short) irrigation termination (ST), 

and a 84-day Gong) irrigation termination (LT). 
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Individual plants were harvested (lO-cm stubble) and forage weighed fresh 

when most plants were at approximately 10% bloom for a total of nine harvests in 

1994 and tra harvests in 1995. We considered the day of the last pre-SIT forage 

harvest to be Day 1 of the SIT period because the next irrigation would have been 

scheduled for that day. Yield of the first post-Sn harvest was divided by the mean 

yield of five pre-SIT harvests (Mar.-Jul. 1994) to calculate relative post-SIT yield 

(RY) as a percentage of pre-SIT yield. Plant height (tallest stem per plant) was 

recorded two weeks after forage had been harvested in July and August (Day 14 of 

Sn). The number of days from the onset of SIT to the a{>pearance of first symptoms 

of wilting was recorded. This was done daily between 1200 and 1300. 

Formatioii of Experimental Populations 

To allow for rapid selection and recombination, each of the single plants in the 

field plots was propagated using stem cuttings. Rooted cuttings were transferred to 

20 X 4 cm cylindrical containers filled with artificial potting soil Q)eat, perlite, sand 

and a commercial soil-free potting mix [volume ratio: 2:3:3:4]) and grown in the 

greenhouse. During the winter of 1994-95, six expmmental populations were formed 

based on selection criteria described in Table 1. Both indirect selection criteria 

(Dormant and Shedding Populations) may have represented strategies that lead to 

dehydration avoidance during SIT. Direct selection was conducted for relative rather 

than absolute post-SIT yield to avoid a bias toward high yield per se, rather than 

selecting for the ability to maintain yields despite summer drought. To escape the 
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danger of favoring low yielding plants, those with high relative yields but pre-SIT 

yields below one standard deviation of the LT or ST mean were excluded from 

selection. Populations were produced by intermating 20 plants per population by 

hand. All seed produced on the 20 plants was bulked. 

On 30 March 199S, Syn-1 seed of experimental populations was sown in a 

randomized complete block design with three replications at the Campus Agricultural 

Center, Tucson, AZ on a Agua sandy loam (Fine-loamy over sandy, mixed 

(calcareous), thermic Typic Torrifluvent). Plots contained five 1-m rows with 15 cm 

spacing between rows and 30 cm between plots. Initially 60 seeds row* were sown; 

these were later thinned to 20 plants rowA 7-row border surrounded the 

experimental area. The field was flood irrigated at approximately 120 to 140% of 

cumulative evapotranspiration (70 mm of irrigation every 5 to 10 days) until 17 

August 1995, when a 39-day SIT period was imposed. Plots were harvested (10-cm 

stubble) three times prior to the SIT period when most plants were at approximately 

10% bloom. Forage from the first harvest was discarded and forage yield measured 

fresh for harvests two and three (Tuly and August). Live plants per plot were counted 

on Day 3 of SIT and following the first post-SIT forage harvest on 17 November 

1995. Plant height was measured as the five tallest plants in each plot 12 days after 

plots were cut in July and August, and 18 days after the harvest in November 1995. 

Pot Experiment 

To study potential differences in root, crown, and shoot weight among 
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experimental populations, three plants per population were sown in 50 x 20 cm pots 

in the greenhouse on S June 199S. Pots were filled with artificial potting soil (peat, 

perlite, sand and a commercial soil-fm potting mix [volume ratio: 2:3:3:4]) and 

arranged in a randomized complete block design with six replications. Forage was 

removed twice prior to the final harvest on 6 October 1995. Shoot fresh weight was 

determined after cutting stems 10 cm above soil level. Pots were then inverted, 

plants and soil removed, and roots carefully separated from soil. Root and crown (all 

shoot material up to 10 cm in height) fresh weight was determined separately for each 

plant. 

Statistical Analysis 

All statistical analyses were performed using PROC GLM of SAS (SAS 

Institute, 1988). Analysis of variance was used to determine significance of any 

difference between summer irrigation treatments. To compare means of parental 

plants of experimental populations, a completely randomized design was used where 

selection criteria were equated with treatments, and plants selected for each criterion 

with replicates of treatments. A randomized complete block design was used to 

determine differences between experimental populations in the pot exprament and the 

1995 field trial. A mixed model was used with replications considered random and 

populations considered fixed. All mean comparisons between populations were made 

using ANOVA-protected least significant differences. Statistical significance was 

assigned at P < 0.05 throughout. 



RESULTS AND DKCUSSION 

Parental Generation 

Irrigation treatments had significant effects on mortality and yield of single 

plants in 1994. The LT treatment significantly increased plant mortality (24.3 ± 

0.7% [mean ± S£]) compared to 1.5 ± 0.6% in the ST treatment and the normally 

irrigated control. Despite such low mortality in control plots, forage yield in the fall 

following Srr was greatly reduced relative to mean yield between March and July. 

Mean forage yields in the control in harvests in October and December relative to 

mean yield between March to July were reduced by 45.7 ± 1.0% and 50.9 ± 1.1%, 

respectively (Table 2). In addition to this seasonal yield decrease, the LT treatment 

further reduced forage yield in the first post-Sir harvest, but on average only by 

3.8%. Seasonal influences therefore appeared to have much greater influence on 

post-Srr yield than irrigation termination. Compared to the normally irrigated 

control, the ST treatment actually had positive rather than negative effects on post-SIT 

productivity. In these plots, post-SIT yield was significantly less reduced (33.4 ± 

1.7%) than in the control. Both irrigation termination treatments had positive long-

term effects on yield. During spring and early summer of the following growth 

period (1995), forage yield in ST and LT plots was significantly higher than in 

control plots (Table 2). On the heavier soil (Pima clay loam) used in this study, 

drought stress due to irrigation termination was apparently not severe enough to affect 

productivity of plants that survived SIT, which was the majority of plants in both 



irrigation treatments. 

Direct selection for high relative post-SFT yield (RY) was conducted under two 

stress intensities (Table 1). For this trait, the selection differential (S) was not 

significantly different in LT (S = 1.34 x SD) and ST plots (S = 1.39 x SD). Among 

other selections, only parents forming the Shedding Population had a selection 

differential for RY that was significantly different from zero (S = 0.89 x SD). 

The Dormant and Shedding Populations w  ̂formed to test the hypothesis that 

indirect selection for adaptive strategies would be superior to direct selection for a 

trait that may have a low heritability. Parents used to form the Dormant Population 

had significantly shorter shoots during SIT compared to parents of all other 

populations (Table 2), but they did not differ from other plants in pre-SIT shoot 

height. Furthermore, the majority of their leaves had a dark green color and did not 

wilt during SIT. Conservative growth early during drought stress could represent a 

way to conserve wat  ̂and therefore to avoid dehydration (Ludlow, 1989). The 

Shedding Population was characterized by n îd shedding of leaves as drought 

progressed. Minimizing leaf area once net assimilation has ceased and leaves no 

longer perform a positive fimction represents an alternative way to avoid dehydration 

(Ludlow, 1989). 

To test how selection for high pre-SIT forage yield affects post-SIT 

productivity, we included a population selected for high pre-SIT yield in this study. 

The selection differential for the parents selected for high yield was S = 2.16 x SD 
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and their mean was significantly higher than the mean of the jiarents of the other 

populations (Table 2). Except for parents of the Dormant Population, means of all 

other parents did not significantly differ from the mean of all plants within the ST or 

LT plots. As practiced in this study, selection for RY is therefore not expected to 

alter pre-SIT yield potential. 

Progeny 

Cycle-1 experimental populations did not differ significantly in pre-SIT yield 

in 1995 (Table 3), indicating that this trait was unaffected by the selection in this 

study, including selection for high pre-SIT yield. Following discontinuation of 

irrigation in 199S, mean plant density was reduced by 51% with no significant 

difiierences between experimental populations. However, significant differences were 

detected among populations for post-SIT yield. Both the RY-LT and Random Cycle-1 

Populations significantly outyielded the Dormant and HY Cycle-1 Populations. 

Selection for high pre-SIT forage yield reduced post-SIT yield by 27% relative to the 

Random Population. None of the selection criteria was able to increase post-SIT yield 

relative to that population. One cycle of mass selection was therefore not effective in 

increasing post-SIT yield, however, one cycle of selection for high pre-SIT yield 

significantly decreased post-SIT yield. 

Plants that were selected under the hypothesis that conservative growth during 

drought stress might be beneficial for surviving the SIT period had the same plant 

height under non-stress conditions as other populations. Plant height in late August 
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(after 14 days of SIT) was significantly reduced in this population compared to all but 

the Random Population. This is evidence that plant height under stress is at least 

partly under genetic control. However, the Dormant Population had significantly 

lower post-Srr yidd than the Random Population (Table 3). Conservative growth 

early during drought stress therefore does not ̂ ipear to be a beneficial strategy for 

the improvement of post-SIT yield in alfalfa. 

Root mass and depth have been associated with the performance of alfalfii 

under less than optimum moisture conditions (Christian, 1977; Salter et al., 1984; 

Kipnis et al., 1989). Part of the variation observed for post-SIT yield in parents in 

1994 may have been due to genotypic differences in the size of the root system. An 

extensive root system would allow plants to extract water fit)m a large soil volume 

and to avoid dehydration during SIT. Selection may have produced populations with 

distinct root characteristics. We tested this hypothesis in a study with plants grown in 

10-L pots. Plants with larger shoot mass generally had higher root mass (r=0.71*), 

but shoot:root weight ratio, as well as shoot and root mass did not differ significantly 

between populations. Differences in post-SIT yield between populations are either not 

related to root traits measured in this study or their expression can only be detected 

once plants have experienced stress in the field. This may have been the case for 

root:shoot ratio since root growth appears to continue in alfalfa during drought stress 

after shoot growth has ceased CTodari-Kaiimi et al., 1983). 

None of the selection criteria used in this study were able to improve post-SIT 
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yield relative to a random sample of plants from the parental population. Either 

sufficient genetic variation for post-SIT yield did not exist in the parental population 

used in this study, or graetic variation was not sufficiently expressed in our selection 

environments, which would have resulted in a low heritability for this trait. Despite 

42 days of SIT, plants in ST plots had significantly higher post-SIT yield than plants 

in normally irrigated control plots and plant mortality was negligible in these 

irrigation treatments. A total of 84 days of SIT increased plant mortality 

significantly. However, 76% of plants in LT plots survived the SIT period, and 

relative post-SIT yield among these surviving plants was significantly higher (60.2 ± 

2.0%) than in control plots. Most plants in ST and LT plots were apparently not 

negatively affected by the drought period and under these circumstances, variation for 

post-SIT yield may not have been caused by specific adaptation of plants to drought. 

Selection for relative post-SIT yield as practiced for the RY-ST and RY-LT 

populations could have actually been selection for high late-fall yield rather than 

selection for yield following periods of drought. 

Under the assumption that genetic variation in forage yield following drought 

periods exists, stress intensities should be increased to levels where the majority of 

plants exhibit permanently reduced yields in order to expose this variation. Increasing 

the drought stress during SIT can be achieved in several ways. Prolonging the SIT 

period to November or December will increase stress levels but could produce results 

that are confounded by low temperature stî s (McKenzie et al., 1988). Using soUs 
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with low water holding c^jadty would therefore be preferable to prolonging the SIT 

p^od. Alternatively, selection could be done after Sn periods in two years. 

Evidrace from an experiment conducted to evaluated effects of Sn on stand density 

and yield following nine weeks of SIT suggests that a second SIT period has a more 

negative impact on forage yield than SIT in the first year (Ottman et al., 1996). 

Genotypic variation for true post-SIT yield may therefore be expressed to a higher 

degree after a second STT period. Variation in precipitation and temperatures in 

different years may also influence the intensity of drought stress during SIT. 

Selection after two years of summer irrigation termination has the additional benefit 

of selecting over a larger sample of potential environments and stress intensities. 
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Table 1. Experimental populations, plots used for making selections, selection criteria used to form them, and 

selected fraction. 

Population 

designation 

SIT 

treatment  ̂

Selection criteria Fraction selected 

(%) 

Random ST, LT Random 20/576 (3.5) 

HY ST, LT High pre-Srr yield (March-July 1994) 20/576 (3.5) 

Dormant LT Selection based on plant appearance on Day 84 of SIT: less than 

average stem height (<26 cm) during SIT, > 50% of fiilly 

expanded leaves turgid and dark green 

20/288 (6.9) 

Shedding LT Selection based on plant appearance on Day 84 of SIT: selective 

shedding of lower leaves, youngest leaves remain turgid 

20/288 (6.9) 

RY-ST ST High relative post-SIT yield (>85% of pre-SIT yield (Mar.-July) 20/288 (6.9) 

RY-LT LT High relative post-SIT yield (>82% of pre-SIT yield (Mar.-July) 20/288 (6.9) 

t Summer irrigation termination (SIT) treatments consisted of 42 (ST) and 84 day (LT) irrigation termination periods 

in 1994. 



Table 2. Means and coefficients of variation (%) of SIT treatments and parental plants of experimental populations 

for pre- and post-SIT yield, relative post-SIT yield, plant height, and days of SIT to first symptoms of wilting. 

Population Ptb-SIT yield Post-SIT yield Rel. post-SFT Yield^ Plant height Days to wilting 

Mar-July 94 Oct. 94 Dec. 94 Mar-June 95 Oct. 94 Dec. 94 July 94 Aug. 94 

—g plant'' harvest'* % :m d 

Control 230 (28) 126 (45) 114(46) 173 (62) 54.3(30) 49.1 (34) 36.3(13) - -

ST 216 (29) 142 (45) 123(47) 225 (55) 66.6 (40) 58.3 (40) 37.1 (13) 29.0 (24) 28.4 (9) 

LT 208 (31) - 90(81) 221 (79) 45.3 (77) 36.5 (13) 25.8 (24) 28.8 (10) 

LSD(0.05) 11 10 11 24 3.9 4.8 1.2 2.1 0.9 

Random 220 (30) - 126(56) 227 (60) 57.5 (55) 37.3 (10) 30.7 (40) 29.2 (8) 

HY 347 (19) - 182(48) 405 (29) 52.4 (39) 36.0 (15) 33.4 (28) 28.2 (8) 

Dormant 187 (28) - 88(57) 248 (60) 47.1 (62) 36.2 (14) 19.1 (19) 31.2 (10) 

Shedding 235 (20) - 182(28) 375 (37) 77.4 (33) 36.5 (12) 31.0 (18) 28.9 (4) 

RY-ST 209 (32) 207 (26) 171(23) 257 (41) 103.7(20) 82.0 (38) 37.0 (10) 27.6 (23) 28.7 (5) 

RY-LT 214 (29) - 197(27) 3% (37) 92.4 (16) 36.5 (13) 30.5 (23) 28.8 (5) 

LSD(0.05) 38 - 38 82 16.7 2.1 4.9 1.2 

t Relative post-SIT yield was calculated by dividing the firet post-SFT yield by the mean yield of five pre-SFT harvests (Mar.-Jul 1994). 



Table 3. Means of Cycle-1 experimental populations for pre- and post-SIT yield, whole-plant mortality and plant 

height measured 13 days after harvests before, during, and after the SIT period in 199S. 

Population Forage yield per harvest Whole-plant Plant height 

Pre-SIT (Jul-Aug) Post-Srr (Dec) mortality July August December 

kg m'̂  % cm 

Random 1.78 1.39 56.8 41.3 35.1 33.6 

HY 1.67 1.02 56.6 41.2 38.8 33.9 

Dormant 1.65 1.14 52.5 42.8 33.9 35.6 

Shedding 1.82 1.24 49.5 43.3 40.5 33.7 

RY-ST 1.65 1.20 45.4 40.9 39.2 33.5 

RY-LT 1.66 1.36 43.4 42.6 39.0 35.7 

Mean 1.71 1.23 50.7 42.0 37.8 34.3 

LSD (0.05) 0.27 0.18 13.6 2.5 3.0 3.3 
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Summary. Withholding irrigation to alfalfe {Medicago satfva L.) during summer, a 

practice referred to as summer irrigation termination (SIT), can conserve substantial 

amounts of water in long-season desert environments, however, plant mortality 

associated with SIT may be substantial. Proper timing of re-irrigation is critical for 

minimizing mortality and yield reductions following SIT. Procedures that would 

permit prediction of probable mortality during drought stress would improve 

management efficiency with SIT. This study was conducted to determine: 1) whether 

plant mortality occurs once the moisture content of the woody stem portions of the 

plant (crown) falls below some critical threshold; and 2) if such a threshold could be 

used to predict the likelihood of plant mortality during SIT. Crown samples were 

taken from single spaced field-grown plants in Tucson, Arizona, at the end of a 84-d 

Srr period in 1994. A crown moisture content of about 42% was identified as a 

likely threshold critical for crown-tissue survival of SIT. This value was then used 

to predict whole-plant mortality of alfalfo grown in solid-seeded plots comparable to 

commercial fields. Crown samples were taken at five locations within the field along 

a soil gradient that was related to plant mortality. At each sampling location, the 

proportion of samples with less than 42% crown moisture was used to predict plant 

mortality. Predicted mortality slightly overestimated actual mortality but differences 

between predicted and observed mortality were significant for only one of five 

sampling locations. Alfalfa growers may be able use this simple method of crown 

moisture determination to predict mortality during SIT and to re-irrigate before 



mortality increases to levels that permanently reduce forage yield. 
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Annual water consumption of the perennial forage crop alfalfa {Medicago sativa L.) 

can be extremely high in long-season desert environments where nearly continuous 

year-round growth is possible. For example, irrigation application can exceed 200 cm 

per year in the southwestern U.S. (Robinson and Teuber 1992). Rising irrigation 

costs and water demand from municipalities have forced alMfii growers in this region 

to use water more efficiently (Frate et al. 1991). During the period from July to 

September, peak water demand from municipalities and other crops coincide with low 

yields and low water use efficiency in alfalfa (Kipnis et al. 1989). In addition, hay 

quality and prices in the southwestern U.S. are typically lowest during this period 

(Hood 1992). This combination of factors drastically reduces profitability of alfalfa 

production from July to September and in extreme cases can lead to net losses for 

growers (Busman 1992). Discontinuation of irrigation during this period, forcing 

plants into semidormancy, could increase overall water use efficiency in alfalfa and 

make water available for other, more economical uses with minimal effects on farm 

income. 

In addition to water conservation efforts, summer irrigation termination (SIT) 

has been considered in areas where heavy insect infestations severely affect the 

production of fall vegetable crops (Wrona 1992). Withholding irrigation to alfalfa 

from mid-summer to fall could interrupt the nearly continuous year-round cropping 

pattern in long-season desert environments. Between harvests of summer crops and 

planting of fiall crops, alfalfa can be the main host for insects such as the sweetpotato 
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whitefly {Bendsia tabaci) (Natwick et al. 1992). Depriving whiteflies of a preferred 

host in early fall may reduce whitefly populations to a level where biological control 

agents or insecticides will be effective control measures in £all crops. 

In order to successfully use SIT, plant mortality during SIT must be limited to 

levels that do not lead to a permanent reduction in forage yield. Studies conducted to 

evaluate the effect of SIT on productivity of alfalfa stands have produced mixed 

results. In Cyprus (Metochis and Orphanos 1981), central California (Frate et al. 

1991), and central Arizona (Ottman et al. 1996), 56 to 63 days of SIT was associated 

with reduced forage yields only in the first post-SIT harvest. However, in the 

Imperial Valley of California (Wrona 1992) and in western Arizona (Ottman et al. 

1996), stand density and post-Sn yield were significantly reduced on soils with low 

water holding capacity (Ottman et al. 1996) or if SIT was prolonged to October (> 

110 d) (Ottman et al. 1996, Wrona 1992). 

Following Srr, new herbaceous shoots originate from the perennial basal 

(woody) portion of the stem, an area referred to as the crown (Steward 1926). Even 

after all herbaceous shoots have died, plants can reemerge from drought stress if 

crown tissue is capable of producing new shoot growth from axillary buds within the 

woody crown tissue. The degree of mortality in crown tissue (crown mortality of 

100% = whole plant mortality) will be a major factor affecting post-SIT productivity 

of individual plants and whole alfalfa stands. Crown mortality during SIT is likely to 

depend on the amount of water lost from this tissue. Crown moisture content may 
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therefore indicate whether a plant will sur/ive SIT or not. Where soil conditions may 

lead to high plant mortality or under conditions that lead growers to extend the SIT 

period beyond 110 d, timing of reirrigation will be of utmost importance to minimize 

mortality. Reports of high mortality rates in commercial fields that were subjected to 

Sir in the Imperial Valley (Wrona 1992) indicate the need for an objective criterion 

that would allow growers to schedule reirrigation based on estimates of plant 

mortality. Currently, such a criterion does not exist, but plant mortality may be 

predicted by analysis of crown moisture content in plants exposed to Sn. 

The objective of this study was to test the hypothesis that crown mortality 

occurs when crown moisture content &lls below some critical threshold level. To 

determine at which crown moisture content death will occur, parts of crowns from 

field-grown plants were sampled for detnmination of moisture content and the 

remaining crown area used to assess mortality during SIT. After such a threshold 

was established, that value was used to predict plant mortality in a second field trial 

with alfalfa exposed to SIT. 

Materials and Methods 

The experimental site was located at the Campus Agricultural Center, Tucson, 

Arizona. Plant material used to establish a threshold for crown moisture content were 

single spaced plants of a composite population of very nondormant Arabian and North 

A&ican ecotypes (AZ91-AC). Seed of this population was produced in a bee cage on 
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plants that represented bulked open-pollinated Syn-1 seed from the six highest yielding 

entries in a two-year field trial of extremely nondormant Arabian and North African 

ecotypes at Tucson, Arizona (Smith et al. 1991). On 30 Sept. 1993, individual plants 

of this composite were sown in two field plots on a soil classified as Pima clay loam 

(Fine-silty, mixed (calcareous), thermic Typic Torrifluvent). Plots contained 240 

plants (ten rows, each with 24 plants). Spacing was 25 cm within and 50 cm between 

rows. Two outside rows and three plants at both ends of rows w  ̂treated as 

borders. Plots were sprinkle irrigated until seedlings were established and flood 

irrigated at approximately 110-130% of cumulative evs^transpiration thereafter (60 

mm of irrigation every 5 to 10 days), except for the interval from 18 My to 10 Oct. 

1994, when irrigation was withheld for a 84-day Sn period. Cumulative 

evapotranspiration during this period was 558 mm and precipitation 85 mm (data 

obtained from the Arizona Meteorological Network at the Campus Agricultural 

Center, Tucson, Arizona). Weeds were controlled manually. 

Forage was harvested when most plants were at proximately 10% bloom 

five times prior to the SIT period (10-cm stubble). We considered the day of the last 

pre-Sn harvest to be Day 1 of SIT because the next irrigation would have been 

scheduled for that day. On Day 4 of SIT, the percentage of the crown area that 

produced new shoots was estimated visually. This procedure was repeated after the 

first post-Srr harvest in Dec. 1994. From both estimates, crown mortality was 

calculated as a percentage of the productive pre-SIT crown area. 
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On Days 5, 42, and 84 of the 1994 SIT period, one branch (approximately 3 

cm in length and 2 g in weight) of the woody, lower part of the crown was sampled 

on 60 plants in both plots (3 alternate rows per plot with 10 plants sampled per row). 

Crown mortality in neighboring rows was used to determine whether sampling 

influenced survival and crown mortality. A one-sided /-test was conducted to 

compare mean crown mortality of sampled and unsampled rows. Crown samples 

were wrapped in aluminum foil, stored in plastic bags, and placed on ice for 

transportation to the laboratory. Prior to fresh weight determination, all non-woody 

plant material was removed from crown samples. This included dry stubble and any 

herbaceous shoot tissue. Samples were shock-ftozen in liquid nitrogen and stored at -

80°C. Dry weight was determined after lyophilization for 24 hr. Crown moisture 

content was calculated as percent moisture in the fresh sample. 

The following year (1995), crown moisture content was used to predict 

mortality in field plots that closely resembled conditions in commercial alfalfa fields 

in this region. The experiment was located at the Campus Agricultural Centn, 

Tucson, Arizona, on a soil classified as a Pima-Agua Complex (Pima clay loam 

[Fine-silty, mixed (calcareous), thermic Typic Torrifluvent]; Agua sandy clay loam 

[Fine-loamy over sandy, mixed (calcareous), thermic Typic Torrifluvent]). In this 

experiment, six experimental populations were sown in a latin square design on 30 

March 1995 at a seeding rate of 6.7 kg ha ̂  Plots contained five 1-m rows with 15-

cm spacing between rows and 30 cm between plots. Initially 60 seeds m'' were sown; 
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these were later thinned to 22 plants A 7-row border seeded with the cultivar 

Lew (20 kg ha*^) surrounded the experimental area. The field was flood irrigated at 

approximately 120-140% of cumulative evapotranspiration (70 mm of irrigation every 

S to 10 days) until 1 Aug. 1995, when a 71-day SIT period was imposed. 

Cumulative evapotranspiration during the SIT period was 471 mm and precipitation 

81 mm (data obtained from the Arizona Meteorological Network at the Campus 

Agricultural Crater, Tucson, Arizona). Plots were harvested twice prior to the SIT 

period when most plants were at approximately 10% bloom (10-cm stubble). Live 

plants in each plot were counted on Day 3 of SIT and following the first post-SIT 

forage harvest on 17 Nov. 1995. 

The soil on the experimental site represented a complex of two types (Pima-

Agua Complex). Within the experimental field, soil variability strongly affected plant 

response during the SIT period along a gradient from northeast (the majority of leaves 

remained turgid) to southwest (all leaves desiccated). This gradient allowed us to take 

crown samples from areas within the experimratal field that had experienced different 

degrees of drought stress. Immediately prior to reirrigation, crown samples were 

taken from five locations along this gradient. These samples were considered non-

randomly arranged treatments and designated A to £ (A = plants appeared most 

stressed, E = least stressed). Because plants that are grown in rows have smaller 

crowns than single spaced plants, whole crowns instead of parts of the crown were 

sampled in this experiment. Per sampling site 13 to 20 (n=78) crown samples were 
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obtained. Samples were taken from the innermost border row instead of the 1-m  ̂

plots because these plots were needed to estimate actual plant mortality. Crown 

samples firom each sampling site were wrsq)ped in aluminum foil and stored in plastic 

bags on ice for transportation to the laboratory. After non-woody shoot tissue (old 

stubble and fresh shoots) had been removed, fresh weight was det^mined using 

approximately 1 g of crown tissue (2-3 cm in length). Samples were dried in a 

microwave for 6 x 75 sec. at low intensity (defrost). A microwave was used for 

drying crown samples in order to evaluate a simplified method that could easily and 

quickly be applied by alfalfa growers or Extension personnel. From both dry and 

fresh weight, moisture content was calculated as a percentage of fresh weight. The 

proportion of samples with less than 42% crown moisture was used as an estimate for 

expected mortality. Mean plant mortality in two 1-m  ̂plots adjacent to each sampling 

site was used to estimate observed mortality. A regression analysis was conducted to 

determine the goodness of fit between predicted and observed values. 

To investigate the cause for differences in apparent stress intensities in our 

field, soil profiles were exposed at each sampling site and the depth of the topsoil 

measured (A and C horizons in Pima clay loam; A horizon in Agua sandy clay loam). 

The gradient in stress intensities observed for plants corresponded to a gradient in 

texture and depth of the topsoil. Topsoil texture and depth ranged from sandy clay 

loam up to 44, 48, and 65 cm in the southwestern comer of the experimental field 

(treatments A, B, and C, respectively) to clay loam to a depth of 105 and 115 cm in 
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the northeast (treatments D and E). Gravely or fine sand was encountered at greater 

depths. 

Results and discussion 

Determnation of a threshold crown moisture content 

The comparison of mean whole-plant mortality in rows that were sampled and not 

sampled showed that removing parts of the crown for moisture determination did not 

affect mortality. Whole-plant mortality in rows of sampled plants was 32.3 ± 4.6 % 

(mean ± S£) compared to 28.7 ± 4.4 % in neighboring unsampled rows. On 

individual plants, mean crown mortality was 41.1 ± 6.7% in sampled rows and 35.1 

± 6.7 % in unsampled rows. Neither whole-plant or crown mortality was 

significantly different between rows. 

Mean crown moisture content of single spaced plants decreased from 66.7 ± 

0.4% on Day 5 of SIT to 49.7 ± 0.5 % on Day 42. For both sampling dates, crown 

moisture content was not significantly correlated with final crown mortality. On Day 

84 of Sn, crown moisture content had further decreased and was significantly lower 

in plants with 100% crown mortality (6.6 ± 1.2 %) than in plants that had at least 

partly survived (40.3 ± 1.8%). The majority of plants with less than 25% crown 

mortality were found in a cluster between 41 and 48% moisture content (Fig. 1). 

Most plants with a crown mortality of 100% were in a cluster below 10% moisture. 

Only a few plants were found between the two clusters. We attribute this lack of 
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interaiediate values to n îd water loss in tissue that has died and lost its water 

retention capacity. Towards the end of the SIT period, crown moisture content 

apparently approaches a threshold level that is critical for survival. Judging from the 

distribution of data in Fig. 1, a moisture content of about 42%, as measured in this 

experiment, may be such a threshold level. Only one of 32 plants at or above 42% 

did not survive SIT, but 22 of 27 plants below 42% had crown mortalities greater 

than S0%. At a crown moisture content between 42 and 43%, seven of eight plants 

had less than 25% crown mortality. During the transition phase between the extremes 

of complete survival (0% crown mortality) and complete plant death (100% crown 

mortality), dead tissue could have been sampled from partly living plants. This may 

explain why several of the plants with a crown moisture content below 42% were still 

alive, and in three cases had less than 2S% crown mortality. 

Prediction of plant mortality in field plots 

If a crown moisture content of at least 42% is of some physiological relevance for 

survival of crown tissue during SIT, it may be possible to use that threshold to predict 

plant mortality in al£al£a fields under SIT. The soil gradient in our experimental field 

allowed us to test this hypothesis at different intensities of drought stress, conditions 

that would normally require the comparison of several field experiments with 

increasing duration of SIT. Because plants in densely seeded stands do not develop 

complex crowns during the first year, whole-plant mortality rather that partial crown 

mortality was used to estimate survival of SIT. Predicted mortality was compared to 
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the mean observed mortality in the two plots next to the sampling site. These two 

plots contained different experimental cultivars, however, this should not have 

affected results presented in this study because whole-plant mortality was not 

significantly different between experimental populations. 

Where the topsoil exceeded 1 m in depth (treatments D and E), the vast 

majority of plants did not approach the threshold value of 42% by the aid of the SIT 

period, indicating that stress levels on these two sites were not critical. This 

observation was in agreement with the &ct that whole-plant mortality was less than 

1 % at sampling sites D and E (Fig. 2). Where the depth of topsoil was less than 50 

cm (sites A and B), whole-plant mortality increased to approximately 50% and we 

were able to closely predict this increase using 42% as the critical threshold level. 

On four sampling sites, 95% confidence intervals for observed mortality overlapped 

with predicted mortality. Only at site D did observed and predicted mortalities differ 

significantly. A regression analysis where the predicted values were treated as 

independent and observed values as dq)endent variables produced a highly significant 

(r  ̂ = 0.97) regression equation: 

observed mortality = -4.2 -f- 1.01 x predicted mortality. 

On average, our prediction overestimated actual mortality by 4.2%. Such slight 

overestimation should be more acceptable to growers who would use predicted 

mortality to reschedule irrigation following SIT than an underestimation of mortality. 

Certain assumptions were made in this study. Single spaced plants that were 
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able to develop complex crowns with several stems were used in the initial experiment 

to establish a critical crown moisture threshold for mortality. In using that threshold 

for predicting plant mortality in more densely seeded rows, we assumed that the 

threshold is the same for plants with large and small crowns. If a crown moisture 

content of about 42% is critical for the maintenance of essential physiological 

processes in plant cells, plants in a densely seeded alfalfa field may behave similarly 

to single spaced plants used in the initial study and results obtained in this study 

indicate that they did. However, the critical moisture content could potentially change 

with plant age. Border rows that were used to obtain estimates for predicted 

mortality were seeded with the cultivar Lew but actual mortality was estimated on 

experimental populations derived from a composite of Arabian and North African 

ecotypes. Both Lew and experimental populations are similar inasmuch both are 

classified as very nondormant (Class 9) but we can not exclude the possibility that 

they differed in their reaction to drought stress. Furthermore, border rows were 

seeded at a higher rate than field plots. Higher plant density may have increased 

whole-plant mortality in border rows due to increased inter-plant competition during 

drought stress. This could be a likely explanation for the tendency of our prediction 

to overestimate observed mortality. 

Despite such potential limitations, predicted whole-plant mortality closely 

agreed with observed whole-plant mortality in this study. In absence of other suitable 

criteria, growers could use this simple and quick method of crown moisture 
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detenninatiQa as a guideline to reschedule irrigation before plant density decreases to 

levels that permanently reduce forage yield following SU. 
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Fig. 1. Crown mortality after 84 days of summer irrigation termination as 

influenced by crown moisture content. The vertical line at 42% crown moisture 

represents a potential threshold moisture content necessary for crown survival. 

Fig. 2. Predicted and observed whole-plant mortality at five sites (A to along a 

soil gradient associated with differential plant response to summer irrigation 

termination. Vertical bars represent standard errors based on observed mortality from 

two plots at each site. 
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